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Abstract 

The surface chemistry of nanoparticles imparts colloidal stability to nanoparticles by 

acting as barriers between their surrounding environment and the nanoparticles. Gold 

nanoparticles (AuNPs) are an ideal platform for many studies because of localized 

surface plasmon resonant properties, chemical stability, and the relative ease of 

modifying their surfaces with a wide variety of molecular coatings (e.g., alkanethiolates). 

Understanding and improving the physicochemical stability of these surface-modified 

nanoparticles is essential for their reproducible use in each application. The long-term 

colloidal stability of AuNPs relies on the resistance of their surface modifications to 

thermal degradation, chemical attack and oxidizing conditions. For this purpose, my 

research has been focused on determining the quality of molecular coatings on gold 

nanoparticles, and developing techniques, which are complementary to each other, to 

assess the quality factor of these coatings. Gold nanoparticles with varied qualities of 

molecular coatings were prepared and tested for their relative stabilities under various 

physical (e.g., temperature, time, laser irradiation) and chemical (e.g., in presence of 

metal etchants) conditions. We found that the quality of molecular coatings on AuNPs 

depends on the process conditions such as solution composition (e.g., the presence of 

co-surfactants, concentration of excess surfactants), density of capping molecules, and 

process time, used to form these coatings. We found that higher quality molecular 

coatings on the gold colloids increased the chances that the particles would remain 

stable over the over the duration of their intended use. Those colloids modified with 

relatively higher quality self-assembled monolayers were also more resistant to cyanide 

etching. These results highlight the importance of methodology for preparing high quality 

monolayers on nanoparticles and testing their ability to remain stable over the duration 

of their intended use, for example, during photothermal processes. In addition, the 

loading of DNA molecules onto AuNPs was tuned to achieve varying densities of DNA, 

and through this work, achieved the highest reported loading of single-stranded DNA 

(ss-DNA) molecules on gold nanorods. These high loadings of DNA oligonucleotides 

could enable a high loading of therapeutics onto the nanorods, which could translate into 

a higher or more prolonged delivery of therapeutic doses when actived by photothermal 

or other processes. 
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Glossary 

Dynamic Light 
Scattering 

A sample being analyzed is exposed to a laser beam, which 
results in light scattering. The intensity of light scattering depends 
on the size of particles in the sample. The intensity of the 
scattered light is then measured by detectors placed at fixed 
angles to the laser beam. A mathematical model (Mie theory) is 
used to get a particle size distribution of the given sample.  

Extinction 
Spectroscopy 

Light interacts with particles, causing the promotion of electrons 
from the ground state to an excited state. When the incoming 
light matches an electronic transition within the particles, some of 
the light is absorbed simultaneous to the promotion of an electron 
to a higher energy orbital. A spectrometer records the 
wavelength at which absorption occurs, as well as the intensity of 
absorption at each wavelength. Extinction spectra can be used to 
calculate the concentration of a solution of plasmonic 
nanoparticles using Beer-Lambert’s law.  

Surface Plasmon 
Resonance 

Gold nanoparticles can strongly absorb and scatter light due to 
the collective oscillation of surface conduction electrons. 
Conduction band electrons interact with photons, leading to 
oscillations of the free electrons. When the frequency of 
oscillations of the surface conduction electrons is the same as 
the frequency of the incident light, there is an intense absorption 
of light at a given wavelength of light and this is known as the 
surface plasmon resonance. The surface plasmon resonance 
band of plasmonic nanoparticles is sensitive to their size, shape 
and local environment. 

Surface Potential When an electric field is applied to a solution, charged particles 
suspended in this solution move toward the oppositely charged 
electrode. The measured electrophoretic mobility of these 
particles in an electric field is its surface potential. Surface 
potential influences the colloidal stability of nanoparticles. The 
higher the potential, the higher the electrostatic repulsion 
between colloids, and the greater their colloidal stability. 
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Transmission 
Electron Microscopy 

High energy beam of electrons illuminate a thin sample (of <100 
nm thickness). The beam of electrons is focused into a small, 
coherent beam by a condenser lens.The focused beam of 
electrons are then transmitted through the sample. These 
transmitted electrons are focused by the objective lens into an 
image on a screen or charge coupled device (CCD). In addition, 
the image contrast can be enhanced by the objective aperture, 
which blocks diffracted or scattered electrons from reaching the 
viewing screen. Dark regions and lighter regions within the 
sample represent relatively thick and thin (or relative differences 
in electron density of the material within) regions of the sample, 
respectively. The light regions have more electrons transmitted 
through them; while the dark regions have less electrons 
transmitted through them. 

X-ray Photoelectron 
Spectroscopy 

It is a surface sensitive technique (only photoelectrons generated 
to a depth of ~10 nm from the surface can be detected). This 
technique of surface analysis can be used to probe the chemical 
environment and the elemental composition of a surface. 
Irradiation of the surface of a sample with X-rays leads to the 
generation of photoelectrons, with binding energies that are 
characteristic of the element and core level from which the 
photoelectron was ejected. 
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Chapter 1.  
 
Surface Chemistry of Gold Nanoparticles 

Ever since the first report of colloidal gold by Faraday in 1857,[1] gold 

nanoparticles have been widely pursued as a platform for multiple applications. There 

are numerous advantages of using gold-based nanoparticles. Gold is more resistant to 

oxidation than many other metals, making it relatively easier to handle these 

nanoparticles under atmospheric conditions and within biological systems due to its 

biocompatibility.[2-4] Nanoscale gold particles also exhibit many other useful properties. 

The localized surface plasmon resonant properties of gold nanoparticles are useful for 

monitoring binding and/or release of molecules from receptive ligands bound to the 

surfaces of these particles.[5] The surface plasmon band of gold nanoparticles depends 

on the particle size and shape, as well as the dielectric layer around the nanoparticles. 

These particles can also be used as imaging agents in biological systems.[6-9] In addition, 

energy released by photothermal processes from these particles can activate chemical 

processes (e.g., molecular release) associated with molecules bound to their 

surfaces,[10-13] or lead to the thermally stimulated destruction of cancerous cells.[2,14,15] 

Understanding and controlling the surface chemistry of these nanoparticles is, therefore, 

of utmost importance when preparing nanoparticles for their intended use in each of 

these specific applications. 

Gold nanoparticles are easily decorated with coatings that are terminated with a 

wide range of chemistries, such as peptides and strands of DNA.[16-18] The preparation of 

molecular coatings on gold nanoparticles is a simple method to modify their surface 

chemistry and to protect these nanoparticles from unwanted aggregation. Aggregation of 

nanoparticles results from particle-particle interactions due to the high surface energies 

of these nanoscale particles. The nanoparticles could remain partially unprotected if the 

molecular coatings are desorbed from their surfaces during exposure of these 
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nanoparticles to various oxidative,[19] chemical[20-22] and physiological environments.[23] 

This desorption of coating molecules could further lead to destabilization of the 

nanoparticles, precipitation from solution, and potentially a loss of the desired properties 

of the nanoparticles. Therefore, the environment surrounding the particles (such as 

solvent composition and solution pH), as well as the nature of the interaction between 

molecular coatings and the nanoparticles are all factors to be carefully considered when 

preparing these nanoparticles for their intended applications. For example, thiolated 

polyethylene glycol (PEG) is commonly used as a molecular coating on gold 

nanoparticles to impart solubility and minimize the rate of clearance of these PEG-

modified particles from biological systems.[24-26] However, PEG degrades at high 

temperatures[27,28] and it is, therefore, logical to choose alternative coatings for these 

nanoparticles, when using the particles in applications that require high temperatures. 

Thus, analyzing the surface chemistry of both the as-synthesized nanoparticles, as well 

as the surfaces of these particles post-modification, is useful for reproducibly preparing 

robust nanoparticles with uniform surface chemistries and long-term stability. Changes 

to the properties of gold surfaces can be easily controlled by tuning the composition of 

these molecular coatings.[29-31] A common approach to modifying the surfaces of gold 

colloids is through ligand exchange. This and other approaches to modifying the 

surfaces of gold nanoparticles will be discussed in further detail below.  

My thesis will focus on understanding the surface chemistry of gold nanoparticles 

modified with various thiol-based coatings, and how the surface chemistry of these 

particles affects their colloidal stability under changes to their physical (e.g., increased 

temperature) and chemical (e.g., gold etchants) environments. This work focuses on 

preparing nanoparticles with high quality molecular coatings, which has an impact on the 

colloidal and thermal stabilities of the resulting monolayer-protected gold nanoparticles. 

In this chapter, a literature review of different approaches to gold nanoparticle synthesis 

and methods for their surface modification will be discussed. 

1.1. Surfactant-Mediated Synthesis of Gold Nanoparticles 

Gold nanoparticles with various interesting shapes such as spheres, rods, stars, 

nanopods, cubes, nanocages, wires, triangular prisms and other branched nanoparticles 
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have been prepared by solution-phase methods.[32-42] Examples of methods of preparing 

gold colloids include the citrate reduction approach[43-50], the Brust-Schiffrin method[51-56] 

and the template-assisted synthesis.[57-59] Each of these methods has their benefits and 

drawbacks, which will be discussed in further detail below. Control over shapes of the 

as-synthesized nanoparticles is most commonly achieved using structure-directing 

surfactants, to form complex shapes of gold nanostructures.[32] For example, 

cetyltrimethylammonium bromide (CTAB) is commonly used to direct the growth of small 

gold nanoparticles into gold nanorods. However, changing the surfactant to 

cetyltrimethylammonium chloride (CTAC) has been shown to result into the growth of 

cubic and trisoctahedral-shaped gold nanoparticles.[33] In another study, the addition of 

iodide ions into a growth solution of gold nanoparticles containing CTAB resulted in the 

formation of triangular nanoprisms.[36] A careful choice of surfactants is, therefore, 

important for the synthesis of gold nanoparticles with a particular shape. Other reaction 

conditions including the pH of the solution, reaction temperature and concentration of 

reactants also can influence the shapes of resulting nanoparticles.[39,60,61] Establishing 

control over the size and shape of nanoparticles requires a detailed understanding of the 

effects of each of these reaction parameters. The following discussion focuses on the 

preparation of spherical and rod-shaped gold nanoparticles and their surface 

modification with alkanethiol-based molecular coatings.  

1.1.1. Citrate reduction method for preparation of gold 
nanoparticles 

The citrate reduction method is one of the most commonly used approaches for 

the preparation of spherical gold nanoparticles with diameters in the range 10 to 150 

nm.[43,44,46] This method was originally introduced in 1951 by Turkevich et al.[45] and has 

been modified over the years.[62] The modification has resulted in better control over 

particle size and dispersity. This method is, therefore, commonly referred to as the 

Turkevich method of gold synthesis. In a typical synthesis, an aqueous solution of 

hydrogen tetrachloroaurate is reduced in the presence of aqueous trisodium citrate with 

heat, resulting in the formation of spherical gold colloids (Figure 1.1). Trisodium citrate is 

both the reducing agent to convert Au(III) to Au(0), as well as the stabilizer of the 

resulting gold spheres. Dimensions of the synthesized nanoparticles can be tuned by 
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varying the ratio of citrate to gold salt, choice of solvent and solution pH.[48] Recently, a 

seeded approach has been explored for the synthesis of ~200-nm diameter 

monodisperse gold nanoparticles.[48]  

Citrate molecules stabilize gold nanoparticles by coordination of the carboxylates 

from trisodium citrate with the surfaces of the as-synthesized gold nanoparticles, and by 

additional intermolecular interactions (hydrogen bonding and weak van der Waals 

forces) between adjacent citrate molecules.[47] The resulting nanoparticles have a weakly 

bound coating of citrate and a negative surface potential.[48,63] The mechanism behind 

this synthesis of gold nanoparticles can be divided into 3 stages: 1) rapid reduction of 

Au(III) into atoms of Au(0), which form nuclei. Note that there might still be some Au(III) 

remaining in solution[49]; 2) aggregation of nuclei; and 3) further growth of nuclei into 

nanoparticles through Ostwald ripening.[49] The reduction of Au(III) is outlined in 

Equations 1.1 to 1.4 below, and can be summarized as follows: i) tetrachloroauric acid 

dissociates in aqueous solutions into AuCl4
− ions; ii) some of the Cl− is substituted with 

OH− at pH 6, forming an OH− containing metallocomplex as illustrated in Equation 1.1; iii) 

gold (III) molecules then coordinate with a carboxylate group of the citrate (Equation 

1.2); iv) there is a decarboxylation of the coordinated complex according to Equation 1.3, 

with a release of CO2, along with the formation of dicarboxyacetone, unassociated Cl− 

and a Au(I) complex;[50,64,65] and v) reduction of the Au(I) complex by the formed 

dicarboxyacetone according to Equation 1.4.[65] These steps lead to the reduction of the 

gold salt along with the oxidation of the coordinating ligand. 

HAuCl4 + 2H2O ⇌ [AuCl2 (OH)2]
− + 3H+ + 2Cl− (Eq. 1.1) 

[AuCl2 (OH)2]
− + [C6H5O7]

3− → [Au(Cl) (OH)2 (C6H5O7)]
3− + Cl− (Eq. 1.2) 

[Au(Cl) (OH)2 (C6H5O7)]
3− → [Au(OH)2]

− + [C5H4O5]
− + CO2 + Cl− (Eq. 1.3) 

[Au(OH)2]
− + [C5H4O5]

− → Au0 + 2OH− + 2 CO2 + [C3H4O] − (Eq. 1.4)  
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Figure 1.1. Schematic depiction of citrate-stabilized gold nanoparticles. 

Because of the weak interaction between adsorbed citrate molecules and gold 

nanoparticle surfaces, the gold nanoparticles can be further modified with molecules that 

bind more strongly to gold (such as alkanethiols) through the displacement of the citrate 

coatings.[23,66] This weak interaction between the capping layers and the nanoparticle 

surfaces could, however, lead to an instability during the subsequent modification steps 

of these citrate-capped nanoparticles.[67-69] To circumvent this problem, additional 

surfactants can be adsorbed onto citrate-capped gold nanoparticles prior to the addition 

of alkanethiols to these solutions of gold nanoparticles.[67-69] 

1.1.2. Brust-Schiffrin method for preparation of gold nanoparticles 

The Brust–Schiffrin method involves a two-phase (water-to-toluene) transfer and 

is used to prepare small spherical gold nanoparticles (diameters below 5 nm). This 

method of gold nanoparticle synthesis was pioneered by Brust, Schiffrin and colleagues 

in 1994.[52] In a typical synthesis, an aqueous solution of hydrogen tetrachloroaurate is 

transferred to an organic phase using tetraoctylammonium bromide (TOAB) as the 

phase transfer agent. The TOAB complexes with gold, encapsulating gold inside TOAB 

micelles, which are then transferred into the organic layer (Figure 1.2). The gold salt is 

then reduced by sodium borohydride in the presence of an alkanethiol leading to the 

formation of spherical gold nanoparticles commonly referred to as monolayer protected 

clusters.[51-56,70] The resulting gold spheres in the organic phase are stabilized by the 

alkanethiols, which displace weakly bound TOAB. An advantage of this technique is that 

the as-synthesized gold nanoparticles can be isolated, stored as a powder, and 
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redispersed in non-polar solvents without irreversible aggregation.[52,55] The ability to dry 

the nanoparticles (into a powder) can be used to prepare solutions of very high 

concentrations.[71] However, further modification of these as-synthesized nanoparticles 

with pre-formed thiolated coatings (that strongly bind to the gold surfaces) could restrict 

the possibility of further functionalization of the same when there is an incomplete 

displacement of the pre-formed alkanethiolate layers, making it difficult to fully control 

the composition of the resulting nanoparticle coating. The requirement of an additional 

purification step to purify the sample of TOAB from the synthesized nanoparticles is also 

a disadvantage of this synthetic approach. It is also important to understand the surface 

chemistry of these as-synthesized alkanethiol-stabilized gold nanoparticles for their 

reproducible post-synthesis modification.   

 

 

Figure 1.2. Mechanism of the formation of gold nanoparticles through the 2-
phase Brust-Schiffrin method. (R in RSH represents an alkyl group 
of a thiol molecule). 

Gold nanoparticles can also be synthesized in the presence of other surfactants 

that include oleylamine[72], phosphines[73] and polyvinylpyrrolidone[74,75].  Some other 

surfactant molecules added to gold nanoparticles can also be used as templates to 

direct anisotropic growth of the nanostructures as described in more detail below. 

1.1.3. Template-assisted synthesis of gold nanorods 

Template-assisted synthesis is a method in which surfactants act as soft 

templates to direct the growth of gold nanoparticles, usually with a non-spherical shape. 

A template here implies high concentration of surfactants. The first synthesis of rod-
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shaped gold nanoparticles was reported in 1989 by Wiesner and Wokaun, using 

phosphorus as reducing agents for the formation of gold seeds and hydrogen peroxide 

for the growth of gold nanorods.[76] This seed-mediated synthesis was further modified 

by Murphy’s group in 2001 by introducing a cetyltrimethylammonium bromide (CTAB) 

surfactant and silver ions into the growth solution of gold nanorods.[77] In this method, 

citrate-modified gold nanoparticles were added into a growth solution containing CTAB, 

Au(I) and silver ions. The gold seeds acted as nucleation centers during the growth of 

the nanorods. Au(III) was reduced to Au(I) by the addition of a relatively weak reducing 

agent, ascorbic acid (Figure 1.3), into the growth solution. The silver is believed to bind 

to the {100} crystal facets, inhibiting nucleation on that crystal facet and promoting 

growth on the {111} facets of the gold nanoparticles.[78-80] The aspect ratio of synthesized 

gold nanorods can be tuned by varying the amount of silver added during the synthesis 

of these nanorods.[79] Some studies report that silver also assists in the packing of CTAB 

molecules by decreasing repulsion between the positively charged ammonium 

headgroups of CTAB.[59,79] The exact mechanism of silver binding to the gold is, 

however, still not clearly understood in the literature.[78,80] The introduction of silver into 

the synthesis of gold nanorods is also reported to greatly improve the yield of nanorods 

(up to ~99%).[32,79] Growth of gold nanorods in the absence of silver results in the 

formation of a mixture of rods, spheres, and triangles.[32] Cetyltrimethylammonium 

bromide (CTAB) is the most frequently used surfactant for the synthesis of anisotropic 

gold nanoparticles in aqueous solutions.[57-59,78-81] CTAB is reported to preferentially bind 

to the {100} facets of gold nanorods due to the relatively high surface energy at this facet 

compared to the other crystal planes of the gold seeds, lowering its surface energy and 

stabilizing the {100} facet. CTAB makes rod-like micelles, which direct axial growth at the 

ends of the nanorods at the same time inhibiting lateral growth during synthesis of the 

gold nanorods. Further longitudinal growth continues through the addition of gold atoms 

to the ends of the nanorods, resulting in elongation of the rods.[57,58] It has also been 

proposed that an oriented attachment of gold particles might lead to the elongation of 

nanorods during the growth processes.[58] CTAB forms a bilayer on gold nanorods. The 

resulting CTAB-coated nanorods have a positive surface potential.[82,83] This bilayer of 

CTAB formed is, however, difficult to displace from the surfaces of the gold 

nanorods.[81,84] Its displacement can be achieved through several approaches, including 
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ligand exchange, which displaces this bilayer with other molecular coatings, or by 

encapsulating the bilayer-coated gold nanorods with a layer of silica.[83,85,86] 

 

 

Figure 1.3. Mechanism of the formation of gold nanorods through a template-
assisted growth 

1.2. Ligand Exchange on Gold Nanoparticles 

1.2.1. Displacement of non-covalently bound coatings  

This method of surface chemistry modification provides a way to prepare gold 

nanoparticles with a variety of surface properties or functionalities by displacement of the 

surfactants that originally coat these nanoparticles. For example, citrate coated gold 

nanoparticles can be functionalized with carboxylate-terminated alkanethiols by ligand 

exchange between citrate and the desired alkanethiol coatings.[23,66,87,88] In one example, 

the citrate coating on gold nanoparticles was exchanged for 2-mercaptosuccinic acid 

(MSA). These MSA functionalized gold nanoparticles were more stable against changes 

in pH and better resisted cyanide etching when compared to those nanoparticles capped 

with citrate coatings.[23] A recent study by Xia et al. showed varied efficiencies of ligand 

exchange on nanoparticles capped with citrate, polyvinylpyrrolidone (PVP), 

cetyltrimethylammonium chloride (CTAC), and cetyltrimethylammonium bromide 
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(CTAB). The efficiency of ligand exchange was quantified by determining the surface 

coverage of an amine functionalized poly(ethylene glycol) or PEG. The surface 

coverage, and hence efficiency of PEGylation, was determined from either amine-based 

assays or from the reactions of the terminal amine groups with molecular labels (e.g., 

fluorescamine dye or Cu2+ label). PEGylation efficiency was highest for citrate-coated 

nanoparticles in comparison to those nanoparticles coated with PVP, CTAC, and CTAB. 

The PEG coverage density following ligand exchange on each of these gold particle was 

1.63, 0.61, 0.41, and 0.052 molecules/nm2 for the nanoparticles originally coated with 

citrate, PVP, CTAC, and CTAB, respectively. The relatively high PEG density formed on 

those particles that were originally coated with citrate is attributed to the ease of 

displacement of the citrate molecules, in comparison to the CTAB capping which has a 

stronger binding to gold particles.[66] In another example, citrate coatings on gold 

nanoparticles were exchanged for 11-mercaptoundecanoic acid (MUDA), 6-

mercaptohexanoic acid (MHA), or thioctic acid (TA). Each of these had slightly varying 

packing densities, dependent on the alkanethiol chain lengths and the footprint of these 

alkanethiols. The surface density of MUDA, MHA and TA on these nanoparticles, 

following the displacement of citrate was 4.97, 4.58 and 2.20 molecules/nm2, 

respectively.[87] The effect of ligand composition, such as ligand footprint, on the packing 

densities of the ligands on nanoparticles will be discussed in section 1.3.2.  

Ligand exchange is routinely performed on anisotropic gold nanoparticles by 

displacing CTAB for other more strongly binding coatings such as thiolated polyethylene 

glycol[81,89],  and MUDA[84]. Weaker binding amphiphilic ligands were unable to 

completely displace CTAB from the surfaces of gold nanorods. These amphiphilic 

molecules included positively charged (Oligofectamine), negatively charged 

(phosphatidylserine) and neutral (Brij 56) ligands.[90] These amphiphile-coated nanorods 

demonstrated greater stability against repeated centrifugal wash steps, when compared 

to those nanorods stabilized with CTAB only. These amphiphile-coated nanorods were 

also more stable over a wider range of pH values, higher salt concentrations (up to 400 

mM NaCl), higher temperatures and during pulsed laser irradiation in comparison to 

those nanorods coated with CTAB, which aggregated under similar conditions.[90]  
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1.2.2. Co-surfactant stabilized nanoparticles  

Ligand exchange can also be performed in the presence of co-surfactant 

molecules, which improve the stability of gold nanoparticles during the exchange step. 

These co-surfactants loosely bind to the surfaces of the gold nanoparticles (AuNPs) and 

are slowly displaced over time during formation of monolayers of more strongly binding 

molecules. Co-surfactants are normally added into solutions of gold nanoparticles 

preceding the addition of molecules that have a higher affinity to the gold surface. These 

co-surfactants improve the colloidal stability of the nanoparticles by slowing the rate of 

exchange of coatings. Examples of commonly used surfactants are polysorbates (e.g., 

Tween 20, 40 or 80).[67-69] For such nanoparticles functionalized in the presence of a co-

surfactant, it is crucial to analyze (either directly or indirectly) the surfaces for any trace 

amounts of surfactants remaining on their surfaces following ligand exchange 

processes. These could otherwise create defects on surfaces of nanoparticle, which can 

lead to instability when the particles are exposed to harsh environmental conditions. For 

example, the loosely adsorbed surfactants could be desorbed from the nanoparticle 

surfaces when nanoparticle solutions are heated at elevated temperatures, exposing 

vacancies on the surfaces of the nanoparticles.[91] 

1.2.3. Two-phase extraction  

Another approach to modifying the surfaces of gold nanoparticles by ligand 

exchange is through phase extraction of the nanoparticles. This approach to surface 

functionalization is versatile for changing surface chemistries of nanoparticles, and can 

be used to prepare nanoparticles that are either soluble in water or in organic 

solvents.[92-96] This approach has been particularly useful in modifying the solubility of 

quantum dots for their use in biological applications.[92] However, the technique, suffers 

from the inability to prepare nanoparticles with capping layers of a uniform composition 

due to the incomplete displacement of one ligand with another. In this approach, 

nanoparticles undergo phase transfer from polar to non-polar solvents and vice versa, 

following exchange of capping layers on the nanoparticle surfaces. For example, when 

excess 4-(dimethylamino) pyridine (DMAP) was added to tetraoctylammonium bromide 

(TOAB)-capped gold nanoparticles, which were suspended in toluene, there was an 
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immediate transfer of the particles from the organic layer to an aqueous layer as seen by 

the subsequent ruby red color of the aqueous layer.[97] The displacement of TOAB with 

DMAP created hydrophilic AuNPs. In this study, DMAP readily adsorbed onto the gold 

surfaces, displacing the weakly bound TOAB. These DMAP capped gold nanoparticles 

had a surface potential of +32 mV from zeta potential measurements, and were stable at 

4°C for several weeks. There was, however, ~6 to 16 molar % of TOAB remaining in 

solution with the DMAP capped gold nanoparticles as detected by ion chromatrography. 

A sufficient amount of DMAP was also required for a successful phase transfer of the 

nanoparticles into the aqueous layer. It is, therefore, important to analyze the surface 

chemistry of the nanoparticles following the ligand exchange processes in order to 

ensure that the initial surfactants present before exchange have been mostly removed 

and that those remaining would not significantly influence the surface chemistry and 

stability of the nanoparticles. 

1.3. Quality of Alkanethiol-Based Molecular Coatings on 
Gold Nanoparticles 

Alkanethiolate coated gold substrates can be prepared by immersing the 

substrate (either thin films of gold or colloidal gold nanoparticles) into a solution of 

alkanethiols. These molecules spontaneously assemble on the surfaces of gold forming 

self-assembled monolayers (SAMs) of alkanethiolates. The driving forces for this 

assembly process are substrate-molecular interactions, as well as intermolecular 

forces.[98] The resulting monolayer constitutes a dative bond formed between the gold 

substrate and the alkanethiolates, which will be reviewed in more detail below. In this 

section, the quality of alkanethiol-based molecular coatings will be discussed as a 

function of the packing of these coatings on the surfaces of gold. The quality of capping 

layers has important implications in cell targeting, drug delivery and gene therapy, where 

ligand densities directly affect the targeting efficiency and amounts of drug deliverable 

from nanoparticle carriers. In most of these applications, a higher density of functional 

ligands (such as DNA) is desirable. In addition, the quality of capping layers affects their 

ability to protect the underlying nanoparticles against changes from the surrounding 

environment, including solvent-particle interactions or interactions with other dissolved 
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species. Investigation of the packing density, orientation and conformation of molecular 

coatings on the surfaces of gold is important in understanding the structure-function 

relationship of the modified surfaces. 

The most commonly used techniques to characterize the composition, and 

integrity of molecular coatings on gold include: i) contact angle measurements, which 

indicates the wetting ability of the monolayers on thin films of gold;  ii) X-ray 

photoelectron spectroscopy (XPS) that provides information on the oxidation states and 

chemical environments of molecular coatings, as well as monolayer coverage[99,100]; iii) 

infrared and Raman spectroscopies that can be used to assess the chain orientation, the 

conformation and packing of molecules within monolayers[20,98,100]; and iv) atomic force 

microscopy (AFM) and scanning tunneling microscopy (STM) that provide direct 

molecular level information about the monolayer structures (size of domains and their 

spatial distribution). Pinhole defects within molecular coating layers have been studied 

by AFM and STM imaging techniques.[109,128] The quality of molecular coatings on 

colloidal gold particles can also be probed indirectly using chemical methods. Examples 

of such methods include cyanide etching of gold cores, as well as other oxidizing 

conditions, with the rate of etching directly related to the quality of the capping layers on 

the gold particles.[101,102]  Defects within the molecular coatings have also been studied 

by cyclic voltammetry.[103] The current required to desorb thiolates from gold surfaces is 

measured and the amount of current passed can be used as a measure of the degree of 

coverage (or presence of defects within the coatings) of alkanethiolates on gold 

substrates. Desorption of thiolates from gold surfaces proceeds at the defect sites of the 

molecular coatings.[98] The surface coverage is obtained by integrating the desorption 

peak. In addition, Raman bands attributed to C-S stretching vibrations (with either a 

trans or gauche C-S stretching bands) around ~700 cm-1 are used to assess the 

conformation of alkanethiolate monolayers on gold surfaces.[98]  Water contact angle 

measurements are a relatively fast method for assessing quality of monolayers, but it is 

a macroscopic technique. It only provides information about the molecular coatings over 

large areas, such as the wettability of the coating layer. Hydrophobic films are expected 

to have high water contact angles due to the poor wettability of the coatings. XPS is an 

ultrahigh vacuum technique that is highly surface sensitive. It can be used to analyze the 

nature of molecular coatings on a surface (e.g., bound, unbound or oxidized coatings), 
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providing information about chemical states as well as the integrity of molecular 

coatings.  

1.3.1. Lattice, Tilt and Rotation of the Molecular Coatings 

The spacing between adjacent alkanethiolates is dictated by the underlying 

substrate (such as a curved vs flat surface), as well as the structure of the alkanethiol 

molecules. STM studies of alkanethiolates on Au (111) surfaces have shown that the 

sulfur headgroups are arranged in a hexagonal array with spacings between adjacent 

headgroups of 0.499 nm and with a surface coverage, θ, of 0.33 (out of 1).[104,105] These 

molecules adopt and average tilt (α) of 33° away from the surface normal, as depicted in 

Figure 1.4. The ordering within a full monolayer of alkanethiolates on a Au (111) surface 

of gold is anticipated to adopt a structure of (√3 × √3)R30° (R refers to the rotation of the 

unit cell of the alkanethiolates relative to the unit cell of the gold atoms) with a secondary 

ordering of the chains corresponding to a c(4 x 2) superlattice.[98,104-106] This geometry 

results in adsorption of one thiolate molecule between 3 gold atoms and an overall 1/3 

coverage of thiolates on the Au(111) planes (Figure 1.5), with the alkanethiolate chains 

tilting away at an angle of 33° from the surface normal.[107,108] This translates into 

intermolecular spacings in the SAMs (√3  x 0.288 = 0.499 nm) that are √3 times larger 

than the spacing of the gold atoms (0.288 nm), and that the molecules in the monolayer 

are tilted 30° with respect to the normal to the Au(111) lattice.[109] By comparison, the S 

to S spacing between alkanethiolates adsorbed on Au(110) surfaces is 0.576 nm, with 

the sulfur atoms bound in a rectangular pattern (Figure 1.6) corresponding to the atomic 

structure of the Au(110) surface (or a c(2 x 2) structure).[105] The alkanethiolates are tilted 

at an angle of 40° from the surface normal on the Au(110) surfaces. Alkanethiolates on 

Au(100) similarly adopt a structure of c(2 x 2) with a S to S spacing of 0.416 nm and a 

molecular tilt of 30° from the surface normal (Figure 1.7).[110,111] 
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Figure 1.4. The tilt angle (α) is used to describe the molecular tilt away from the 
normal on a surface of gold.[104,106] 

 

 

Figure 1.5. Adsorbed alkanethiolates on a Au (111) surface. The adsorbate 
structure is described as (√3 × √3)R30°. Both the filled and dashed 
circles represent alkanethiolates adsorbed on a Au (111) surface. 
Some circles are dashed to allow for a clear view of the underlying 
gold substrate.  
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Figure 1.6. Adsorbed alkanethiolates on a Au (110) surface. The adsorbate 
structure of thiolates bound to the rectangular hollow sites of the Au 

(110) surface is c(2 x 2)R40°. Both the filled and dashed circles 
represent alkanethiolates adsorbed on a Au (110) surface. 

 

 

Figure 1.7. Adsorbed alkanethiolates on a Au (100) substrate. These 
alkanethiolates adopt a c(2 x 2)R30°. The dashed cirles are left 
unfilled for a clear view of the position each thiolate occupies on the 
substrate. Both the filled and dashed circles represent 
alkanethiolates adsorbed on a Au (100) surface. 

 

Surfaces of small gold nanoparticles have a high surface curvature in 

comparison to planar gold substrates. This difference in curvature is expected to affect 

the packing of alkanethiols on both types of surfaces.[112] A decreased chain density and 

enhanced mobility of the terminal methyl chains is expected for increasing diameters of 

the gold cores.[98] Small sized AuNPs (<4 nm) have a relatively high surface coverage of 

alkanethiolates, versus planar surfaces. The former have θ values higher than 0.33.[113] 

In addition, a nanoparticle coated with a well-packed monolayer of alkanethiolates is 
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expected to have a hydrodynamic radius equal to the sum of the radius of the gold core 

and approximately the length of a fully extended alkanethiol chain. A smaller 

hydrodynamic diameter would otherwise indicate loosely packed monolayers.[87,98]  

1.3.2. Impact of the footprint and structural composition on quality 
(packing) of alkanethiol-based capping layers 

The nature of molecular interactions, such as bidentate versus multidentate 

headgroups, length of alkyl chains and structure of the spacer (branched versus linear) 

directly affects the ordering and packing density of molecules coating the gold 

surfaces.[87,114,115] The ordering and packing of molecules within these coatings directly 

affects the quality of resulting coatings. These are important considerations for 

functionalizing nanoparticles for use in biosensing, drug delivery or catalysis. It is, 

therefore, necessary to determine the quality of these coatings on the surfaces of 

nanoparticles when preparing particles that need to remain stable under a variety of 

environmental conditions. In a study by Ivanov and colleagues, the packing densities of 

monolayers prepared from 6-carbon chain and 11-carbon chain alkanethiols were 4.58 

molecules/nm2 and 4.97 molecules/nm2, respectively. This observation that the packing 

density increased with increasing chain length of the alkanethiols could be attributed to 

enhanced intermolecular interactions of the alkanethiolates as the chain length 

increased.[116,117] The same authors demonstrated that multidentate-binding of 

alkanethiols (with a disulfide headgroup) resulted in poor ligand ordering and a relatively 

low loading of alkanethiolates (2.20 molecules/nm2) on similar sized gold 

nanoparticles.[87] Lanterna and colleagues similarly demonstrated that the packing 

density of heterocyclic thiol-based molecules depends on these length of the molecules. 

This study showed that coverage of thiones on gold nanoparticles increased as the 

length of the thiones increased from 1.2 nm to 2 nm. Nanoparticles modified with 

relatively long chains of thiones were also more resistant towards cyanide etching.[117] 

Although interstrand van der Waals interactions can increase surface coverage of thiol-

based coatings on AuNPs, molecular geometry also plays an important role in the 

packing of these molecules on surfaces of gold. Hinterwirth and co-workers 

demonstrated that the surface density of a short chain 3-mercaptopropionic acid (spacer 

length 0.68 nm) and a thiolated polyethylene glycol or PEG (spacer length 3.52 nm) 
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resulted in capping layers with densities of 6.26 molecules/nm2 and 4.29 molecules/nm2, 

respectively.[118] In the latter example, the reversed trend of packing densities and chain 

length was attributable to steric hindrance of the PEG molecules, which are more flexible 

and would probably pack less tightly on nanoparticles.[118] Zhang and co-workers 

modified gold nanoparticles with monodentate and multidentate thiols (bi- and tridentate) 

and compared the stabilities of the modified nanoparticles in organic solvents.[119] They 

illustrated that tridentate binding thiols provided the most stability against aggregation of 

gold nanoparticles due to their chelating effect on the surfaces of the nanoparticles. The 

particle stability was assessed by changes in the position of the extinction spectra, as 

well as the hydrodynamic diameters of the modified nanoparticles.[119] Other studies 

have also shown improved stabilities for nanoparticles coated with multidentate thiols 

versus monodentate thiols at high salt concentrations[102,120], as well as against ligand 

detachment at high temperatures[121] and ligand displacement by other thiols (e.g., 

dithiothreitol).[102,122] The improved stability of multidentate-thiol coatings under these 

harsh conditions could be attributed to the fact that desorption of these molecules 

requires simultaneous breaking of multiple Au-S bonds, which is energetically disfavored 

relative to the monodentate alkanethiolates.[121] Another study showed that dithiolate-

coated AuNPs were less protected against cyanide etching when compared to 

monothiolate coated particles due to the poorer packing efficiency of the former 

coatings.[101] Taken together, these studies suggest that packing efficiencies on metal 

surfaces are an important consideration, which directly affects the physicochemical 

stability of thiol coated nanoparticles.  

1.3.3. Strength of interactions between nanoparticles and 
molecular coatings 

Thiol-based coatings stabilize gold nanoparticles through formation of a strong 

dative bond between the nanoparticles and the sulfur headgroups, as well as 

intermolecular forces between the alkyl chains of neighboring thiols. Each of these 

interactions stabilizes the nanoparticles and prevents interparticle interactions. The Au-S 

bond formed between alkanethiols and gold substrates has been measured to be 45-50 

kcal mol-1.[98,100,107,118,123] Intermolecular forces between between the capping 

alkanethiolates are reported have values between 1-2 kcal mol-1 per methylene groups 
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in the hydrocarbon chains.[104] For example, the intermolecular force between 

hexanethiol chains is ~6 kcal mol-1 and is ~12 kcal mol-1 for benzenethiol chains.[123] The 

kinetics and thermodynamics of adsorption and desorption of thiolated coatings on 

surfaces of gold enables an assessment of the energetics of interaction between 

headgoups-metal surfaces as well as intermolecular interactions between adjacent 

thiolates. For example, the Gibb’s free energy of adsorption (∆Gads) was determined to 

be −5.5 kcal/mol and −4.4 kcal/mol for 18-carbon chain and 8-carbon chain alkanethiols, 

respectively, at 293K.[124] Schessler and colleagues investigated the kinetics of 

alkanethiol adsorption on gold using quartz crystal microbalance to monitor the rate of 

reaction.[125] They demonstrated that dynamics of the self-assembly process is an 

interplay between thiolate interactions with the metal substrate, as well as the thiol-

solvent interactions.  Rates of adsorption of thiols onto gold varied depending on the 

concentration of thiol in solution. These authors also showed that the adsorption 

enthalpy (∆Hads) constitutes a solvation enthalpy (that depends on the type of solvent) 

and a monolayer formation enthalpy (dominated by the Au-S bond formation). The 

adsorption of thiols, van der Waals interactions, hydrophilic/hydrophobic interactions, 

hydrogen bonding, and solvent-solute interactions can all contribute to the value of 

∆H.[126] The entropy of adsorption (∆Sads) is dominated by the change in order within the 

system associated with the organization of the molecular coatings on the gold surfaces. 

Thiol molecules lose some degree of translational freedom as they bind to the gold 

surfaces, which results in a decrease in the system’s entropy. The ∆S at a particular 

temperature can also be affected by solvation/desolvation of bound thiolates, as well as 

the process of expulsion of water molecules from a surface.[126] The calculated ∆Gads, 

∆Hads, and ∆Sads values for 1-octadecanethiol monolayers formed from n-hexane onto 

Au(111) are −5.5 kcal/mol, −20 kcal/mol, and −48 cal/(mol.K) respectively at 303 K.[125] 

These thermodynamic parameters largely drive molecular self-assembly at the interface 

between the gold and the thiols and/or solvent molecules. The thermodynamics and 

kinetics of these interactions are, however, temperature dependent.[126]  

1.3.4. Thermal annealing of defects within molecular coatings 

A common way of re-organizing molecules within SAMs (to enhance their 

ordering and uniformity) on planar gold surfaces is by thermally annealing these films 
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(Figure 1.8).[127] Thermal annealing at higher temperatures (such as those >70°C) is also 

used to eliminate defects on the gold substrates, which increases grain sizes.[98] 

Annealing results in the formation of large ordered domains of SAMs due to the 

coalescence of domain boundaries and vacancy islands (gold pits).[109,128] For example, 

octanethiol SAMs formed on gold nanoplates displayed disordered phases as observed 

by STM. There was, however, a structural transition of these SAMs following annealing 

at 70°C for 30 min to form long-range ordered domains of these alkanethiol-based 

SAMs. This ordering was attributed to an optimization of van der Waals forces between 

alkyl chains due to a rearrangement of alkanethiolates on the gold nanoplates during the 

annealing process.[128] This process of re-organizing SAMs is, however, limited to the 

thermal stability of these films on gold surfaces. Heating the films to high temperatures 

(e.g., 130°C) for a prolonged time could lead to oxidation and desorption of thiolates 

from gold surfaces.[129] Delamarche and colleagues annealed dodecanethiol SAMs in air 

at 85°C to 130°C over a period of 10 h. In their study, gold terraces and depressions (2.4 

Å deep) coalesced into larger features with average sizes of ~11 nm in width following 

annealing of the samples at 100°C for 2 h, and the terraces disappeared completely 

following annealing of the samples at 100°C for 10 h. Increasing the annealing 

temperature to 115°C led to a distortion of the monolayer topography due to a 

desorption of the SAMs in the form of disulfides (via oxidation of the alkanethiolates to 

disulfides), and a complete removal of the SAMs from the gold surfaces after annealing 

in air at 130°C over a period of 10 h.[129] Improving the quality of molecular coatings can 

include post-assembly thermal treatment of the monolayers to minimize pre-formed 

domain boundaries and defects in the molecular coatings. This thermal treatment has to 

be performed within the constraints of the system under study to avoid oxidative or 

structural damage to the monolayers and gold nanoparticles. 
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Figure 1.8. Scanning tunneling microscopy images of 2-adamantanethiol SAMs 
on Au{111}. These SAMs were prepared by either: (a and b) 
immersing substrates into 1 mM thiol solution at room temperature 
for 24 h; or (c and d) immersion of substrates into the thiol solution 
at 70°C for 2 h, followed by dry-annealing of the samples at 78°C 
over a period of 17 h. Those SAMs prepared at 70°C form large 
domains with lower defect densities. Thermal annealing of these 
SAMs further allows the formation highly ordered monolayers with 
long-range order. Sample bias 0.80 V, tunnelling current 2.0 pA. 
Reprinted with permission from Kim, M.; Hohman, J. N.; Morin, E. I.; 
Daniel, T. A.; Weiss, P. S. J. Phys. Chem. A. 2009, 113, 3895. 
Copyright 2009 American Chemical Society.[127] 
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1.3.5. Uniformity of molecular coatings on different facets of gold 
nanoparticles 

Gold nanoparticles have been widely pursued for their unique properties relative 

to their bulk counter parts. For example, the relatively high surface area to volume ratio 

of these particles is desirable for their increased catalytic activity.[130,131] This increased 

activity can be attributed to the increased density of the edge and corner sites on the 

faceted surfaces of the crystalline nanoparticles.[132-134] The catalytically active sites are 

potential weak points in any molecular coatings, and must be capped with surfactants to 

stabilize the particles against unwanted interactions with their surrounding environment. 

These less desirable interactions include aggregation of the particles when dispersed in 

solution. The assembled surfactant molecules protect the particles from aggregation by 

creating a dense molecular packing that covers the crystalline facets. Defects in these 

self-assembled molecular coatings can expose the highly active surfaces of the 

particles. Physicochemical stability is, however, desired in bio-relevant solutions as 

opposed to catalytic properties for many sought after applications for gold nanoparticles. 

Cetyltrimethylammonium bromide (CTAB) plays two major roles in the synthesis 

of gold nanorods as discussed in more detail above: i) it forms a complex with the gold 

ions; and ii) binds preferentially to the sides of the growing nanorods. The Au (III)-CTAB 

complex slows the reduction of the Au(III) precursor and regulates nanorod growth 

processes. The preferential binding of CTAB to the {100} side facets of gold nanorods 

promotes elongated growth of these anisotropic structures with gold atoms being 

deposited at their end facets.[135] The {110} and {111} end facets, therefore, have a lower 

density of CTAB molecules. The different reactivities of the side and end facets of these 

nanorods allow the selective binding of molecules to the specific facets. This selectivity 

has been demonstrated by end functionalization of gold nanorods and formation of end-

to-end tethered gold nanorods.[136-139] Because the end facets have fewer CTAB 

molecules compared to the sides of the as-synthesized gold nanorods, relatively low 

concentrations of molecular additives preferentially bind to the ends of the nanorods. 

The resulting assemblies of gold nanorods could also be useful as surface enhanced 

Raman spectroscopy substrates and in the fabrication of plasmonic devices.[136,139] 

Understanding the reactivity of the gold nanoparticles will help guide coating of any 
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potential weakly protected regions of the surfaces on the nanoparticles, and thereby, 

improve the physicochemical stability of the particles. 

1.3.6. Electrochemical reactions for the formation of thiol-based 
SAMs 

The formation of a Au-S bond occurs by a redox reaction between thiol coatings 

and the surface gold atoms. The proton from alkanethiols (RSH) is reportedly lost in the 

form of a dihydrogen and might be converted into water in the presence of oxygen.[98] 

The adsorption of thiols on a gold surface can generally be written as:[96,97] 

Au0 + SR− → Au−SR + e− (Eq. 1.5) 

Bound alkanethiolates can be electrochemically desorbed from a surface of gold 

through the reaction:[103,140,141] 

Au−SR + e− → Au0 + SR− (Eq. 1.6) 

Dias and colleagues studied the electrochemical behavior of ethanethiol 

monolayers formed on gold electrodes by cyclic voltammetry (Figure 1.9).[103] The gold 

electrodes were characterized in 0.5 M NaOH electrolyte over a potential region of −1.5 

V to 0.7 V, recorded at a scan rate of 600 mV s−1.The study described above explained 

the formation of a thiolate bond and its desorption from gold surfaces in terms of 

oxidation and reduction processes. The oxidation of gold (as in equation 1.5) was 

characterized by a peak at -0.93 V (position #1 as indicated in Figure 1.9), while the 

reductive desorption of bound alkanethiolates (as in equation 1.6) was characterized by 

a peak at -1.15 V (positions #7, Figure 1.9). Additional peaks at 0.12 V and 0.62 V 

(positions #3 and 4, Figure 1.9) were attributed to the formation of dithiol species.[103] 

The desorbed thiols could also be oxidatively re-adsorbed onto gold surfaces by 

changing the electrode potential to the positive direction following the reductive 

desorption process.[142]  
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Figure 1.9 Cyclic voltammograms of a bare gold electrode (- -) in 0.5 mol L−1  
NaOH and with ethanethiol ( C1 = 1.61 mmol L−1 , C2 = 3.22 mmol L−1 , 
C3 = 4.83 mmol L−1 , C4 = 6.44 mmol L−1 ). Experimental conditions: tpt 

= 30 s, Ept = −1.5 V, Estart = − 1.5 V, Eend = 0.7 V, scan rate = 600 mV s-1. 
The oxidation peaks at −0.93 V, −0.77 V, 0.12 V and 0.62 V are 
represented by the numbers 1 to 4, respectively. The reduction 
peaks at 0.08 V, −0.93 V, and −1.15 V are represented by the 
numbers 5 to 7, respectively. Reprinted with permission from Dias, 
D.; Hasse, U.; Fricke, K.; do Nascimento, P. C.; Scholz, F. J. 
Electroanal. Chem.  2013, 690, 121. Copyright 2012 Elsevier.[103] 

In addition, applied electric potentials can affect the protonation state of acid-

terminated alkanethiolates. For example, Rosendahl and co-workers demonstrated that 

COOH terminal groups of 4-mercaptobenzoic acid can either be protonated or 

deprotonated when the gold substrates are subjected to different electrochemical 

potentials.[143] The monolayers of 4-mercaptobenzoic acid had voltammetric peaks at 

−200 mV, which was attributed to the protonation and deprotonation of these carboxylic 

acid-terminated SAMs. These authors also showed that the voltammetric peaks are 

sensitive to the presence of ions, with the peak intensities decreasing as the 

concentration of cations increased.[143] The formation of thiol-based SAMs is, therefore, 

electrochemical in nature, involving the transfer of electrons resulting from the interaction 

of the gold surfaces and the alkanethiol coatings. Electrochemistry plays a role in the 
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overall quality of the SAMs formed on planar surfaces, but recent work is underway to 

understand the electrochemistry as it applies to nanoparticles in suspensions.[144] 

1.3.7. Further challenges to preparing ideal coatings on 
nanoparticles 

The local environment (e.g., ions in solution, surfactants, salts, buffer solution, 

solvents) of nanoparticles can directly affect the physicochemical properties of the 

particles. Some examples include the influence of solution pH, surface potential (or 

charge), and hydrodynamic diameter on physicochemical stability of the particles. 

Physically adsorbed molecules affect the hydrodynamic diameter of the nanoparticles. 

Interactions of the solvent, surfactants and salts with surfaces of nanoparticles during 

the formation of coating layers can improve stability or destabilize the colloids. For 

example, interactions between gold nanoparticles and high concentrations of phosphate 

ions is known to destabilize the particles.[145] Proteins can adsorb onto gold 

nanoparticles, depending on the surface potential of the particles, leading to the 

formation of protein coronas, which are mostly undesired when these particles are used 

within biological media.[146-149] Interactions between gold nanoparticles and salts could 

lead to charge shielding on surfaces of the particles. The magnitude of surface potential 

of nanoparticles is also important for their colloidal stability. When added to solutions of 

nanoparticles, high concentrations of salts screen the charge on the particle surfaces 

and could lead to agglomeration and precipitation of the nanoparticles.[150-152] An optimal 

ionic strength has, however, been shown to improve the packing of some molecules 

onto the surfaces of gold nanoparticles.[153-154] The influence of pH is clearly 

demonstrated for carboxylate terminated coatings, where the coatings are protonated 

(COOH) at low pH values and deprotonated (COO−) at high pH values.[152,155,156] The 

deprotonated particles have a negative charge, which stabilizes these particles through 

electrostatic repulsion between particles. In the case of amino terminated coatings, the 

coated nanoparticles are charged at low pH values (NH3
+) and the particles are 

uncharged at high pH values (NH2). The stability of nanoparticles can thus be improved 

by carefully assessing and tuning variables such as solution pH, ionic strength, and the 

surface charge of these particles. 
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A summary of some methods used for the preparation of thiol-based molecular 

coatings on gold nanoparticles and associated stability tests of the nanoparticles is 

provided in Table 1.1.  

Table 1.1. Summary of Nanoparticle Coating Procedures 

AuNPs molecular coating 

time 
allowed 
for the 

formation 
of SAMs 

stability Ref 

10 nm 
spherical 
AuNPs 

2-mercaptosuccinic acid 8-12 h 

 1) HCl titration-AuNPs 
were stable for several 
additions of HCl, as 
assessed by extinction at 
600 nm 
2) cyanide etching – 
smaller shift in SPR peaks 
compared to citrate 
stabilized AuNPs 
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4 nm 
spherical 
AuNPs 

zwitterionic disulfide  12 h 

 1) stable against 
aggregation in 3 M NaCl 
for 3 months as assessed 
by extinction spectroscopy 
2) no visible aggregation 
in polyelectrolytes, and in 
the presence of BSA 
protein 

157 

20 nm 
spherical 
AuNPs 

1) 11-mercaproundecanoic acid plus 
Tween 20 

 

2) 16-mercaptohexadecanoic acid plus 
Tween 20 

4 h 

1) change in extinction 
spectra (600-800 nm) 
used to assess 
flocculation as a 
function of pH 

2) particles prepared in 
the absence of Tween 
20  were more 
destabilized with pH 
change  

 

67 
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AuNPs molecular coating 

time 
allowed 
for the 

formation 
of SAMs 

stability Ref 

3.25 nm 
and 15 

nm 
spherical 
AuNPs 

thiolated polymer bearing diacetylene 
groups 

overnight 
at 4°C 

 1) stable in 2 M NaCl, as 
assessed by extinction 
spectroscopy 
2) stable in a high 
concentration of BSA, as 
assessed by extinction 
spectroscopy 
3) stable in 
water/isopropanol mixture, 
as assessed by extinction 
spectroscopy 
4) stable at pH 1.2-14, as 
assessed by extinction 
spectroscopy 
5) stable at 100°C; stable 
with 5 repeated cycles of 
freezing (−20°C) and 
thawing 
6) stable against 
competitive displacement 
with mercaptoethanol, 
dithiothreitol, cysteamine, 
cysteine, α-lipoic acid, 
and 11-amino-1-
undecanethiol following 
incubation with each 
respective thiol for 72 h   

31 

17 nm 
spherical 
AuNPs 

glutathione (GSH), mercaptopropionic 
acid (MPA), cysteine, dihydrolipoic acid 
(DHLA), thiolated PEG (PEG-SH) 

overnight 
at 4°C 

 

1) PEG-coated 
nanoparticles were most 
stable against change of 
pH between 5.4-9.4, as 
assessed by extinction 
spectroscopy  

 

2) PEGylated particles did 
not aggregate at salt 
concentrations of up to 1 M 
NaCl, as assessed by 
extinction spectroscopy  
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AuNPs molecular coating 

time 
allowed 
for the 

formation 
of SAMs 

stability Ref 

12 nm 
and 

30 nm 
spherical 
AuNPs 

1) α-methoxypoly- (ethylene glycol)-ω-
(11-mercaptoundecanoate) (PEGMUA) 

 

2) α-methoxypoly(ethylene glycol)-ω-(3-
mercaptopropionate) 

(PEGMPA)  

 

3) α-methoxypoly(ethylene glycol)-ω-(4-
mercaptophenylethanoate) 

(PEGMPAA) 

 

30 min 

 

1) stable in 400 nM NaCl 
for 6 h, whereas citrate 
capped AuNPs aggregated 
within <1 min of addition of 
the same concentration of 
salt, as assessed by 
extinction spectroscopy 

 

2) cyanide etching- stability 
against KCN etchant 
decreased in the order: 
AuNP@PEGMUA >> 
AuNP@PEGMPAA > 
AuNP@PEGMPA.  

 

AuNP@PEGMUA was 
etched completely within 
~23 h, whereas PEGMPA 
and PEGMUA capped 
nanoparticles were etched 
within 4 min in 100 mM 
KCN. This difference in 
stabilities was correlated 
with the lengths and 
structures of spacers within 
the capping molecules.  

 

3) PEGMUA capped 
nanoparticles were most 
stable against competitive 
displacement with 
dithiothreitol (DTT) 
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AuNPs molecular coating 

time 
allowed 
for the 

formation 
of SAMs 

stability Ref 

15 nm 
spherical 
AuNPs 

 

1) HS-PEG-OCH3 

 

2) thioctic acid-PEG-OCH3  

 

3) bis(thioctic acid)-PEG-OCH3 

 

overnight 
at room 

temperat
ure 

1) nanoparticles capped 
with bis(TA)-PEG-OCH3 
were stable at pH 1.1-13.9 
over a period of 7 months, 
as assessed by extinction 
spectroscopy 

 

2) stable in 2 M NaCl for 7 
months, as assessed by 
extinction spectroscopy 

 

3) nanoparticles capped 
with bis(TA)-PEG- OCH3 
remained stable in a 
solution of 1.5 M DTT + 
400 mM NaCl for 60 min; 
HS-PEG-OCH3 capped 
nanoparticles aggregated 
after only 10 min  

 

Bis(TA)-PEG-OCH3 
provided enhanced stability 
compared to the monothiol- 
and dithiol-PEG coatings. 
The multidentate binding to 
AuNPs provided stability at 
the above mentioned harsh 
conditions 

 

159 



 

29 

AuNPs molecular coating 

time 
allowed 
for the 

formation 
of SAMs 

stability Ref 

20-50 nm 
spherical 
AuNPs 

1) 2-tetradecylpropane-1,3-dithiol 
(C16C2) 

 

2) 2-methyl-2-tetradecylpropane- 

1,3-dithiol (C16C3)  

 

3) 1,1,1-tris(mercaptomethyl)-
pentadecane  

(t-C16) 

 

4) hexadecanethiol (n-C16) 

 

5) 2,2-dimethylhexadecane-1-thiol 
(DMC16) 

24 h 

The multidentate coatings 
C16C2, C16C3 and, t-C16 
stabilized gold 
nanoparticles better than 
monodentate n-C16 and 
DMC16, as assessed by 
extinction spectroscopy. 
The multidentate cappings 
also enabled phase 
transfer of nanoparticles, 
and those particles 
remained stable in an 
organic phase for at least 1 
month  

119 

 



 

30 

AuNPs molecular coating 

time 
allowed 
for the 

formation 
of SAMs 

stability Ref 

15 nm 
spherical 
AuNPs 

 

TP7M has a disulfide headgroup  

 

DP7M has a dithiol headgroup and is 
more structurally constrained 

 

MP7M has a monothiol headgroup 

 

BP7M has a dithiol 

headgroup and a relatively flexible 
structure  

 

 
 

8 h 

 

1) MP7M capped 
nanoparticles were 
destabilized within 5 min of 
heating to 100°C in a 2 M 
solution of NaCl;  TP7M 
aggregated at a slower 
rate-solution turned light-
pink colored after 15 min 
under similar conditions 
(these were destabilized 
after 24 h at room 
temperature), as assessed 
by extinction spectroscopy 

 

2) 1.5 M DTT + 0.8 M NaCl 
+ 10 mM NaOH: 
 

AuNP-MP7M particles 
immediately precipitated 
and completely lost the 
original red colloidal color 
in less than 20 min; AuNP-
BP7M and AuNP-DP7M 
were relatively stable for 20 

min; AuNP-TP7M showed 
very little change even after 
90 min in DTT solution, as 
assessed by extinction 
spectroscopy. 
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Table 1.1 summarizes some methods used to prepare thiol-based molecular 

coatings on gold nanoparticles and reveals inconsistencies in how molecular coatings 

are prepared on the nanoparticles. For example, the time allowed for the formation of 

SAMs widely varies, and those would likely result in varying qualities of coatings. The 

work in this thesis aims to address such inconsistencies by preparing coatings of varying 
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qualities on AuNPs and assessing the relative stabilities of the nanoparticles. The quality 

of molecular coatings on AuNPs will be varied by tuning the time allowed for the 

formation of SAMs, or by varying the initial concentration of thiol-based coatings added 

to gold nanoparticles. In addition, the stability of AuNPs will also be assessed as a 

function of known concentrations of excess stabilizing surfactants in solutions of 

nanoparticles.  

1.4. Thesis Overview  

The molecular coatings on nanoparticles form the interface between the particle 

and its surrounding environment. The ability to fine tune compositions of molecular 

coatings opens up a wide variety of possibilities for uses of the capped particles. These 

coatings protect the nanoparticles from unwanted changes and are used to improve the 

physicochemical stability of nanoparticles (e.g., in physiological media). However, 

understanding and improving the quality of their molecular coatings is important for 

reproducibly using the modified particles in each specific application. In this dissertation, 

an evaluation of gold nanoparticle stability is performed and correlated with quality of 

their molecular coatings. Chapter 1 introduces the quality factor of molecular coatings on 

as-synthesized nanoparticles, as well as looking into literature methods on modifying the 

surfaces of the as-synthesized nanoparticles. Chapter 2 focuses on the method of 

preparation of molecular coatings, with an aim of preparing gold nanoparticles with high 

quality coatings. The long-term stability of these modified nanoparticles is assessed 

using a series of complementary techniques to correlate stability of nanoparticles with 

the quality of their molecular coatings. Chapter 3 studies the photothermal stability of 

gold nanoparticles as a function of their surface chemistry (e.g., covalent versus non-

covalent coatings). The ability of nanoparticles to ‘self-repair’ during photothermal 

processes is probed through the addition of excess surfactants into the suspensions of 

gold nanoparticles. Chapter 4 focuses on the quantitative loading of DNA onto gold 

nanoparticles. This technique is useful for the preparation of multifunctional 

nanoparticles, where a specific number of molecules in a coating can be controllably 

loaded onto nanoparticles for a predictable biological stability and specificity in targeting. 
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Chapter 5 will present conclusions and future directions proposed for further 

improvements and analysis to the molecular coatings on gold nanoparticles. 
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Chapter 2.  
 
Long Term Stability of Gold Nanoparticles 

2.1. Introduction 

The molecular coatings decorating the surfaces of nanoparticles determine, for 

the most part, the colloidal stability of these particles. These coatings, a single-molecule 

in thickness, form a barrier between a nanoparticle and its surroundings.[1,2] This barrier 

protects against the interactions with other particles in solution or various components of 

the suspending medium (e.g., solvent molecules and dissolved ions). The long-term 

colloidal stability of nanoparticles depends on the properties of these molecular coatings, 

such their functionality, uniformity and integrity.[3-5] Degradation of these coatings or non-

uniformities therein could lead to a loss of colloidal stability, which is manifest by 

aggregation and/or precipitation of the nanoparticles.[6,7] Damage to molecular coatings 

could result from either chemical attack and/or dissolution of these molecules from the 

surfaces of the nanoparticles.[7-9] Although composition of these molecular coatings can 

be fine-tuned to improve the stability of nanoparticles,[10-12] their ability to resist 

degradation will ultimately depend on the uniformity of these coatings. Uniformity of 

molecular coatings on surfaces is determined by the interactions between and the 

arrangement of these molecules,[5,11-14] as well as defects therein.[11,15] We demonstrate 

herein that the methods used to decorate nanoparticles with molecular coatings 

determine the uniformity of the capping layer and, ultimately, the long-term colloidal 

stability of the nanoparticles.  

  * Most of the nanoparticle synthesis, surface modification, KCN experiments, microscopy and 
spectroscopy analyses were carried out by myself. Maryam S. Mahmoudi and Michael T. Y. 
Paul helped in initial experiments towards the extinction and DLS scattering analyses. Michael 
C. P. Wang performed XPS characterization of the prepared samples. Data analysis and writing 
were by Idah C. Pekcevik and Dr. Byron D. Gates. The work presented in this chapter is in 
preparation for publication. 
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An important aspect of preparing nanoparticles with long-term colloidal stability is 

the choice of their molecular coatings. The composition of these molecules will influence 

both uniformity of the coating and colloidal stability of the nanoparticle. The structure of 

these molecules can be classified as three main components that includes a headgroup 

attaching to the surfaces of the nanoparticle, a functional group interacting with the 

solution, and a spacer separating this functional group from the headgroup.[1,11,16] Each 

of these components plays an important role in stabilizing the nanoparticles. The 

headgroup largely defines the strength of the interactions between the molecular coating 

and the surfaces of the nanoparticles. These interactions can be covalent or non-

covalent in nature. Non-covalent interactions can suffer from an equilibrium between 

molecules associated with the particle surfaces and those free in solution.[17-19] The 

dynamics of this process can lead to instabilities in the capping layers, which can be 

influenced by temperature and composition of the solvent. The spacer can have a 

variety of molecular lengths and compositions.[20,21] Linear alkyl chains have favorable 

intermolecular interactions through van der Waals forces that stabilize adjacent 

molecules within these coatings.[1,11,14] The terminal functional groups interact with the 

solvent molecules and play a significant role in determining the colloidal properties of the 

nanoparticles. This terminal group can have a variety of compositions depending on the 

desired use of the nanoparticles.[16,22] Each component of these molecular coatings plays 

an integral part in stabilizing the nanoparticles. Non-uniformities within these capping 

layers could, however, lead to instabilities for the nanoparticles.  

Irregularities in the layers capping nanoparticles can be attributed to a number of 

sources. The source of these irregularities can include non-covalent attachment of 

molecules that block surface reactive sites (e.g., surfactant molecules that compete for 

surface sites or misoriented surface reactive molecules), [23-26] as well as defects that are 

attributed to the relative organization of molecules and/or atoms on the surfaces of the 

nanoparticles.[16,27] These defects within the molecular coatings could lead to the 

destabilization of the nanoparticles when exposed to harsh environments, such as 

elevated temperatures, chemical oxidizers, and/or etchants. Oxidative damage, for 

example, can lead to the loss of covalently linked molecules from the nanoparticle’s 

surfaces.[28,29] Elevated solution temperatures can induce dissociation of non-covalent 

molecular coatings from nanoparticles.[14,17,30,31] Damage to molecular coatings on the 
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surfaces of the particles by any of these processes could lead to a loss of colloidal 

stability. The quality of the molecular coating determines nanoparticle solubility, 

resistance to aggregation, and ability to resist chemical attack. It is, therefore, essential 

to understand these molecular-scale coatings. This detailed analysis should include an 

assessment of both the quality and temperature stability of the molecular coatings, which 

will determine the long-term stability of the nanoparticles.  

In this study, we assess the quality of coatings that stabilize nanoparticles. These 

studies utilize gold nanoparticles (AuNPs) as a relatively stable platform onto which we 

assembled molecular coatings of mercaptohexadecanoic acid (MHDA). 

Mercaptohexadecanoic acid (MHDA) is a long-chain alkanethiol with a terminal 

carboxylic acid group and was chosen for the preparation of AuNPs with enhanced 

stability. In addition, the MHDA capped AuNPs were assessed for their colloidal stability, 

and ultimately the quality of these coatings, when prepared in the presence or absence 

of a co-surfactant. The addition of a co-surfactant to solutions of AuNPs helps to 

stabilize the nanoparticles during ligand exchange processes.[32-34] These co-surfactants 

are ultimately outcompeted for surface sites as Au-S bonds form between the alkanethiol 

coatings and the surfaces of the AuNPs.[32,33] A series of AuNPs were prepared by 

varying the time allowed for the formation of MHDA based capping layers, such as for 

periods from 30 min to 2 days (Figure 2.1). Colloidal stability was compared for MHDA 

capped nanoparticles prepared either in the presence or absence of polysorbate 20. The 

goal of these studies was to elucidate the quality of the MHDA coatings on the AuNPs.  

We used a set of complementary techniques to assess the quality of the surface 

coatings on AuNPs. The colloidal solutions of AuNPs were monitored for changes in 

both their chemical and physical properties. In addition, a complementary study was 

performed to probe the ability of the capping layers on these AuNPs to resist the attack 

of a chemical etchant. Potassium cyanide, a gold etchant, was added in excess to 

suspensions of colloidal AuNPs.[9,29,35-38] Our hypothesis was that the rate of 

destabilization and dissolution of the AuNPs should be proportional to the quantity and 

type of defects in their capping layers. Insights from this study create a picture of defects 

within these molecular layers. Methods presented herein form a set of simple techniques 

to probe long-term stability of nanoparticles and the quality of their molecular coatings. 
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Figure 2.1. Gold nanoparticles (AuNPs) capped with MHDA and adsorbed P20 
co-surfactants (or only with MHDA) as formed by a progressive 
displacement of a citrate coating as a function of increasing time (t1 
to t2 to t3). The quality of each molecular coating varies as a function 
of the time period allowed for the formation of the new capping 
layers. 

2.2. Experimental Methods  

Synthesis and Characterization of Gold Nanoparticles. Solutions of sodium 

citrate capped gold nanoparticles were prepared with modifications to a previously 

published procedure.[1] Glass flasks and Teflon® coated stir bars used in this synthesis 

were soaked for ~15 min with a 15 mL solution of aqua regia [3:1 (v/v) solution of 37% 

hydrochloric acid and 70% nitric acid]. CAUTION: Aqua regia solutions are extremely 

corrosive. This solution should be handled with extreme care. The aqua regia soaked 

flasks and stir bars were rinsed with more than 500 mL of 18 MΩ•cm deionized water 
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produced using a Barnstead NANOpure DIamond Life Science water filtration system. 

The rinsed flasks and stir bars were further cleaned for 15 min with a ~15 mL of piranha 

solution [7:2 (v/v) mixture of concentrated 97% sulfuric acid and a 30% hydrogen 

peroxide]. CAUTION: Piranha solution is a strong oxidizing agent and reacts violently 

with organic compounds. This solution should be handled with extreme care. These 

flasks and stir bars were subsequently rinsed with >500 mL of 18 MΩ•cm water, and 

dried at 120°C. 

Gold nanoparticles were synthesized from a solution of tetrachloroauric (III) acid 

(HAuCl4•3H2O). This solution was prepared by dissolving 100 mg of HAuCl4•3H2O 

(99.9% pure; Sigma-Aldrich, St. Louis, MO, USA) in 50 mL 18 MΩ•cm water to prepare a 

stock solution of 5.11 mM gold salt. Stock solutions of the gold salt were prepared at 

least 24 h prior to use. A solution of 0.022 mM sodium citrate tribasic dihydrate (99.0% 

pure; Sigma-Aldrich, St. Louis, MO, USA) was also prepared by dissolving 6.58 mg of 

the citrate in 5 mL of 18 MΩ•cm water. For the synthesis of gold nanoparticles, a 1.45 

mL aliquot of the gold salt stock solution was diluted to 50 mL in a volumetric flask with 

18 MΩ•cm water. The diluted salt solution was transferred to a 250 mL round bottom 

flask and brought to reflux. Meanwhile, the 5 mL solution of sodium citrate was heated to 

60°C and then quickly added to the boiling solution of gold salt. The combined solutions 

were refluxed for another 10 min. The resulting solutions of gold nanoparticles had a 

characteristic extinction maximum at 521 nm. Beer’s law was used to calculate the 

concentration of gold nanoparticles using an extinction coefficient of ε=8.78×108 M-1 cm-1 

at the maximum absorbance of the nanoparticles.[2] Extinction spectra were recorded 

between 300 to 900 nm on a Cary 300-Bio UV-Visible spectrophotometer for solutions 

contained in polystyrene cuvettes with a 1 cm path length (Starna Cells Inc., Atascadero, 

CA, USA). These measurements were recorded at room temperature. Ten microliter 

aliquots of these solutions were also drop cast onto copper transmission electron 

microscopy (TEM) grids coated with carbon and Formvar (300 mesh; Electron 

Microscopy Sciences, Hatfield, PA, USA) then dried under vacuum in a desiccator. 

Diameter of these particles (21±2 nm) was measured from micrographs (Figure 2.2) 

acquired using a Hitachi H-8000 STEM operating at 200 kV.  
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Preparation of Gold Nanoparticles Coated with 16-Mercaptohexadecanoic 

Acid in the Presence of Polysorbate 20 Surfactants. The MHDA was purchased from 

Sigma-Aldrich (St. Louis, MO, USA) at 90% purity and was used upon receipt without 

further purification. To prepare the MHDA coated gold nanoparticles, 25 mL of a solution 

containing the citrate-capped particles (optical density or OD of 0.5; 0.58 nM gold 

nanoparticles) was mixed with 25 mL of 0.32 M polysorbate 20 (Sigma-Aldrich, St. Louis, 

MO, USA). This solution was prepared by dissolving 8.32 g polysorbate 20 into 25 mL of 

a 10 mM phosphate buffered solution at pH 7.2 (sodium phosphate monobasic and 

sodium phosphate dibasic; Caledon Laboratories Ltd., Georgetown, ON, Canada). This 

mixture was allowed to sit, undisturbed in a round-bottom flask for 30 min. Then 1.5 mL 

of freshly prepared 1 mM MHDA (2.89 mg MHDA dissolved in 10 mL of 95% ethanol) 

was added to the round-bottom flask containing the gold nanoparticles and polysorbate 

20 surfactants. The reaction mixture was stirred at 22°C for 30 min, 4 h or 2 days. When 

the designated period of time for exchange of the capping groups was complete, the 

MHDA capped gold nanoparticles were transferred to 1.5 mL volume Eppendorf tubes 

for purification. An aliquot of 1 mL was transferred into each Eppendorf. The 

alkanethiolate modified gold nanoparticles were purified of excess alkanethiols and 

polysorbates 20 with 3 steps of centrifugation (13,200 rpm for 10 min), decantation of 

supernatants, and re-suspension in 10 mM phosphate buffer at pH 7.2. Purified solutions 

contained 0.45 nM gold nanoparticles.  

Preparation of Gold Nanoparticles Coated with 16-Mercaptohexadecanoic 

Acid without using Polysorbate 20 Surfactants. The gold nanoparticles were also 

modified with MHDA without the addition of polysorbate 20 (or P20) using the methods 

described above. The purified solutions contained 0.45 nM gold nanoparticles.  

Preparation of Gold Nanoparticles Coated with 16-Mercaptohexadecanoic 

Acid without using Polysorbate 20 Surfactants, Suspended in a 1 x TBE. A 10 X 

TBE (TBE: Tris base, boric acid and EDTA) solution at pH 8.0. was prepared using 108 

g tris base, 55 g boric acid, and 40 mL of EDTA solution (0.5 M) mixed in 1 L of water, 

and diluted 10 times. A 1 x TBE running buffer contains 89 mM Tris-base, 89 mM boric 

acid and 2 mM EDTA. The gold nanoparticles were also modified with MHDA without the 
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addition of polysorbate 20 (or P20), purified using the methods described above, and 

suspended in a 1 x TBE buffer. 

Monitoring the Colloidal Stability of Monolayer Protected Gold 

Nanoparticles as a Function of Temperature. The stability of MHDA modified gold 

nanoparticles with and without the addition of polysorbate 20 surfactants were 

separately tested at different temperatures over the period of ~1 month (or 672 h). These 

solutions were maintained at either 22.0±0.3°C, 37.0±0.5°C, or 45.0±0.5°C using 

microprocessor controlled Precision 280 water baths from ThermoScientific. For 

consistency between the experiments, each synthesis of gold nanoparticles was divided 

into 3 equal portions. All of these portions were evaluated in parallel, but each portion 

was tested at a different incubation temperatures. The study discussed in detail below 

focuses on data collected over time starting with an initial gold nanoparticle 

concentration of ~0.5 nM dispersed in phosphate buffer at pH 7.2. All solutions were 

held in 20 mL liquid scintillation vials (VWR, Edmonton, AB, Canada) at the set 

temperature without agitation and in the absence of light during the course of the 

experiments. The monolayer capped gold nanoparticles were monitored during the 

month-long studies by a combination of extinction spectroscopy, zeta potential (ZP) 

measurements and dynamic light scattering (DLS) based particle size analysis (PSA) 

measurements (Malvern Zetasizer Nano-ZS). Each measurement was taken at regular 

intervals (0, 24, 48, 72, 168, 336, and 672 h) during these studies. Extinction spectra 

were recorded (300 to 900 nm on a Cary 300-Bio UV-Visible spectrophotometer) for 

every solution of gold nanoparticles held at different temperatures (22, 37, or 45°C) after 

each interval of time. All solutions were shaken prior to the acquisition of each extinction 

spectrum. This agitation dispersed particles that had settled from solution. A portion of 

these suspended particles were transferred to a cuvette to measure their extinction 

spectra. Minimal changes in the scattering of light at wavelengths higher than 600 nm 

suggests that there are very few changes to the concentration of suspended aggregates 

throughout these experiments. The peak intensity at 523 nm correlates with 

concentration of nanoparticles in solution; a decreased intensity indicated precipitation of 

nanoparticles.  
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At the same time intervals, we also acquired the PSA and ZP measurements on 

each of these solutions using folded capillary cells (Malvern, Westborough, MA, USA. 

Part number DTS 1060). The volume of the cells is 0.75 mL. The capillary cells were 

cleaned by injection of 0.6 mL of ethanol through the cell using a 10 mL syringe. Ethanol 

solution was flushed through the cells 3 times. These cleaned capillary cells were rinsed 

with 10 mM phosphate buffer at pH 8.0. The rinsing solutions were removed prior to 

loading solutions of nanoparticles. Intensity of the back-scattered light was measured at 

an angle of 173° from the incident He-Ne laser (633 nm).   

Aside from the influence of temperature, the pH and composition of the buffer 

solution can also influence the stability of the monolayer protected gold nanoparticles. 

For these studies, the gold nanoparticles stabilized either with or without polysorbates 

and MHDA coatings prepared over a period of 2 days were suspended in a series of 

different buffers. These buffers, each at an ionic strength of 10 mM, included: i) 

phosphoric acid/sodium phosphate monobasic (pH 3.0); ii) acetic acid/sodium acetate 

(pH 5.0); iii) sodium phosphate monobasic/sodium phosphate dibasic (pH 7.2); iv) 

sodium phosphate dibasic (pH 9.1); and v) sodium carbonate (pH 11.2). The primary 

discussion in this study focuses on solutions with a pH of 7.2. Further data is included for 

results pertaining to nanoparticles dispersed in each of the buffered solutions mentioned 

above (Figure 2.23).  

X-ray Photoelectron Spectroscopy (XPS) Analysis of Gold Nanoparticles. 

Solutions of gold nanoparticles (MHDA-capped with and without the addition of 

polysorbate 20) were prepared as outlined above. These solutions were divided into two 

portions for XPS analyses. For one portion, freshly prepared and purified solutions were 

centrifuged at 13,200 rpm for 10 min, their supernatants decanted and the samples 

drop-cast onto polished Si substrates (Silicon Sense Inc.) for XPS analysis.  The second 

portion of the solutions were purified of excess thiol and surfactants by centrifugation at 

13,200 rpm for 10 min and a subsequent decantation of supernatants, and then stored at 

22°C for 1 month (without agitation and in the absence of light) prior to XPS 

analysis.These XPS analyses were performed using a Kratos Analytical Axis Ultra DLD 

spectrometer using a monochromatic aluminum source (AlKα; 1486.6 eV) operating at 

150 W. Composition was first analyzed with survey scans acquired with a pass energy of 
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160 eV, while a pass energy of 20 eV was used in acquiring high resolution scans. All 

analyses were obtained under a Hybrid lens mode, which permitted a wider collection 

angle of the emitted photoelectrons to increase the signal-to-noise of the data. Data 

were collected from an analysis area of 700 μm by 300 μm, and analysis of this data was 

performed using Vision 2.2.7 Processing software. The S2p XPS signals were fit with 

doublets that had a separation of 1.18 eV and an area ratio of 2:1 between S2p3/2/S2p1/2.
[3] 

All background corrections were performed using a Shirley fit. 

Testing the Stability of Monolayer Protected Gold Nanoparticles Against 

KCN Etching. The stability of MHDA modified gold nanoparticles with and without the 

addition of polysorbate 20 surfactants were tested by adding 100 μL of aqueous 1 M 

potassium cyanide (>97% pure; Alfa Aesar, Ward Hill, MA, USA) to a 2 mL purified 

solution of the modified gold nanoparticles (optical density 0.16, 0.18 nM AuNPs) in 

polystyrene cuvettes. CAUTION: Potassium cyanide is extremely hazardous. It can 

cause adverse health effects when inhaled or absorbed through the skin. Handle and 

dispose of appropriately. Extinction spectra were recorded (400 to 700 nm on a Cary 

300-Bio UV-Visible spectrophotometer) immediately following addition of KCN to the 

nanoparticle solutions. The extinction spectra were acquired at 0.5 min intervals for a 

period of up to 30 min while incubating the nanoparticles with KCN. 

2.3. Results and Discussion 

The quality of molecular coatings on nanoparticles directly influences their long-

term physicochemical stability. Defects in these molecular coatings will influence their 

ability to resist changes in size, composition and colloidal stability at elevated 

temperatures or under harsh chemical environments. The ability of nanoparticles to 

resist these changes will depend on the composition, uniformity and integrity of these 

coatings. This interface between the nanoparticles and their surroundings determines 

how these particles interact with each other, as well as with molecules or ions dissolved 

in the solution. It has been demonstrated previously that a key factor in determining the 

quality of molecular coatings on gold surfaces are the methods used to prepare these 

molecular coatings.[3-5,20,22,39] Our goal was to assess the long-term physicochemical 

stability of gold colloids modified with molecular coatings. Knowledge learned from these 
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studies can be used to guide the improvement of the quality of molecular coatings on 

nanoparticles.  

One method to monitor the colloidal stability of AuNPs and to indirectly assess 

the stability of their molecular capping layers is through measuring changes in their 

extinction spectra. Faraday’s gold colloidal suspensions on display at the Royal 

Institution in London still exhibit a brilliant red coloration after >150 years.[40] The 

localized surface plasmon resonance (LSPR) of a gold colloid that gives rise to this 

coloration is an indication of the particle’s shape, size and composition.[41] We monitored 

the extinction spectra over a period of up to a month to assess changes in stability of the 

suspended particles. The intensity of the particles’ extinction spectra was also monitored 

as an indication of changes in concentration of suspended nanoparticles.[42,43] During 

these month-long studies, the composition and temperature of the solutions were kept 

constant. Particles were suspended in a buffered solution at pH 7.2 and maintained at 

22, 37 or 45°C. This study compared the colloidal stability of particles with molecular 

coatings prepared from MHDA either in the presence or absence of the polysorbate 20 

(or P20) co-surfactants, but the results could have implications for the long-term stability 

of other nanoparticles. 

This extinction maximum shifted from 521 nm for the as synthesized citrate-

capped AuNPs to 523 nm upon modification of the nanoparticles with MHDA, due to 

change in the dielectric constant of the nanoparticle surrounding the surfaces of gold 

nanoparticles. The intensity of the LSPR peaks at 523 nm gradually decreased over the 

one month period for all suspensions of AuNPs, suggesting that some particles 

precipitated out of solution. A large decrease in spectral intensity was observed for those 

gold colloids held at 45°C (Figure 2.4) in comparison to those suspensions maintained at 

22°C (Figure 2.2) and 37°C (Figure 2.3). There was, however, no increase in spectral 

scattering or shift in position at the maximum intensity of the LSPR peaks for any of 

these solutions of gold colloids. It is possible that the increase in the temperature at 

45°C increases the mass transport of solutes to and from the surfaces of the colloids. 

This increased mass transport could result in removal of adsorbed species from the 

surfaces of the nanoparticles, which promotes destabilization of the nanoparticles. 

These destabilized gold particles would likely irreversibly precipitate from the phosphate 
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buffered solution. The impact of the increased mass transport was detrimental to 

samples held at 45°C, but the destabilization of the colloids manifests itself slowly over 

the period of 1 month. There was a negligible change in spectral intensity from 24 to 72 

h in most samples, but a more substantial decrease in the LSPR intensity was observed 

after 1 week. The concentration of nanoparticles in solution continued to decrease over 

time (Figure 2.4). The fastest decrease in concentration of colloidal gold was observed 

for those nanoparticles whose molecular coatings of MHDA were prepared over the 

shortest period of time (Figure 2.4a). In general, the colloidal stability of the MHDA 

capped AuNPs increased in proportion to the time allowed for the assembly of these 

molecular coatings. The same trend was observed at all temperatures studied here (i.e. 

22, 37 and 45°C). All suspensions of AuNPs capped with MHDA formed over a relatively 

short period of time exhibited the most dramatic decrease in colloidal stability 

irrespective of solution temperature over the month long studies. Each study was 

performed in quadruplicate with the same trends observed as those reported herein. 

Significant variations were observed when comparing particles whose capping layers 

were prepared either in the presence or absence of the P20 co-surfactant. For example, 

the particles prepared without the co-surfactant were most stable at 45°C over the period 

of 1 month, but those prepared with the co-surfactant exhibited more stability at 22 and 

37°C over the same period of time. These observed differences will be discussed in 

further detail below. These different trends are sometimes obvious when comparing the 

extinction spectra, but more subtle changes in each of the observed trends are difficult to 

discern. This data was converted to percent change in relative concentration of colloidal 

AuNPs to provide a more quantitative measure of changes in their long-term stability.  
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Figure 2.2. Stability of AuNPs solutions with capping layers that were prepared 
by immersing the gold nanoparticles (AuNPs) in 16-
mercaptohexadecanoic acid (MHDA)  for either 30 min, 4 h, or 2 days 
(as indicated by the labels on each spectrum). These particles were 
held at 22°C and stability was assessed as a function of change in 
their extinction spectra. These AuNPs were capped with a molecular 
coating of MHDA prepared either in the (a-c) presence or (d) 
absence of a polysorbate 20 (P20) co-surfactant. Inset is a 
representative transmission electron microscopy (TEM) image of 
AuNPs stabilized with a mixture of MHDA and P20. 
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Figure 2.3. Stability of gold nanoparticles (AuNPs) solutions that were prepared 
by immersing AuNPs in MHDA for 30 min, 4 h, or 2 days.  Stability 
was monitored by obtaining extinction spectra at regular intervals 
over a period of 1 month for these solutions held at 37°C. These 
gold nanoparticles were capped with a mixture of MHDA and P20 (a-
c) or with only MHDA (d). The inset shows a representative TEM 
image of the as-made AuNPs capped with MHDA and P20. 
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Figure 2.4. Stability of colloidal AuNPs solutions that were prepared by 
immersing AuNPs in MHDA for either 30 min, 4 h, or 2 days. Stability 
was monitored by obtaining extinction spectra at regular intervals 
over a period of 1 month for these solutions held at 45°C. These 
AuNPs were capped with MHDA and P20 (a-c) or with only MHDA (d). 
The inset shows a representative TEM image of the as-made AuNPs 
capped with MHDA and P20. 
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A simple method is needed to compare the relative rates of change in colloidal 

stability. One approach is to plot the relative percent change in maximum LSPR intensity 

recorded at specific time intervals for the same nanoparticle solution. These relative 

changes can be correlated to the concentrations of suspended particles, which will be 

discussed in more detail below. In this study, the LSPR peak associated with the MHDA 

capped AuNPs is consistently centered at 523 nm, but the intensity of this peak 

decreases at different rates depending on the method used to prepare the coating layers 

and the conditions of each experiment. Distinct differences are observed when 

comparing the changes in maximum LSPR intensity at 523 nm for gold colloids capped 

with MHDA and polysorbates that are held at 22, 37 and 45°C for a period of up to 1 

month (Figure 2.5a-c). Error bars on these plots indicate the reproducibility of each trend 

as determined by one standard deviation from the mean of four independent 

experiments. 

Solutions of AuNPs capped with a mixture of MHDA and polysorbates or with 

only MHDA over these 1 month studies exhibited variations in the relative change of 

their colloidal stability that depended on both the initial time allowed for the formation of 

the molecular coatings and the solution temperature throughout the course of the study 

(Figure 2.5). The concentration of particles capped with coatings formed over 30 min 

decreased by ~19±4%, 40±1% (or 0.20 nM) and ~85±2% after being held for 1 month at 

22, 37, and 45°C, respectively (Figure 2.5a). Those particles capped with molecular 

layers formed over 4 h decreased by 7±2%, 15±8% (or 0.08 nM), and 75±9% when held 

for one month under the same conditions (Figure 2.5b). The most stable colloids of this 

series were those capped with monolayers formed over a period of 2 days. These 

solutions had a decrease of ~7±0.3%, ~2±2%, and ~50±0.1% in their maximum LSPR 

intensity when held for 1 month at 22, 37 and 45°C, respectively (Figure 2.5c). The 

AuNPs immersed in MHDA over shorter periods of time (e.g., 30 min and 4 h) most likely 

have less MHDA bound to the gold surfaces and a higher relative number of polysorbate 

molecules covering their surfaces due to an insufficient amount of time allowed for the 

displacement of P20 and formation of a complete monolayer of MHDA molecules. It 

could be that the lower quality of these monolayers leads to a greater particle instability 

over the month-long experiments. Particles stabilized with more densely packed 
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monolayers of MHDA, such as those with coatings prepared by the immersion of AuNPs 

in MHDA over a period of 2 days, were more stable and exhibited slower rates of 

spectral change. When prepared without addition of polysorbates, these particles also 

had an increased stability while stored over the 1 month at 45°C. The concentration of 

particles, capped with molecular coatings formed over 2 days in the absence of 

polysorbates, decreased by ~16±4%, 21±4%, and ~16±6% after being held for 1 month 

at 22, 37 and 45°C, respectively (Figure 2.5d). Table 2.1 summarizes the percent 

relative change in extinction maxima (at 523 nm) for AuNPs held at 22, 37 and 45°C for 

1 month. The presence of P20 during preparation of the MHDA monolayers improves 

initial colloidal stability of gold during this capping procedure; ~10% of the particles 

precipitated from solution when MHDA capping layers were formed in the absence of 

P20. However, an incomplete displacement of P20 by MHDA would lead to a higher 

relative number of defects in the MHDA monolayer. It could be that the higher 

temperature (45°C) is necessary to desorb the remaining P20 from the AuNPs. In 

addition to an increased mass transport between the surfaces of the gold colloids and 

the suspending medium, the higher temperature could also initiate an increase in the 

oxidative damage of the surfactants. Hydrodynamic diameters were measured to further 

assess the stability of the AuNPs when held for 1 month at 22, 37 and 45°C (Figure 2.7). 

These measurements indicated an increase in hydrodynamic diameter for AuNPs 

capped with a mixture of MHDA and P20. The results also indicated an increase in 

hydrodynamic diameter and particle instability due to aggregation or flocculation for 

AuNPs stabilized by MHDA and P20 when heated to 45°C. Surface potentials for AuNPs 

prepared in the presence of P20 increased from −30 to −40 mV over 1 month while 

incubated at 45°C (Figure 2.8). The elevated temperature increases mass transport to 

and from the surfaces of the AuNPs, and accelerates degradation of P20. These 

processes could decrease shielding of a particle’s surfaces by P20 surfactants, which 

would increase the apparent charge density on these particles and the solution pH might 

also change as a result of the added ions. The similarities in particle and surfactant 

instabilities observed at 45°C could be due to thermally initiated degradation of 

polysorbates.[44-46] Degradation of the P20, dissolved molecular oxygen, and the high 

concentrations of salt in solution result in an oxidizing environment.[6,29,44] Oxidation of 

the sulfur headgroups of MHDA would lead to its subsequent desorption and the 

consequent destabilization of the AuNPs. The observed differences between particles 
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prepared in the presence and absence of P20, and the relatively high rates of 

precipitation for those co-stabilized with P20, suggest that degradation of P20 could be a 

major contributor to particle instabilities at 45°C. Further insight into the observed 

differences in colloidal stability and its correlation to the quality of the MHDA monolayers 

was obtained using additional analytical techniques. 

 

Figure 2.5. Changes in extinction maximum at 523 nm (relative to t=0 days) for 
suspensions of AuNPs as a function of time (e.g., 1 day, 1 week, or 1 
month) held at 22, 37, or 45°C.  
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Table 2.1. Comparison of Gold Colloid Stability After One Month  

composition of nanoparticle and it’s 
surface chemistry 

change in extinction maximum at 523 nm after 1 month 

22°C 37°C 45°C 

AuNPs + P20 + MHDA (30 min) − 19 ± 4 % −40 ± 1 % −85 ± 2 % 

AuNPs + P20 + MHDA (4 h)  −7 ± 2 % −15 ± 8 % −75 ± 9 % 

AuNPs + P20 + MHDA (2 days) −7 ± 0.3 % −2 ± 2 % − 50 ± 0.1 % 

AuNPs + MHDA (2 days) −16 ± 4 % −21 ± 4 % −16 ± 6 % 

Degradation of the MHDA and polysorbates protecting the colloidal gold can lead 

to flocculation and aggregation of these particles. Flocculation of nanoparticles would 

increase their hydrodynamic diameter as measured by dynamic light scattering analysis. 

All solutions of gold nanoparticles had a consistent hydrodynamic diameter of ~35 nm 

while suspended in a phosphate buffer solution for ~1 month at 22°C (Figure 2.7). Error 

bars in these plots are calculated as one standard deviation from the mean of four 

independent experiments. This distribution in the measured hydrodynamic diameters is 

most likely attributable to variations in the diameters of gold nanoparticles in solution, as 

well as a non-uniform distribution of adsorbed polysorbate 20 surfactants between 

different nanoparticles. Average diameter of the as-prepared gold nanoparticles is 21±2 

nm by TEM analysis (Figure 2.6). The larger diameters reported from the PSA 

measurements are attributed to both the electrostatic double layer on the alkanethiolate-

capped gold nanoparticles and the adsorbed polysorbate 20 surfactants. The majority of 

particle diameters, whether measured by PSA or TEM analysis, are consistent 

throughout the month-long experiments (Figures 2.2 and 2.7). Solutions of nanoparticles 

held at both 22°C and 37°C had consistent hydrodynamic diameters of ~35 nm and ~33 

nm, respectively, throughout these studies. The smaller hydrodynamic diameter at 37°C 

could be associated with a temperature dependent redistribution and/or degradation of 

the molecules stabilizing these particles (Figures 2.7a, 2.7c). A slight deviation from this 

trend was observed for nanoparticles capped with SAMs formed over 4 h after being 

held at 37°C for 1 month (Figure 2.7b). In addition, the hydrodynamic diameter increased 

to ~47 nm for particles stabilized with SAMs formed over either 4 h or 2 days when held 

at 45°C. A significantly larger increase in hydrodynamic diameter is observed for 

particles stabilized with SAMs prepared over 30 min and stored at 45°C over the course 
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of 1 month (Figure 2.7a). Aggregates were not observed in the TEM analysis for 

samples stored at 45°C for one month, although black precipitates were observed at the 

bottom of these solutions. The presence of precipitates and the increased hydrodynamic 

diameters of the particles held at 45°C indicate a degradation of the capping layers on 

the surfaces of the gold. Another indication of the quality of this stabilizing layer, 

although an indirect measurement of stability, is the surface potential of the 

nanoparticles.  
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Figure 2.6. (a) Transmission electron microscopy (TEM) images of gold 
nanoparticles stabilized with monolayers of 16-
mercaptohexadecanoic acid (MHDA) and polysorbate 20 (P20) 
surfactants formed over 2 days. These particles were reanalyzed by 
TEM after suspension in a phosphate buffered solutions for 1 month 
at (b) 22°C, (e) 37°C, and (f) 45°C. Each average diameter of the 
particles was calculated from measurements made from over 100 
nanoparticles in a given sample. Histograms and the mean 
diameters are reported for (c) as prepared nanoparticles, as well as 
those particles held for one month at (d) 22°C, (g) 37°C, and (h) 45°C. 
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Figure 2.7. Hydrodynamic diameters of AuNPs measured by dynamic light 
scattering measurements. Particle size was monitored over a period 
of 1 month for particles prepared by their immersion in MHDA in the 
presence of polysorbate surfactants for (a) 30 min, (b) 4 h, (c) 2 
days, or for (d) 2 days in the absence of polysorbate surfactants. A 
portion of each type of sample was held at 22°C, 37°C, or 45°C for 
the period of 1 month. Error bars in these plots are calculated as 
one standard deviation from the mean of four independent 
experiments. 

A simple technique to measure surface potential of the nanoparticles is through 

zeta potential analysis. Nanoparticles decorated with MHDA and polysorbate 20 

surfactants in phosphate buffered solution at pH 7.2 have an average ZP of –30 mV. 

This value is in the range of acceptable values for stable dispersions of nanoparticles, 

but a deviation from this value could indicate instability of the colloidal particles. The ZP 

value progressively changes over the course of a month for the colloids stored at 22, 37 
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or 45°C (Figure 2.8). Those nanoparticles stabilized with MHDA monolayers assembled 

in the presence of polysorbate 20 over either 30 min or 4 h have a ZP value of –9 mV 

after ~1 month (Figures 2.8a and 2.8b). In contrast, the ZP for particles capped with 

SAMs formed over 2 days changed to –18 mV after one month (Figures 2.8c and 2.8d). 

These results, in combination with the observation that these solutions exhibit little 

precipitation or flocculation, suggest that the observed changes in ZP values are due to 

alterations of the surface chemistry or double layer of the gold colloids. One possibility 

for these observed changes is a decreased density of the SAMs on the surfaces of the 

nanoparticles due to oxidative damage and loss of alkanethiolates. Another possibility is 

a re-distribution of the loosely adsorbed polysorbate 20 surfactants, or its degradation 

products, over the surfaces of the colloids.[30] Polysorbate 20 surfactants degrade by 

oxidative damage as a function of pH and temperature.[54-56] Increasing the solution 

temperature to 45°C promotes further degradation of polysorbate 20 surfactants, as well 

as an increase in mass transport to and from the surfaces of the nanoparticles. Both 

processes decrease the shielding of the surface potential by the polysorbate 20 

surfactants. This change is most dramatically observed for the nanoparticles capped 

with polysorbate 20 and MHDA SAMs formed over 30 min, which exhibit an increase in 

ZP to –40 mV after 1 week at 45°C (Figure 2.8a). The ZP for these particles continued to 

change to –22 mV over the course of 1 month at 45°C. The most likely mechanism for 

the change in ZP values is the reorganization and potential degradation of polysorbate 

20 surfactants. It is likely that the particles protected with SAMs prepared over 2 days 

had less polysorbate 20 surfactants adsorbed on their surfaces because of more 

densely packed monolayers and, therefore, exhibited a smaller change in ZP values 

over the course of 1 month. 
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Figure 2.8. Mean surface potentials for gold nanoparticles suspended in 
phosphate buffered solutions that are held at 22°C, 37°C, or 45°C for 
1 month. The MHDA monolayers capping these nanoparticles were 
formed either in the presence of polysorbate surfactants over (a) 30 
min, (b) 4 h, or (c) 2 days or in the absence of P20 over 2 days (d). 
Error bars in these plots are calculated as one standard deviation 
from the mean of four independent experiments. 

Mercaptohexadecanoic acid (MHDA)-modified nanoparticles were further 

analyzed by XPS. Survey scans for both freshly prepared gold nanoparticles and 1 

month-aged nanoparticles showed the presence of C, O, Si, S, Au, Na, and P (Figures 

2.9 and 2.10). The S is from the capping MHDA. The Au is from the nanoparticles.  The 

Si and O signals are from the silicon substrate, on which the samples were drop casted 

for XPS analysis. Possible sources of C are the capping MHDA and polysorbates. The 

signals of Na and P are due to the sodium phosphate buffer solution, in which gold 
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nanoparticles are suspended. The N peak in freshly prepared nanoparticles is likely due 

to the presence of adsorbed nitrogen gas. 

Further information about the composition of the monolayers stabilizing the 

AuNPs was obtained by high resolution X-ray photoelectron spectroscopy (HRXPS). 

These studies provided a relative assessment of the density of the capping molecules as 

determined from the relative amount of bound and unbound MHDA. Freshly prepared 

solutions of AuNPs were purified of excess alkanethiols and P20 as detailed in the 

experimental section. The high resolution S2p spectra for all samples consisted of 3 

chemical species, which are assigned to bound alkanethiolates (binding energies of 

161.9-163 eV), unbound sulfur or disulfides (163.5-165 eV) and oxidized sulfur (>166 

eV).[47,48] Nanoparticles with coatings formed over 30 min or 4 h both had a high 

percentage of free and oxidized sulfur species, although the 4 h  sample contained a 

higher relative amount of bound sulfur (Figures 2.11a and 2.11b; Table 2.2). Monolayers 

formed on AuNPs over 2 days had a higher density of MHDA as evidenced by the higher 

levels of bound sulfur (Figures 2.11c and 2.11d). These particles, conversely, also 

contained the least amount of oxidized sulfur (Table 2.2). Nanoparticles prepared in the 

presence of P20 over periods of 2 days contained less bound or oxidized sulfur and 

more free sulfur when compared to those particles prepared without addition of P20. The 

latter sample contains a higher density of alkanethiolates versus unbound thiols possibly 

due to a lack of competition between MHDA and P20 for adsorption onto the gold 

surfaces. These samples were, however, less stable over 1 month at 22 and 37°C than 

those prepared with P20, presumably due to additional stabilization provided by P20 co-

adsorbed onto the AuNPs (Figure 2.6).  
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Figure 2.9. X-ray photoelectron spectra of gold nanoparticles stabilized by 
immersion in MHDA along with addition of P20 surfactants for 30 
min (black line), 4 h (red line), 2 days (blue line), or immersed in 
MHDA for 2 days in the absence of P20 (green line). These spectra 
are from freshly prepared nanoparticles that were purified of excess 
MHDA and P20 surfactants. 
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Figure 2.10. X-ray photoelectron spectra of gold nanoparticles capped with a 
mixture of MHDA and P20 prepared by their immersion in excess 
surfactants for 30 min (black line), 4 h (red line), or 2 days (blue line), 
or capped with only MHDA monolayers prepared over 2 days in the 
absence of polysorbate surfactants (green line). These spectra were 
acquired from solutions of nanoparticles (purified of excess 
surfactants) after aging each sample for 1 month at 22°C. 
Composition of these samples is largely consistent with their freshly 
prepared equivalent (Figure 2.9), but the presence of boron is 
possibly a contribution from the glass vials in which the samples 
were stored during the month long experiments. 

Composition of the monolayer protected AuNPs was also assessed by XPS after 

storing purified samples in phosphate buffer at 22°C for 1 month. This analysis provided 

further insight into the integrity of the monolayers capping the AuNPs. The S2p high 

resolution XPS (HRXPS) spectra for these samples (Figure 2.12) and the integrated 

results (Table 2.2) indicate that the relative amount of bound sulfur to unbound and 

oxidized sulfur species increased in most samples except those prepared without P20. 

The samples with the highest level of oxidized sulfur species were AuNPs initially 

prepared by immersion in MHDA and P20 for 30 min. The relative amount of oxidized 
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thiol in the each sample decreased in proportion to the time allowed for the assembly of 

the monolayers. The samples stabilized with monolayers prepared over a period of 2 

days either with or without the addition of P20 exhibited similar ratios for all sulfur 

species (Table 2.2). Both of these samples exhibited a significant increase in the relative 

amount of oxidized sulfur after 1 month. The density of MHDA monolayers was not 

equivalent in these two samples, which was estimated from the ratio of bound sulfur 

species to Au (using the Au4f intensities). These ratios were ~0.027 and ~0.040 for 

samples prepared with and without P20, respectively. The ratios suggest a significant 

amount of P20 stabilizes the AuNPs. Those samples without P20 had a larger overall 

increase in the portion of their capping layer that was oxidized and dissolved into 

solution after the 1 month period. This loss of capping molecules presumably led to the 

loss of colloidal stability in these samples. The instability observed in this sample is 

progressive over the 1 month period (Figure 2.6d). It is possible that the oxidized 

species were still strongly interacting with and stabilizing the AuNPs. Oxidized thiol (SS, 

SO3
-, SO4

-) could still interact with the surfaces of the particles due to van der Waals 

interactions with MHDA bound to the gold. These oxidized species could slowly dissolve 

from the surfaces and likely has a major contribution to the observed progressive 

destabilization of the particles. There was, however, little variation observed in the rate 

of particle destabilization with increase in temperature (Figure 2.6d). The rate limiting 

step leading to particle instability is most likely oxidation of the thiol molecules. 
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Figure 2.11.  High resolution S2p X-ray photoelectron spectra (XPS) of AuNPs 
stabilized with either (a-c) a mixture of MHDA and P20, or (d) only 
MHDA. These samples were analyzed directly after their preparation 
and purification. 
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Figure 2.12. High resolution S2p XPS spectra of AuNPs. All these samples were 
purified of excess surfactants and subsequently held at 22°C for 1 
month before performing this XPS analysis. 

 

Table 2.2. Sulfur Composition of MHDA Modified Gold Nanoparticles as 
Determined by XPS   

composition of nanoparticle and it’s 
surface chemistry 

freshly prepared AuNPs AuNPs after 1 month 

bound 
sulfur 

unbound 
sulfur 

oxidized 
sulfur 

bound 
sulfur 

unbound 
sulfur 

oxidized 
sulfur 

AuNPs + P20 + MHDA (30 min) 16% 40% 44% 33% 27% 40% 

AuNPs + P20 + MHDA (4 h)  28% 33% 39% 40% 27% 33% 

AuNPs + P20 + MHDA (2 days) 39% 51% 10% 41% 28% 31% 

AuNPs + MHDA (2 days) 55% 30% 15% 47% 28% 25% 
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The presence of P20 and the relative change in the amount of P20 on the 

surfaces of the stable colloidal gold over the course of 1 month is further confirmed by 

additional XPS analysis. High resolution C1s XPS spectra for these samples had 5 peaks 

centered at binding energies of 285.0 eV, 285.6 eV, 286.8 eV, 287.9 eV, and 289.8 eV, 

which are assigned to C-C, C-COOH, C-O, COOH, and carbonate, respectively (Figure 

2.13).[49,50-51] Both the MHDA and the P20 contribute to the C-C, C-COOH, C-O and 

COOH signals. The C-O peak is predominately associated with the presence of P20 

(Figure 2.13a-c). The relative intensities of C-O to C-C in samples with P20 decreased 

after 1 month. This change could be due to the degradation and dissolution of P20 from 

the nanoparticles’ surfaces. After a one month period, those gold colloids remaining in 

these solutions had a similar relative amount of P20 or P20 fragments as indicated by 

the relative intensities of the C-O and C-C XPS peaks. The particles capped with both 

MHDA and P20 also had a very similar ratio of bound sulfur to gold (~0.027) after the 

one month period. The colloids remaining in solution at the end of the 1 month study 

could be a result of both a specific ratio of surfactants that impart stability to the particles 

and an equilibrium ratio of surfactants associated with the surfaces of the nanoparticles.  
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Figure 2.13. High resolution C1s XPS spectra of freshly prepared and purified 
solutions of AuNPs. Particles were modified by immersion in MHDA 
and P20 for (a) 30 min, (b) 4 h, (c) and 2 days, or only MHDA for (d) 2 
days.  
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Figure 2.14. High resolution C1s XPS spectra of gold nanoparticles after being 
held in buffered solutions for 1 month at 22°C. These particles were 
capped with a mixture of MHDA and P20 (a-c), or only with MHDA 
(d). 

Quality of the monolayers capping the gold colloids was also evaluated by testing 

the ability of the monolayers to passivate the gold during treatment with potassium 

cyanide. Cyanide is known to etch gold even in the presence of protective monolayers, 

and has been previously utilized to investigate relative differences in passivation by 

different monolayers.[29,36,37] Observed differences in the rates of etching the gold cores 

were attributed to the steric hindrance, packing density and chain length of molecules 

within these monolayers. Other studies have used similar etching techniques to remove 

the gold core and quantify the presence of some capping molecules.[13,52,53] In the current 

study, changes in the physicochemical stability of gold colloids was monitored over 30 

min in the presence of KCN (Figure 2.15). In contrast to the results of most of the prior 

studies little change was observed in particle concentration over this period of time. 

Insight into these differences could be found in a previous study on AuNPs capped with 
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a mixture of thiols and lipids. Stability of lipids on the surfaces of the nanoparticles 

increased with surface coverage of thiol molecules (serving as anchors for the coating of 

lipids) as inferred from observed differences in the rate of change in particle 

concentration during cyanide etching.[54] These results should extend to other 

passivation layers. Other changes to the physicochemical stability of our gold colloids 

also correlated to the quality of the MHDA monolayers both with and without the addition 

of P20. Peak position of the LSPR for the gold colloids progressively red-shifted over 

time after addition of cyanide in proportion to the quality of the MHDA monolayers 

(Figures 2.15 and 2.16). Those colloids with the lowest quality MHDA monolayers had 

the greatest shift in position of the LSPR peak and a simultaneous increase in 

polydispersity of particle size and shape as indicated by the increase in the peak width 

(Figure 2.17). A progressive increase in light scattering between 600 and 700 nm is also 

correlated with the observed changes to the samples. Collectively, these results suggest 

the nanoparticles flocculate and/or aggregate as the etching process likely destabilizes 

their surface passivation.   
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Figure 2.15. Stability of AuNPs against potassium cyanide etching assessed by 
changes in their extinction spectra. These nanoparticles were 
capped with MHDA and P20 or with only MHDA. Changes in 
extinction spectra included an increase in light scattering (vertical 
offset in baseline between 600 and 700 nm) and a red shift in the 
position of the surface plasmon band. The capping layers on the 
gold were prepared over a period of either 30 min or 2 days in the 
presence or absence of P20 co-surfactants as indicated below each 
set of spectra. 
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Figure 2.16. Change in position of the LSPR peak for AuNPs treated with KCN as 
a function of time. These particles were stabilized with either a 
mixture of MHDA and P20 or only MHDA, which were assembled 
over a period of either 30 min or 2 days as noted in the legend. The 
error bars represent one standard deviation from the mean derived 
from three independent experiments. 
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Figure 2.17. Stability of gold nanoparticles against potassium cyanide (KCN) 
etching as assessed by changes in full width at half maximum 
(FWHM) of the localized surface plasmon resonance (LSPR) peaks 
plotted in Figure 2.15. The colloidal solutions of AuNPs were 
stabilized either with monolayers MHDA and P20 or with only MHDA. 
These stabilizing layers were prepared either over a period of 30 min 
or 2 days as noted in the legend. The error bars represent one 
standard deviation derived from the mean for three independent 
experiments. 

Analysis of the samples by TEM following exposure to KCN for 30 min reveals 

changes to the physical properties of the particles. Particle shape is largely retained after 

the etching process (Figure 2.18). However, the diameter decreases by ~4 nm and ~2 

nm for those particles passivated with low quality monolayers of MHDA and P20 or only 

with MHDA, respectively. The TEM analysis also indicated a number of particles in both 

samples had formed aggregates. Commonly observed aggregates were two particles 

joined together at one interface (Figure 2.19). This fusion of gold particles is likely due to 

the removal of some capping molecules, creating unstable facets that can bond to the 

exposed gold surfaces of other particles. 
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Figure 2.18. Histograms of particle diameters as determined by TEM analysis for: 
(a) as prepared nanoparticles modified with coatings of MHDA and 
P20 assembled over 30 min; (b) the same nanoparticles capped with 
MHDA and P20 surfactants after reacting with 50 mM KCN for 30 
min; and (c) nanoparticles coated with only MHDA after being 
exposed to a solution of KCN. At least 700 nanoparticles were 
counted to prepare each histogram. Representative TEM images are 
included for each sample, including inset pictures with a scale bar 5 
nm. 
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Figure 2.19. High resolution TEM images of gold nanoparticles stabilized with: 
(a) monolayers of MHDA and P20 surfactants formed over 30 min; 
(b) only MHDA coatings formed over 30 min. These particles were 
each incubated with 50 mM KCN over a period of 30 min. Although 
the particles retained their spherical shapes, many of the particles 
became fused together following treatment with KCN. 
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Figure 2.20. Histogram of diameters for (a) as prepared nanoparticles capped 
with coatings of MHDA and P20 surfactants formed over 2 days, or 
(b) the same nanoparticles capped with MHDA and P20 after 
reacting with 50 mM KCN for 30 min and (c) nanoparticles coated 
with only MHDA after being exposed to a solution of KCN. At least 
700 nanoparticles were counted to prepare each histogram. 
Representative TEM images are included for gold nanoparticles 
before or after incubation with potassium cyanide (KCN, final 
concentration of 50 mM) for a period of 30 min. 
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Figure 2.21. High resolution TEM images of gold nanoparticles stabilized with 
either (a) monolayers of MHDA and P20 surfactants formed over 2 
days, or (b) only monolayers of MHDA formed over 2 days. These 
particles were each incubated with 50 mM KCN. The nanoparticles 
retained their spherical shapes and sizes following treatment with 
KCN for 30 min. 

The effective increase in particle size due to this aggregation leads to both the 

observed increase in light scattering and red shift in the extinction spectra. A significantly 

smaller change in the position of the LSPR peak was observed for colloids stabilized 

with a higher quality monolayers assembled over 2 days (Figures 2.15 and 2.16). 

Although spectral differences were observed between these higher quality samples 

passivated either with or without the presence of P20 (Figure 2.16), their particle shape 

and size were not significantly changed by the addition of KCN (Figure 2.20 and 2.21). 

The higher quality monolayers passivating the surfaces of these gold colloids minimized 

etching and destabilization of the gold cores over the course of the experiment. Similar 

trends were observed for those particles passivated both with and without P20. A faster 

initial rate of spectral change was, however, observed for the particles capped with only 

MHDA than for the particles also stabilized with P20. The presence of P20 minimized 

aggregation of the gold colloids during the etching process, preventing a red-shift and 

broadening of the LSPR peak in their extinction spectra. Differences observed by TEM 

analysis suggest the decreases in size of the particles could be correlated with the 

quality of the monolayers. The spectral change for all samples, irrespective of the quality 

of the monolayers, appears to reach a steady rate after 30 min. The nonlinear change in 
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physicochemical stability of the AuNPs during this process in combination with the 

presence of excess cyanide ions (CN-/Au- = 2.6×106) in solution suggest a time 

dependent change in the surface passivation of the gold colloids. It is possible that the 

surfaces of the colloids become passivated by the formation of adsorbed aurocyanide 

complexes that form during the etching of gold particles.[55] The addition of metal 

impurities or the use of alternative gold etchants[56-57] could be pursued to develop a 

process that further differentiates the quality of monolayers prepared with and without 

the addition of a co-surfactant. Future studies will also pursue other molecular coatings 

and co-surfactants, and their influence on the long-term physicochemical stability of 

these gold colloids. 

The stability of the suspended nanoparticles can be correlated to the composition 

of the solution. For example, gold nanoparticles capped only with MHDA and suspended 

in a 1x Tris borate EDTA (TBE) buffered solution at pH 8.3 only had a small decrease in 

maximum UV-Vis absorbance over a period of 1 month at 22, 37, and 45°C. In 

comparison, those nanoparticles capped with MHDA and polysorbate 20 surfactants in 

phosphate buffered (PB) solution at pH 7.2 are more stable at 22°C, but less stable at 

45°C (Figure 2.22). The phosphate buffer was chosen for the studies discussed herein 

because of its high affinity to the gold surfaces and its ability to destabilize the 

nanoparticles. The phosphate buffered solution at pH 7.2 was also chosen for its 

physiological relevance. The colloids capped with polysorbate 20 surfactants and MHDA 

are more stable than those without polysorbate surfactants over the course of one month 

when held at either 22 or 37°C in pH 7.2 phosphate buffered solutions. The stabilization 

of gold nanoparticles by the polysorbate 20 surfactants is further supported by varying 

the pH of the solution. A series of solutions were prepared with gold nanoparticles 

capped with SAMs formed over 2 days in either the absence or presence of polysorbate 

surfactants. These solutions were each partitioned into five equal volumes, each mixed 

with a specific buffer to establish solutions with pH values of ~3, ~5, ~7, ~9 and ~11. 

Particle stability at different pH’s was characterized by both extinction spectroscopy and 

PSA measurements. An increase in the extinction intensities at wavelengths greater 

than 600 nm can indicate flocculation of nanoparticles in solution.[58-59] The flocculation 

parameter was calculated from the intergrated extinction between 600-800 nm for these 

solutions of gold nanoparticles suspended in the various buffers. Of all nanoparticles 
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prepared in the absence of polysorbate surfactants the solutions at pH 7.2 and 9.1 were 

the most stable with the least increase in flocculation (Figure 2.23a). Those colloids with 

SAMs formed in the presence of polysorbate 20 surfactants are relatively more stable at 

all pH values. The polysorbate 20 surfactants stabilize the gold colloids from pH values 

of 3.0 to 9.1. Some flocculation is observed for particles at pH 11.2, which is attributed to 

the instability of polysorbate surfactants under basic conditions.[44] Similar trends were 

observed for the hydrodynamic diameters of these particles at the various pH values 

(Figure 2.23b). These results further support the stabilization of the gold colloids by 

adsorbed polysorbate 20 surfactants at 22°C. It is important that nanoparticles and the 

quality of their capping groups be investigated under conditions relevant to the intended 

use of the nanoparticles. It is also important to study the long-term stability, and the 

stability under extreme conditions that might also be relevant for the intended use of the 

nanoparticles. 
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Figure 2.22. Change in extinction maximum at 523 nm for gold nanoparticles 
suspended in (a) 10 mM phosphate buffered (PB) solutions at pH 7.2 
with polysorbate 20 surfactants, (b) 10 mM phosphate buffered 
solutions at pH 7.2 without polysorbate 20 surfactants, or (c) 1x tris 
borate EDTA (TBE) buffered solutions at pH 8.3 without polysorbate 
20 surfactants. These changes in extinction maximum were plotted 
as a function of time over which the solutions had been held at 22, 
37, or 45°C. In these studies, all nanoparticles are capped with 
monolayers of MHDA formed over 2 days. 
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Figure 2.23. Colloidal stability of gold nanoparticles assessed as a function of 
change in solution pH. These particles are capped with coatings of 
MHDA prepared either in the presence or absence of the polysorbate 
20 surfactant. These monolayers were formed over a period of 2 
days, and the purified particles were suspended in various buffers 
to achieve a solution pH from 3.0 to 11.2. Colloidal stability of the 
suspended nanoparticles is measured by their (a) flocculation 
parameter, and (b) mean hydrodynamic diameter. The flocculation 
parameter is calculated from the integrated extinction between 600 
and 800 nm in the extinction spectra.[58,59] The particle size is 
measured by dynamic light scattering. The associated error bars are 
derived from the standard deviations of these measurements 
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2.4. Summary and Conclusions  

In summary, the colloidal and chemical stability of monolayer capped gold 

nanoparticles was evaluated as a function of temperature, solution composition and 

resistance to cyanide etching. These gold colloids were coated with monolayers of 16-

mercaptohexadecanoic acid (MHDA) and some particles were also stabilized with the 

addition of a co-surfactant. Stability of the gold colloids was monitored by comparing 

changes in the relative concentration of the nanoparticles, their hydrodynamic size, and 

surface potential over the course of one month at 22, 37 and 45°C. These results were 

correlated to changes in the composition of the molecular coatings stabilizing the gold 

colloids over the course of one month as determined by X-ray photoelectron 

spectroscopy. Most of the particles were stable over the course of a few hours and even 

up to a period of one day, but the colloids displayed a dramatic difference in their longer-

term stability. Stability over the month-long experiments depended primarily on the 

quality of the coatings on the surfaces of the gold nanoparticles. The higher quality 

coatings of alkanethiolates on the gold increased the chances that the particles would 

remain stable over the course of the month. The highest quality monolayers capping 

gold colloids resulted from the formation of self-assembled monolayers prepared over 2 

days. Chemical stability of the gold colloids was further assessed by comparing changes 

in concentration, shape, size, and polydispersity of the gold colloids following their 

incubation with potassium cyanide. Those gold colloids modified with coatings of higher 

quality were better at protecting the underlying gold cores during these cyanide etching 

experiments, evident in both the extinction spectra and the preserved shape and 

dimensions of these particles. The initial formation of SAMs follows a Langmuir process, 

suggesting monolayers form within 30 min, but the rearrangement of molecules in a 

densely packed layer with the proper orientation takes a significantly longer time and is 

ultimately thermodynamically controlled and kinetically slow. We, therefore, conclude 

that sufficient time is necessary for the formation of densely packed monolayers of 

alkanethiolates on the surfaces of gold colloids to adequately stabilize these particles 

against aggregation and other unwanted changes. 
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Chapter 3.  
 
Stability of Gold Nanorods During Photothermal 
Processes 

3.1. Introduction 

The generation of heat at surfaces of gold nanoparticles during laser irradiation 

i.e., the photothermal effect (PTE) is useful for triggering molecular release or activating 

molecular reactions. The influence of the PTE on the surface chemistry of the particles 

and their long-term colloidal stability remains largely unknown. The increase in 

temperature during photothermal processes can lead to breakage of chemical bonds 

between the nanoparticles and their capping molecules (e.g., the Au-S bond)[1,2,3] or lead 

to significant transformations in the shapes and sizes of anisotropic nanoparticles.[4-10] 

The dissociation of the Au-S bond between nanoparticles and alkanethiolate coatings 

could lead to a loss of capping molecules, which could subsequently lead to the 

destabilization of these laser irradiated nanoparticles. In addition, previous studies have 

shown that cylindrical gold nanorods can be transformed into dumbbell-shapes or ϕ-

shapes,[4,5,6] melt into spheres,[4,5,6] fragment into shorter nanorods,[7] or fuse into larger 

structures [8,9] as a result of irradiation with intense laser powers whose wavelengths 

overlap with the longitudinal or transverse surface plasmon bands of the nanorods. 

These anisotropic nanostructures are transformed into more thermodynamically stable 

spherical particles of smaller sizes as a result of the PTE.[4,5,6,10]  

* I carried out all of the nanorod synthesis, surface modification and photothermal experiments. 
Michael C. P. Wang performed XPS characterization of the prepared samples. Both Michael C. 
P. Wang and I jointly analyzed the samples by TEM before and after the photothermal 
experiments Michael measured sizes of gold nanorods. Data analysis and writing were jointly 
performed by Idah C. Pekcevik and Byron D. Gates. The work presented in this chapter is in 
preparation for publication. 
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It is, however, of interest (for some applications) to preserve the shape, dimensions, 

aspect ratio, and ultimately the surface chemistry of these nanorods during 

photothermal-triggered release of a molecular payload. A major concern of the 

reshaping of nanoparticles during photothermal processes is the likely unwanted 

changes in both the optical properties (LSPR band position shifting)[10,11,12] and their 

surface chemistry, which could lead to destabilization of the particles and a mismatch 

between the incident laser wavelength and the maximum peak absorbance of 

nanoparticles. This non-overlap of the excitation wavelength and LSPR band would 

lower the subsequent heating efficiency of these nanostructures and limit their use for 

further molecular release and/or activation of molecular reactions.[12] The reshaping of 

nanoparticles could also lead to a generation of nanoparticles with undesired surface 

plasmon resonance properties and unknown surface chemistry.[13] It is, therefore, 

important to carefully choose irradiation parameters during photothermal applications, 

such as during photothermal-triggered release of molecules from nanoparticles, while 

preserving the desirable optical properties of the nanoparticle carriers. Maintaining these 

properties is crucial for the successful use of the nanorods in a prolonged delivery of 

localized heat by the PTE, which could ensure an accurately delivered dose of 

molecules, as well as enhanced mass transfer and diffusion of the released payloads 

into the surrounding environment (e.g., tissues).  

For most photothermal applications that involve the use of nanoparticle solutions, 

a careful choice of surface coatings and solution composition is required to maintain the 

stability of these nanoparticles during photothermal processes.[14,15,16,17] The surface 

chemistry and the quality of molecular coatings is directly related with the 

physicochemical stability of these surface modified nanoparticles during photothermal 

processes.[14,15,16] Solution composition affects the dynamics of binding and releasing of 

molecules from the surfaces of nanoparticles.[18,19,20,21] When added into solutions of 

nanoparticles, excess capping molecules could repair defects in the nanoparticle 

coatings [22] created by the photothermal desorption of ligands. The surface coating also 

influences energy transfer from the nanoparticle to its surroundings.[16,23,24] For example, 

bilayers of cetyltrimethylammonium bromide (CTAB) on gold nanorods accelerated their 

photothermal reshaping due to low heat diffusion constants of the CTAB layer, whereas 

polyethylene glycol (PEG) and polysodium stryrenesulfonate (PSS) coated gold 
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nanorods retained their shapes due to a high heat diffusion constant, which was 

attributed to the presence of water contained within the PEG and PSS layers that readily 

absorbs heat.[23] In addition to the surface chemistry, the surrounding environment 

(composition of the solutions in which nanoparticles are suspended) also plays a critical 

role in their stability. The critical role of the surrounding medium during heating 

processes was demonstrated for CTAB coated nanorods.[24] For example, an optimal 

concentration of excess free CTAB in solution was required to favor the release of 

octadecyl rhodamine B chloride, intercalated into the CTAB bilayers.[24] Very low 

concentrations of CTAB in the solutions of nanorods led to nanorod aggregation during 

photothermal-initiated release of rhodamine, whereas higher concentrations of CTAB 

(~10 mM) drove the desorption of rhodamine molecules from CTAB-coated nanorods 

into free CTAB micelles present in solution. The goal of our study was to assess the 

influence of the surface chemistry, as well as additives in the surrounding medium, on 

changes to the nanorods following laser irradiation. Gold nanorods were chosen in part 

because it is easy to follow changes in their shape resulting from photothermal 

processes through analysis by extinction spectroscopy and transmission electron 

microscopy (TEM). Changes in their shape would imply a significant potential for 

alteration to the surface chemistry of these nanomaterials, which could impact the 

colloidal stability and ability to activate molecular processes as discussed above. The 

primary aim of this study is to address the question: how do different surface chemistries 

(or composition of coating molecules) and chemical environments (e.g., composition and 

concentration of additives in solution) influence the physicochemical stability of gold 

nanorods during photothermal processes? 

It is important to understand the effects of photothermal heating on nanoparticles 

in order to appropriately select the operating parameters for activating molecular release 

from these nanoparticles, while also minimizing any lateral damage to molecular 

payloads. It is also important to manipulate the surface chemistry of nanoparticles in 

order to minimize desorption of stabilizing molecules. Poon et al. demonstrated that 

photothermal-triggered melting of double-stranded DNA bound to gold nanoparticles can 

also induce cleavage of the Au-S bond (10 Hz, 4 ns, 100 mW, 35.4 mJ/cm2, 532 nm).[1] 

By tuning the ionic strength of the solution and the applied laser fluence, the heating 

process could favor denaturation of the complementary single standed DNA over 
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cleavage of the Au-S bond. A loss of thiolated DNA strands capping the gold particles 

would otherwise lead to aggregation of the nanoparticles. Bakhtiari et al. demonstrated 

the release of fluorescein tethered to the surfaces of gold nanoparticles through a 

photothermally initiated reverse diels-alder reaction.[2] This molecular release was 

initiated by heat released from the surfaces of AuNPs during laser irradiation, while the 

thiolated ligand remained attached to the surfaces of the AuNPs. If uncontrolled, loss of 

capping molecules from nanoparticles would lead to colloidal instability, formation of 

radical species, and morphological changes of the nanoparticles.[25] Colloidal instabilities 

of gold nanorods following photothermal heating would decrease the concentration of 

nanorods in the solution through aggregation and/or precipitation of these particles.[3,8,10]   

Payloads such as DNA,[25,26,27] polyethylene glycol (PEG),[28,29] and chemical 

drugs[30,31] have been released from gold nanoparticles through photothermal activation. 

However, in each of these studies the shapes and surface chemistry of the nanoparticles 

were not preserved during the photothermal process. We aim to minimize such 

morphological changes and to attempt to preserve the surface chemistry of gold 

nanorods following the PTE. Our approach to controlling the photothermal response of 

AuNRs was to precisely control the composition of the solutions in order to identify the 

influence of solution-based additives on the resulting changes in morphology (and 

possibly surface chemistry) of the AuNRs. The retention of structural shape implies a 

minimal restructuring of the atoms within the nanoparticle.[5] By probing the photothermal 

response as a function of the type of surface chemistry and the solution composition, we 

probed the dynamics of damage versus repair of the surface coatings and, indirectly, the 

rate of damage to capping groups as a function of surface chemistry and conditions for 

repair. In this fundamental study, gold nanorods capped with a bilayer of 

cetyltrimethylammonium bromide (CTAB) or with self-assembled monolayers of 11-

mercaptoundecanoic acid (MUDA) were irradiated and their physicochemical stability 

assessed as a function of excess ligands in solution. A correlation of the photothermal 

response of these nanorods capped with either CTAB or MUDA will be discussed as it 

relates to their surface chemistries and the presence (or lack there in) of excess capping 

molecules. Our goal is to use gold nanorods as a platform for delivery of heat through 

the photothermal effect (PTE) while preserving the morphology, colloidal stability, and 



 

97 

surface chemistry of the nanorods, which is of particular importance in the prolonged 

delivery of heat or release of molecules from these nanorods. 

3.2. Experimental Methods 

Synthesis of Gold Nanorods. Gold nanorods were synthesized using a published 

seed-mediated method.[32] This synthesis was carried out at 30°C and the solution 

temperature was controlled by heating reactants contained within a flask in a water bath 

Briefly, a seed solution was prepared in a clean round bottom flask by mixing together 5 

mL of an aqueous solution of 0.5 mM HAuCl4‧3H2O and 5 ml of an aqueous solution of 

0.2 M cetyltrimethyl ammonium bromide (CTAB) under stirring. Next, 0.6 mL of ice-cold 

0.01 M NaBH4 dissolved in water was quickly added to the round bottom flask, resulting 

in the formation of brown colored gold seeds. This solution was further stirred for 30 min 

at 30°C.   

To prepare the gold nanorod growth solution, the following reagents were added 

into a polystyrene container with gentle mixing, listed in order of sequence of addition:   

50 mL of an aqueous solution of 0.1 M CTAB,   

316 μL of an aqueous solution of 10 mM AgNO3,   

2.1 mL of an aqueous solution of 10 mM HAuCl4‧3H2O,  

336 μL of an aqueous solution of 0.1 M ascorbic acid (the solution changed color 

from deep yellow to colorless upon the addition of ascorbic acid),   

and 420 μL of the seed solution prepared earlier.   

This growth solution was then transferred to a water bath heated to 30°C. The 

color of the solution changed gradually from colorless to dark brown to brownish red 

within 1 h. This gold nanorod growth solution was left undisturbed at 30°C overnight.  

Glass flasks and Teflon® coated stir bars used in this synthesis were cleaned 

with a solution of aqua regia and piranha, for 15 min in each solution. An 8 mL solution 

of aqua regia [3:1 (v/v) solution of 37% hydrochloric acid and 70% nitric acid] was 

prepared and used for cleaning a 50 mL round bottom flask and stir bar. A round bottom 
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flask and a magnetic stir bar were soaked with the freshly prepared solution of aqua 

regia over a period of 15 min. After 15 min, the aqua regia solution was disposed of. The 

flask and stir bar were then rinsed with at least 500 mL of 18 MΩ•cm deionized water 

produced using a Barnstead NANOpure DIamond Life Science water filtration system. 

CAUTION: Aqua regia solutions are extremely corrosive. This solution should be 

handled with extreme care and disposed of appropriately. Next, 9 mL of piranha solution 

[7:2 (v/v) mixture of concentrated 97% sulfuric acid and a 30% hydrogen peroxide] was 

prepared and used to further clean the 50 mL round bottom flask and stir bar. These 

were soaked with 9 mL of freshly prepared piranha for 15 min. After 15 min, the piranha 

solution was discarded before rinsing the flask and stir bar with at least 500 mL of of 18 

MΩ•cm deionized water. NOTE: Use caution when working with aqua regia and piranha 

solutions as they are corrosive. 

Purification of Gold Nanorods and Varying the Concentration of CTAB in 

Solution.  The as-synthesized gold nanorods capped with CTAB surfactant were purified 

to remove excess CTAB by centrifugation (10 mL per centrifuge tube) at 8500 rpm for 25 

min. The CTAB-capped nanorods were washed two times with a 1 mM CTAB solution 

through repeated steps of centrifugation and decantation of supernatants.  The nanorods 

were further centrifuged, supernatants decanted and the nanorods were re-suspended in 

either: deionized water, or a 50 μM, 1.0 mM, or 5.0 mM CTAB solution. In total, these 

solutions of CTAB-coated nanorods were purified 3 times. These solutions with added 

CTAB were left in a water bath at 30°C overnight prior to performing photothermal 

studies. Following purifications and incubation at 30°C, these nanorods had the 

longitudinal surface plasmon resonance band centered at 751 nm. 

Surface Modification of Gold Nanorods with 11-Mercaptoundecanoic Acid. A 

previously published ligand exchange procedure was used to displace the CTAB 

capping with 11-mecaptoundecanoic acid (MUDA)[33]. The as-synthesized CTAB-capped 

gold nanorods were used for a ligand exchange with an intermediate capping layer 

(dodecanethiol) without purification. In a 20 mL glass vial, 4 mL of the as-synthesized 

gold nanorods, 4 mL dodecanethiol (DDT) and 12 mL acetone were mixed together. The 

glass vial was swirled thoroughly to mix these solutions. A phase separation immediately 

occurred, with the DDT-capped gold nanorods observed as a purple colored organic 
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phase on top of a clear aqueous layer in the glass vial. Next a portion of the organic 

layer (~4 mL) was carefully collected and transferred into a 50 mL centrifuge tube. In 

addition, 4 mL of toluene and 22 mL of methanol were also added to the centrifuge tube 

containing the DDT-capped gold nanorods. The well mixed solution of DDT-capped 

nanorods were centrifuged at 8500 rpm for 30 min, the supernatant decanted and the 

nanorods re-suspended in 1 mL of toluene. In a clean round bottom flask with a stir bar 

and condenser attached to it, 9 mL of 0.05 M MUDA solution (dissolved in toluene) was 

heated to 70°C for ~15 min. This step is for thiol exchange, and it is anticipated that 

there may be some residual DDT left on the surfaces of gold nanorods after completion 

of this process. After 15 min, the 1 mL DDT-capped nanorods were added into the round 

bottom flask and the solution temperature increased to 120°C. Heating continued until 

the solution begun refluxing. After refluxing begun, the solution was refluxed further for 

10 min until visible aggregates (small black particles) could be seen in the solution. This 

MUDA-capped gold nanorod solution was allowed to cool to room temperature, before 

being transferred into a 15 mL centrifuge tube. The solution was centrifuged at 8500 rpm 

for 20 min and the supernatant decanted. The MUDA capped nanorods were washed 

twice with toluene and once with isopropanol through repeated centrifugation, 

decantation of supernatants and suspension in the respective solvent. These nanorods 

were finally re-suspended in 1x TBE buffer (~2 mL buffer). The solutions were deep-blue 

colored immediately after adding TBE buffer, but the solution color changed to a deep-

brown color after a few hours due to charge repulsion resulting from deprotonation of the 

carboxylates within the MUDA capping layers. These gold nanorods had the NIR surface 

plasmon resonance peak centered at 773 nm. 

Varying the Concentration of MUDA in Solution. The MUDA-capped gold 

nanorods were diluted with more TBE buffer to a final OD of less than 1. These 

nanorods were then divided into three separate solutions and MUDA solutions dissolved 

in ethanol were added to final concentrations of: 0 (ethanol only, to keep the final 

volume, and hence the concentration, of each solution the same), 0.05 mM, 1.0 mM and 

5.0 mM. These solutions were then left to mix on a vortex overnight. These solutions, 

containing either no excess MUDA or varying amounts of excess MUDA (0.05 mM, 1.0 

mM, 5.0 mM), were used in subsequent photothermal studies without further purification.  
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Laser Irradiation of Gold Nanorods. Two milliliter solutions of gold nanorods were 

used for each irradiation experiment. These solutions of nanorods were prepared as 

detailed above and suspended in a known concentration of excess surfactants (MUDA 

or CTAB). A Neodymium-YAG laser (Spectra Physics) set to a wavelength of 800 nm 

was used to irradiate the nanorods. The pulsed light had pulse width was 120 fs, 

producing 1.24 mJ/cm2 energy fluence per pulse at a repitition rate 1000 Hz.  The 

diameter of the laser beam was 0.6 cm and the corresponding area of beam was 0.28 

cm2. The gold nanorods were irradiated in 4 mL polystyrene cuvettes and the laser beam 

was directed from the top-down directly to the samples. Samples were irradiated at 1 

min intervals and UV-Vis spectra immediately acquired following their photothermal 

heating. The samples were each irradiated for a total of 10 min. Irradiated solutions were 

sampled for TEM analyses after 10 min irradiation without further purification. Gold 

nanorods capped with either CTAB or MUDA were also irradiated at 0.177 mJ/cm2, 

0.531 mJ/cm2, and at 0.884 mJ/cm2 energy fluences using neutral density filters. Each 

energy fluence was verified using a power meter.  

Characterization. The extinction spectra were acquired using a Varian Cary 300 

Bio spectrophotometer. Bright field TEM images were obtained with a Tecnai G2 STEM 

operating at 200 kV. The TEM samples were prepared by drop-casting solutions of 

nanorods onto a copper grid (300 mesh size) coated with Formvar/carbon (SPI Supplies 

Canada, ON, Canada). Samples were aliquoted for TEM analysis before irradiation and 

after 10 min irradiation. Samples collected for TEM analysis post-irradiation were 

immediately drop-cast onto TEM grids in order to avoid potential time-dependent 

changes to the nanorods’ shape and/or size. The hydrodynamic diameters of the 

particles were acquired using a Malvern Zetasizer Nano ZS system. For each 

measurement, 1 mL of gold nanorod sample was used for analysis. The particle size 

analyses were performed on the samples before and after their laser irradiation. The 

XPS analyses were performed using a Kratos Analytical Axis Ultra DLD spectrometer 

using a monochromatic aluminum source (AlKα; 1486.6 eV) operating at 150 W. 

Composition was first analyzed with survey scans acquired with a pass energy of 160 

eV, while a pass energy of 20 eV was used in acquiring high resolution scans. All 

analyses were obtained under a Hybrid lens mode, which permitted a wider collection 

angle of the emitted photoelectrons to increase the signal-to-noise of the data. Data 
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were collected from an analysis area of 700 μm by 300 μm, and analysis of this data was 

performed using Vision 2.2.7 Processing software. 

3.3. Results and Discussion 

Surface plasmon resonance (SPR) is a useful property of gold nanoparticles, and 

it can be exploited for enabling the photothermal effect and subsequently heat initiatied 

processes. The as-synthesized gold nanorods had a longitudinal SPR band centered at 

769 nm. Gold nanoparticles can strongly absorb and scatter light due to a collective 

oscillation of the conduction band electrons. When the frequency of the incident light is 

the same as the frequency of oscillation of the surface conduction electrons, a 

resonance condition is reached (due to the absorption of electromagnetic waves by the 

electrons in gold nanoparticles), giving rise to a strong peak in the extinction spectra of 

gold nanoparticles. This peak is referred to as the localized surface plasmon resonance 

(LSPR) band.[6,34] The position of the LSPR band of gold nanorods depends on their size 

and shape[35]. Interestingly, anisotropic gold nanoparticles have two surface plasmon 

bands corresponding to light absorption and scattering along the long and short axes of 

the nanoparticles. When gold nanoparticles are irradiated with laser beams at 

wavelengths corresponding to the nanoparticles’ LSPR band, the nanoparticles absorb 

the light and convert it into heat by a process known as the photothermal effect. This 

photothermal effect of gold nanoparticles can activate chemical processes (e.g., Au-S 

bond cleavage) associated with coating molecules bound to their surfaces[1,2,28,36], or 

lead to destabilization of the nanoparticles. In this study, changes in stability, shape and 

size of the gold nanorods during their photothermal heating were assessed by extinction 

spectroscopy, and transmission electron microscopy (TEM). Any changes to the LSPR 

band would imply a change in size or shape of the nanorods as well as destabilization of 

the nanorods due to the photothermal heating. TEM is used to analyze changes in the 

size of the gold nanorods following laser irradiation. The long-term goal was to preserve 

the shape, size and optical properties of these nanoparticles when used towards 

delivery/release of a molecular payload, such as a therapeutic agent. Preservation of 

these properties could be essential for prolonged, quantitiative release of a therapeutic 
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molecular payload, but changes in these properties would imply a chang in the surface 

chemistry, and thus impact the long-term stability, of these particles.  

Desorption of capping molecules during photothermal processes could lead to 

instabilities of the nanoparticles by creating gaps in the monolayer coverage (where 

coatings are desorbed), which leads to Au-Au aggregation. It is, therefore, important to 

manipulate the surface chemistry of nanoparticles in order to minimize deprotection of 

the surfaces through desorption of stabilizing molecules. The aim of this study was to 

minimize the structural and chemical damage to gold nanorods upon photothermal 

treatment, in an attempt to preserve their shape, size and surface chemistry. Instabilities 

in the AuNRs during PT heating were probed by tuning the concentrations of additives in 

solution (e.g., excess stabilizing molecules) during photothermal treatment. Maintaining 

these properties is crucial for the successful use of AuNRs in a prolonged delivery of 

localized heat by the PTE. When added into solutions of nanoparticles, excess capping 

molecules could repair any ‘hole’ defects created by the photothermal desorption of 

molecular coatings (Figures 3.1 and 3.2). We monitored the extinction spectra over a 

period 10 min to assess changes in stability of the suspended particles. These spectra 

were acquired at 1 min intervals of laser irradiation up to a total of 10 min, in order to 

assess the progressive change of nanoparticle stability during the photothermal 

treatment. Integrated peak areas from the particles’ extinction spectra were also 

monitored and proportional to changes in concentration of suspended nanoparticles. 

This study presents an initial comparison of the photothermal response as a function of 

the type of surface chemistry on the AuNRs and composition of additives in solution. By 

tuning the solution composition, we seek to tune the photothermal response of gold 

nanorods during their photothermal heating. Additionally, the strength of interaction 

between molecular coatings and the nanorods (e.g., covalent versus ionic interacations) 

will be indirectly compared by studying gold nanorods with two different surface 

chemistries. These results will help in assessing the influence of surfactants on the 

physicochemical stability of AuNRs during their potential use in photothermal 

applications, which can include triggered molecular release and/or activation of 

molecular reactions.  
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Figure 3.1. Gold nanorods capped with cetyltrimethylammonium bromide 
(CTAB). CTAB coatings form a bilayer on gold nanorod surfaces. 
The bilayer is in dynamic equilibrium with free CTAB molecules and 
micelles in solutions of nanorods.  
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Figure 3.2. Gold nanorods capped with 11-mercaptoundecanoic acid (MUDA). 
MUDA forms a monolayer around gold nanorods. 

A red-shift in the longitudinal LSPR of CTAB-capped gold nanorods following 

their modification with MUDA by 3 nm confirmed a change in surface chemistry of these 

gold nanorods,. These nanorods were further analyzed by XPS to assess the exchange 

of capping layers for the MUDA-modified nanorods. Survey scans for both types of 

nanorods were analyzed for the presence of C, S, Au, Ag, N, O, Br, Si (Figure 3.3). The 

Au and Ag contributions are from the nanoparticles prepared by the seed-mediated 

method. The Si2s and Si2p signals are from the polished silicon substrate on which the 

samples were drop cast for XPS analysis. Possible sources of C1s are the molecular 

coatings (CTAB or MUDA) on the nanorods. The Br3p signal is characteristic of the 

counterion associated with the CTAB molecules, and S2p is from the thiolate of the 

MUDA capping layers. The presence of a Br3p signal in the MUDA-capped gold 

nanorods suggests that there is some residual bromide ion remaining on the surfaces of 

these nanorods after the ligand exchange. The N1s signal is also from CTAB, which has 

a quaternary amine. The Cl2s and Cl2p peaks in the MUDA-capped nanorods is likely 
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from the salts in the buffer solution. Further information about the composition of the 

coatings stabilizing the AuNPs was obtained by high resolution X-ray photoelectron 

spectroscopy (HRXPS) in the N1s and S2p regions (Figure 3.4). The high resolution S2p 

spectra had peaks only for the MUDA-capped nanorods centred at 168.1 eV and 162 

eV, and none for the CTAB-capped nanorods as expected (Figure 3.4b). The S species 

is from the bound sulfur headgroup of alkanethiolates (161.9-163 eV), and oxidized 

sulfur (>166 eV) species on gold nanorods.[37-38] High resolution N1s XPS spectra for 

these samples had two peaks centered at binding energies of 401.9 eV and 404.6 eV 

which is associated with CTAB bound to gold nanorods and unbound or free CTAB, 

respectively (Figure 3.4a).[39] These further confirmed the successful exchange of CTAB-

coatings for MUDA-coatings on gold nanorods. The XPS analysis provides a qualitative 

analysis of the surface composition, but other techniques were necessary to 

characterize other properties of the particles. Extinction spectroscopy was used in 

conjunction with these studies to analyze the colloidal stability of nanorods following the 

photothermal heating processes.  

Changes in the optical properties of gold nanorods were initially assessed by the 

changes in intensity and shifts in position of the LSPR band following laser irradiation. 

Following their photothermal treatment, a number of changes were observed for the gold 

nanorods modified with CTAB. The rate of decrease of the longitudinal surface plasmon 

band is fastest for those gold nanorods in pure water (no excess CTAB, Figure 3.5a) and 

this rate gradually decreases as the amount of CTAB in solution increases (Figures 3.5c, 

3.5e, 3.5g). The nanorods containing no added CTAB were destabilized during 

irradiation most likely due to desorption of capping molecules from the nanorod surfaces 

during their photothermal treatment. The photothermal-initiated desorption of molecular 

coatings has been previously observed for AuNPs.[3,10] This loss of spectral intensity 

continues throughout the experiment, such that at 10 min of irradiation the spectrum was 

almost at a baseline value (Figure 3.5a). Additional surfactants in solution should replace 

the desorbed and/or thermally damaged molecules, thereby minimizing chemical 

changes to irradiated nanorods. As little as 0.05 mM excess CTAB in solutions of gold 

nanorods slowed the rate of their destabilization during PT heating (Figure 3.5c), in 

comparison to those nanorods suspended in only deionized water. After 1 min of 

irradiation, the extinction spectra of the nanorods suspended without excess CTAB (or 
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water only) and 0.05mM excess CTAB, decreased in intensity by ~71% and ~31%, 

respectively. Those nanorods suspended in 1.0 mM and 5.0 mM CTAB exhibited a 

progressive blue shift in their LSPR band throughout the duration of laser irradiation. 

These samples also exhibited a sharpening of their extinction spectra (Figures 3.5e and 

3.5g), which could be attributed to a decrease in the polydispersity of the particle 

dimensions within the population of nanorods during photothermal treatments. This 

effect has been observed in previous studies.[40] The extinction spectra of these 

nanorods suspended in 5.0 mM and 1.0 mM CTAB blue-shifted from 751 nm (for non-

irradiated nanorods) to 738 nm and 726 nm, respectively, following their laser irradiation 

at 800 nm for 10 min, which could be attributed to a change in the aspect ratios of the 

nanorods. 

 

 

Figure 3.3. Survey X-ray phototelectron spectroscopy (XPS) scans of as-made 
MUDA- and CTAB-capped gold nanorods. The MUDA-capped gold 
nanorods were cast from a suspension in TBE buffer and the CTAB-
capped nanorods were cast from a solution in deionized water. 
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Figure 3.4. High resolution X-ray phototelectron spectroscopy (XPS) of MUDA 
and CTAB-capped gold nanorods. a) N1s region b) S2p region for the 
as-prepared nanorods. The MUDA-capped gold nanorods were cast 
from a suspension in TBE buffer and the CTAB-capped nanorods 
were cast from a solution in deionized water. 

The analysis of the samples by TEM was used to further monitor morphological 

changes to the nanorods following the photothermal treatment. Gold nanorods, in 

solutions without any excess CTAB or with 0.05 mM excess CTAB, fused together 

(Figure 3.5b and 3.5d) after 10 min of laser irradiation, indicating instability of these 

nanostructures. These nanorods likely suffered from desorption and/or thermal damage 

of CTAB molecules and a consequent aggregation of the nanorods. There was slight 

restructuring of gold nanorods suspended in millimolar concentrations of CTAB, as they 

transformed into peanut shaped structures (Figures 3.5f and 3.5h). Such structural 

changes can be minimized by using lower laser fluence energies, or by changing surface 

chemistry of gold nanoparticles. It has been previously demonstrated that differences in 

heat diffusion is caused by the types of molecular coatings on gold nanoparticles.[23] The 

corresponding TEM images of these AuNRs suspended in 1.0 mM and 5.0 mM CTAB 

also indicated these particles were well dispersed after 10 min laser irradiation with no 
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evidence of Au-Au fusion between separate nanorods (Figures 3.5f and 3.5h). The 

relatively higher concentrations of excess CTAB in solution replaces any molecules 

desorbed during photothermal heating processes, thereby greatly improving the 

photothermal stability of those nanorods suspended in millimolar concentrations of 

excess CTAB. These different trends are sometimes obvious when comparing the 

extinction spectra, but more subtle changes in each of the observed trends are difficult to 

discern. This data was converted to a change in relative integrated peak areas of gold 

nanorods to provide a more quantitative measure of changes in their physicochemical 

stability. 

Physicochemical stability of gold nanorods during photothermal processes was 

further assessed by changes in peak areas of nanoparticles in solution, as well as the 

position of the plasmon band during irradiation. The rate of decrease in nanorod peak 

areas during photothermal treatment gives an indication of the stability of the nanorods 

and was found to depend on the amount of excess surfactants in solutions of gold 

nanorods. The nanorods irradiated in the absence of excess capping molecules had the 

largest decrease in peak areas as comparison to those irradiated in the presence of 

excess surfactants, confirming the importance of added surfactants during photothermal 

irradiation (Figure 3.6). The gold particles suspended with no excess CTAB or with 0.05 

mM CTAB decreased in relative peak area of nanorods from 0.35 to 0.02 or 0.04, 

respectively, after 3 min of laser irradiation. At least 1.0 mM of excess CTAB was 

required in solution to significantly reduce the loss of particles during irradiation (Figure 

3.6a). Those nanorods suspended with a millimolar excess CTAB dropped in peak 

areato 0.25 nanorods after 10 min of irradiation. These results indicate that the 

destabilization of the gold nanorods suspended in little or no excess CTAB was due to 

desorption and/or damage of capping CTAB molecules, triggered by the photothermal 

treatment. All irradiated nanorods exhibited a blue spectral shift, but those nanorods 

suspended with little or no excess CTAB had a resulting longitudinal LSPR band that 

approached the baseline of their spectra within ~3 min of laser irradiation. The position 

of the longitudinal LSPR band could, therefore, not be further assessed for these 

solutions of gold nanorods (Figure 3.6b).The critical micellar concentration of CTAB to 

maintain a bilayer on nanorods is ~1 mM[41,42], which would explain the similarity in the 

observed stability for the nanorods suspended in 1.0 mM and 5.0 mM excess CTAB. 
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Therefore, no significant difference in the photothermal response was expected for those 

nanorods suspended in CTAB concentrations greater than 1.0 mM, when compared with 

nanorods suspended in 1.0 mM excess surfactants.  
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Figure 3.5. Photothermal stability of cetyltrimethylammonium bromide (CTAB) 
capped gold nanorods following laser treatment. Particle stability 
determined by extinction spectroscopy and transmission electron 
microscopy (TEM). Samples were irradiated at 1 min intervals with a 
120 fs pulsed laser (1 kHz) operating with an output of 1.24 mJ/cm2 

at 800 nm. A spectrum of the nanorods prior to irradiation (t=0 min) 
is included for comparison. The nanoparticles were suspended in 
deionized water containing varying amounts of CTAB: (a-b) no 
excess CTAB; (c- d) 0.05 mM CTAB; (e-f), 1 mM CTAB; and (g-h) 5 
mM CTAB. Electtron microscopy images correspond to the 
nanoparticles after irradiation for 10 min. Coalescence of nanorods 
is apparent in the samples suspended without excess CTAB or with 
only 0.05 mM CTAB. Scale bars in the TEM images are 50 nm. 
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Figure 3.6. (a) Time dependent change in relative peak areas of gold nanorods 
(AuNRs) suspended in solutions of varying concentrations of CTAB 
during laser irradiation. Error bars in this plot are calculated as one 
standard deviation from the mean of two independent experiments 
(b) Dependence of the position of the longitudinal localized surface 
plasmon resonance (LSPR) band position on the duration of laser 
irradiation for these CTAB capped nanorods. 

Figure 3.7 shows extinction spectra and electron microscopy images of MUDA-

modified nanorods irradiated for a total of 10 min at a fixed laser fluence of 1.24 mJ/cm2. 

The decrease LSPR band intensities was fastest for those nanorods suspended in only 

TBE buffer (Figure 3.7a). In contrast, the addition of 0.05 mM excess MUDA to the 

solutions of MUDA-capped gold nanorods helped stabilize their stability as seen in the 

minimized rate of spectral decrease following photothermal treatment (Figure 3.7c). The 

excess MUDA could help stabilize the gold nanorods in solution by influencing the 
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equilibrium between desorbed thiols and the free thiols in solution.[43] A further increase 

in concentration of excess MUDA in solutions of gold nanorods during irradiation 

resulted in a gradual sharpening of the longitudinal LSPR bands (Figures 3.7e and 3.7g), 

similar to those nanorods capped with CTAB and suspended in millimolar concentrations 

of excess CTAB (Figures 3.5e and 3.5g). This stability trend correlates with the amount 

of excess surfactants added to each solution of gold nanorods during photothermal 

treatments and indicates the stabilizing role of surfactants in solution. Heat from 

photothermal processes could increase mass transfer to and from the surfaces of the 

nanorods, which could anneal the surfaces (and defects therein) of the nanorods. This 

thermal treatment could also induce the oxidation of MUDA, which would consequently 

lead to its dissolutionfrom surfaces of gold nanorods, producing defect sites on these 

gold nanostructures. The dissolution of bound alkanethiolates may lead to oxidation of 

the desorbed thiols, which could form disulfides that have lower kinetics of binding (re-

adsorption) to gold when compared to alkanethiols.[44] The excess surfactants, therefore, 

result in lower defect sites on surfaces of nanoparticles, or otherwise increase the 

density of the molecular coatings by repairing (or filling gaps created by the desorbed 

thiols) within molecular coatings during photothermal processes.  
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Figure 3.7. Photothermal stability of 11-mercaptoundecanoic acid (MUDA) 
capped AuNRs after laser irradiation as assessed by extinction 
spectroscopy and TEM analysis. Solutions were irradiated at 1 min 
intervals with a 120 fs pulsed laser (1 kHz and an output of 1.24 
mJ/cm2 at 800 nm). The nanorods were suspended in a 1× TBE 
buffer containing varying amounts of MUDA: (a-b) no excess MUDA; 
(c-d) 0.05 mM MUDA; (e-f), 1.0 mM MUDA; and (g-h) 5.0 mM MUDA. 
Electron microscopy images show dispersion and morphology of 
nanorods that have been irradiated for 10 min. Scale bars for the 
TEM images are 50 nm. 

The physicochemical stability of MUDA-modified nanorods was additionally 

assessed by electron microscopy. The MUDA-capped nanorods nanorods suspended in 
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0.05 mM excess MUDA were more stable against aggregation, as compared with those 

suspended in no excess CTAB. The former showed a good dispersity following 

irradiation, with no evidence of particle-particle fusion (Figure 3.7d). There was, 

however, some formation of peanut-shaped nanorods for these nanorods suspended in 

0.05 mM excess MUDA. The nanorods suspended in millimolar concentrations of excess 

MUDA had the least extent of aggregation or reshaping, and we could, therefore, 

reasonably conclude that MUDA is a more robust coating. The alkanethiolate coatings 

likely form more ordered coating layers due to both the dative bond formed between the 

sulfur headgroup and the gold surfaces, as well additional van der Waals forces between 

neighboring alkanethiolate chains.[45,46] Gold nanorods stabilized with CTAB are 

stabilized by non-covalent and ionic interactions between the quaternary amine 

headgroup, as well as with van der Waals forces between the hydrophobic tails of the 

CTAB molecules.[47] The energy of adsorption of an alkanethiolate and a CTAB molecule 

on gold is ~50 kcal/mol[48] and ~26 kcal/mol (or 108.8 kJ/mol) [49], respectively. It is, 

therefore, expected that the MUDA coatings will form stronger stabilizing interactions 

with gold surfaces, as compared to less strongly binding CTAB. These interactions will 

also dictate the kinetics of the photothermal desorption of molecular coatings from gold 

nanoparticles during the process of their photothermal heating. Both the extinction data 

and electron microscopy results indicate the greatest destabilization of those nanorods 

with least amounts of excess surfactants. Monitoring the change in peak areas of the 

suspended nanoparticles during the process of laser irradiation can be used to quantify 

these time-dependent changes in colloidal stability of the CTAB or MUDA capped 

particles. 

The  peak area calculated from the extinction spectra of gold nanorods modified 

with MUDA dropped gradually during photothermal treatments for those nanorods 

suspended in excess MUDA (Figure 3.8a). The rate of loss of peak area of AuNRs was, 

however, significantly higher for solutions of gold nanorods without any excess MUDA 

(Figure 3.8). The peak areas of nanorods dropped to ~12%, ~46%, ~83%, and ~77% of 

their original values after 10 min of laser irradiation for those nanorods suspended in no 

excess, 0.05 mM, 1.0 mM and 5.0 mM excess MUDA, respectively. The nanorods 

suspended in only TBE buffer (no excess MUDA) likely had the most desorption of the 

MUDA capping molecules. This desorption of capping molecules can lead to the 
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formation of defects (due to missing molecules), which cause instabilities to the AuNRs 

during photothermal processes. These results highlight the impact of defects within 

molecular capping layers on the observed stabilities of AuNRs.[18] It is, however, not 

clear why the nanorods suspended in 1.0 mM excess MUDA were more stable than 

those suspended in 5.0 mM excess MUDA. It is possible that the excess surfactants are 

saturated in solution above 1.0 mM concentrations. The position of the LSPR band blue-

shifted with increasing times of exposure of the MUDA-modified gold nanorods to laser 

irradiation (Figure 3.8b), which corresponded to a decrease in nanorod aspect ratio. The 

rate of blue shifting was fastest for gold nanorods suspended in TBE buffer, without any 

excess MUDA. The longitudinal LSPR blue-shifted by 47 nm for these nanorods 

suspended without any excess MUDA (Figure 3.8b) after 1 min of laser irradiation and 

by 85 nm after 10 min of irradiation. The rates of shifting of the LSPR band was much 

slower for the nanorods suspended in some excess amount of MUDA, which shifted by 

11 nm or 4 nm for nanorods in 0.05 mM and 1.0 mM excess MUDA, respectively, after 1 

min of laser irradiation. The photothermal annealing of the nanorods could result in 

reshaping of these structures. These structural changes were quantified by measuring 

the dimensions of the nanorods following photothermal treatment by electron 

microscopy. 

We measured the dimensions of the gold nanorods before and after laser 

irradiation in order to assess any structural changes resulting from the laser irradiation of 

these nanostructures. There were interesting changes observed in dimensions of both 

CTAB- and MUDA-modified nanorods. At least 400 particles per sample were measured 

in order to compute the average dimensions of the nanorods. These subtle changes in 

dimensions of the anisotropic gold structures could only be identified through a statistical 

analysis of the changes in dimensions of a large quantity of nanorods following the 

photothermal treatment. As-synthesized AuNRs CTAB-capped nanorods had 

dimensions of 41 nm × 15 nm (length × width). These gold nanorods elongated to 46 nm 

when irradiated either in the presence of 5.0 mM CTAB or in the absence of excess 

CTAB . The elongation of nanorods could be due to photofragmentation of the gold, 

leading to a high presence of small gold nanoparticles in solution that could be readily 

adsorbed onto the end facets of the gold nanorods. The lengths were, however, 

preserved for intermediate concentrations of excess CTAB (Figure 3.9). The widths 
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increased in all cases of irradiated samples, whether with or without excess CTAB, with 

the greatest increase in width (to 17 nm), observed for those nanorods suspended in no 

excess excess CTAB. There is no clear trend in change of nanorod dimensions, but the 

nanorods suspended in 0.05 mM to 1.0 mM excess CTAB largely retained their 

dimensions following the photothermal processes. It is noteworthy that all those 

nanorods suspended in no excess CTAB or in 0.05 mM CTAB decreased in aspect 

ratios, while the nanorods suspended in either 1.0 mM or 5.0 mM excess CTAB had 

slight increases in their aspect ratios upon laser irradiation. The changes in dimensions 

of nanorods could be attributed to the desorption of CTAB coatings from high energy 

(100) and (110) facets, which results in the exposure of these facets and subsequent 

shape change of these anisotropic nanostructures.[50]  

Structural transformations of MUDA-capped nanorods were also analyzed by 

measuring the lengths and diameters of these nanostructures (from TEM micrographs) 

following laser irradiation. The MUDA-modified nanorods were 49 nm in length and 18 

nm in width before laser irradiation. The average lengths of the nanorods decreased to 

40 nm and 43 nm for those particles suspended in the absence of excess MUDA and 5.0 

mM MUDA, respectively (Figure 3.10). Those nanorods suspended in 0.05 mM or 1.0 

mM excess MUDA had lengths of 446 nm and 48 nm, respectively, following 10 min of 

laser irradiation. The width of nanorods suspended in 5.0 mM excess MUDA increased 

by 2 nm. The relatively high concentrations of excess MUDA are likely stabilizing small 

particles formed from photofragmentation of the nanorods, increasing the presence of 

colloidally stable nanoparticles that can add back onto the high energy end facets of the 

gold nanorods, which leads to an increase in their overall length. The nanorods 

suspended in no excess or 0.05 mM excess MUDA changed to 14 nm or 17 nm, 

respectively, in their widths after the photothermal processes. Gold nanorods suspended 

in 1.0 mM excess MUDA best preserved their dimensions following photothermal 

treatments, similar to those suspended in 1.0 mM excess CTAB. The high 

concentrations of excess surfactants stabilize smaller particles formed from 

photofragmentation of gold, which can be seen as an increased distribution of lengths 

and widths post-irradiation for those nanorods suspended in either 5.0 mM excess CTAB 

or 5.0 mM excess MUDA. It may be that there is an optimal concentration of excess 
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molecular additives in solution to shift the equilibrium to favor the adsorption of 

molecules, replacing those that are desorbed in the process of photothermal treatments.  

Lower laser energy fluences (Appendix A) were also applied to these nanorods 

modified with varying amounts of excess surfactants, in order to compare the stabilities 

of AuNRs during irradiation with lower energies. Colloidal stability of these materials was 

assessed as a function of the type of capping molecules and concentrations of excess 

stabilizing molecules in solution. Both types of nanorods (CTAB- or MUDA-coated) had 

similar trends in their stabilities. The nanorods irradiated in the absence of excess 

capping molecules had largest decrease in concentrations as compared to those 

irradiated in the presence of excess surfactants, further confirming the importance of 

added surfactants during photothermal irradiation. The rates of destabilization of 

nanorods increased with increasing energy fluences as expected, due to the increased 

loss of molecules as a function of the applied energy. Through these studies, we show 

that stability of nanoparticle systems is greatly improved by increasing the 

concentrations of excess stabiliizing molecules during laser irradiation. In addition, 

irradiation parameters (e.g., energy fluence and irradiation time) can be tuned to 

optimize the use of the PTE, while maintaining the desirable optical properties of AuNPs, 

as well as their colloidal stability.  
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Figure 3.8. (a) Time dependent change in the relative peak areas of MUDA 
capped AuNRs during irradiation with a pulsed laser. Error bars in 
this plot are calculated as one standard deviation from the mean of 
two independent experiments (b) Time dependent shifts in the 
position of the longitudinal LSPR band during this laser irradiation 
of the MUDA-capped AuNRs. 
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Figure 3.9. Histograms of measured diameters and lengths of CTAB capped 
AuNRs as determined by TEM analysis before and after irradiation 
with a pulsed laser. Irradiation studies used a 120 fs laser at 800 nm, 
overlapping with the longitudinal LSPR band of the AuNRs. 
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Figure 3.10. Histograms of measured diameters and lengths of AuNRs capped 
with MUDA as determined by TEM analysis before and after 
irradiation with a pulsed laser. Irradiation was performed at a laser 
fluence of 1.24 mJ/cm2 at 800 nm for a total of 10 min. 

 

3.4. Summary and Conclusions 

In summary, the photothermal response of gold nanorods following their 

irradiation with a pulsed laser has been tuned by varying concentrations and the type of 

excess stabilizing molecules in solution. Addition of excess surfactants to the solutions 

of gold nanorods during photothermal processed improved the physicochemical stability 

of the nanorods by repairing defects within molecular coatings on the nanorod surfaces. 

Otherwise the nanorods suspended without any excess surfactants had relatively higher 
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rates of destabilization due to desorption of the molecular coatings. Changes to the 

physicochemical stabilites of gold nanorods were reflected in the change in their optical 

properties, as assessed by extinction spectroscopy. MUDA-capped gold nanorods were 

more robust capping layers when little or no surfactant was added in solution due to both 

the strong Au-S bond on AuNPs and strong intermolecular forces between alkyl chains 

of MUDA. The forces of interaction between nanoparticles and surfactants, or 

intermolecular forces between surfactants adsorbed onto or bound to the surfaces of the 

particles influence the quality of coatings on the nanoparticles and their resistance to 

desorption following PT processes. The CTAB coatings bind less strongly to surfaces of 

gold and would, therefore, be dissolved from surfaces of gold at a faster rate when 

compared to MUDA coatings. The CTAB capping layers do, however, provide a better 

protection against structural (e.g., size) changes when the concentrations of excess 

CTAB in solution were in the millimolar range. This study demonstrates that both 

surfactants on the surfaces of nanoparticles, as well the excess surfactants in solution 

play an important role of stabilizing these nanoparticles during photothermal processes. 

Knowledge learned from these studies could be used to prepare plasmonic 

nanoparticles as a platform for the controlled, time dependent release of heat and 

molecular payloads (e.g., chemotherapeutics) while simultaneously maintaining a high 

degree of control over the desired properties of the nanorods. This controlled release is 

achievable by tuning the energy that is applied to trigger the release of molecules from 

nanoparticles. Preliminary results also indicate that there might be an optimal laser 

fluence that minimizes the structural damage to the nanoparticles and their surface 

chemistry during the photothermal processes. Further work is necessary to identify the 

balance between heat triggered release of a molecular payload while minimizing or 

avoiding structural damage to the nanostructures. In addition, other additives must also 

be sought / explored to improve the stability of nanoparticles during photothermal 

processes. This will include a detailed analysis of molecular species (e.g., peptide 

fragments and proteins) that might be present in solution in more physiologically relevant 

solutions.  
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Chapter 4.  
 
Tunable Loadings of DNA on Gold Nanorods 

4.1. Introduction 

Gold nanoparticles decorated with DNA could be useful for a number of 

applications, such as biological sensing,[1-4] gene therapy,]5,6] and drug delivery.[7,8] These 

DNA-nanoparticle conjugates can also serve as building blocks in the formation of self-

assembled nanostructures.[9-11] Density of the DNA and other biofunctional molecules 

coating gold nanoparticles could influence their colloidal stability and their utility in these 

and other applications. For example, coupling the tunable optical properties of gold 

nanoparticles[12-14] with the photothermal effect,[15-18] is a simple method of releasing 

either thiolated DNA[15] or its complementary DNA strand[16-19] from these nanoparticles 

for gene therapy. The number of DNA molecules attached to the nanoparticles will 

determine either the corresponding concentration of molecules that can be released as a 

result of the photothermal activation, or the number of functional groups that can be 

attached to the surfaces of the gold nanorods. We present a new approach to optimize 

the loading of thiol-functionalized single-stranded DNA (ss-DNA) monolayers onto gold 

nanorods in order to fine tune (and maximize) the number of DNA molecules capping 

these particles. 

* Synthesis and surface modifications of nanoparticles, as well as detailed analysis of the 
modified particles were carried out by Idah C. Pekcevik. Lester C. H. Poon, working as a 
research associate with Dr. Gates after graduating from SFU, trained Idah C. Pekcevik in 
proper handling of DNA, functionalization of particles with ss-DNA and in running gel 
electrophoresis. Michael C. P. Wang performed XPS characterization of the prepared samples. 
The “Tunable Loading of Single-Stranded DNA on Gold Nanorods through the Displacement of 
Polyvinylpyrrolidone” manuscript was co-written by Idah C. Pekcevik, and Dr. Byron D. Gates. 
The contents of this publication were reproduced with the permission of the American Chemical 
Society and co-authors.

[65]
 Note that some aspects of this work have not been published 

elsewhere at this time. 
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One of the most widely pursued syntheses of gold nanorods relies on the use of 

cetyltrimethylammonium bromide (CTAB) surfactants.[13,20-22] These seed mediated 

syntheses produce gold nanorods capped with a bilayer of CTAB surfactants. Complete 

displacement of the CTAB bilayer by ss-DNA can be hindered as the CTAB bilayer 

impedes the formation of the sulfur-gold bond between the thiolated DNA and the gold 

nanorod. These molecules can non-specifically interact through electrostatic forces 

between the positively charged ammonium of CTAB and the negatively charged 

phosphate backbone of the DNA to create non-uniform multi-layered DNA-CTAB 

coatings. It is essential to avoid these unwanted interactions in order to achieve reliable 

and well-packed self-assembled monolayers (SAMs) of ss-DNA on the surfaces of these 

gold nanorods.  

There are a number of methods that have been developed to displace CTAB 

from the surfaces of gold nanorods, or to otherwise control the electrostatic interactions 

between CTAB and DNA. One approach is to harness the electrostatic interactions 

between DNA and positively charged surfaces through the layer-by-layer deposition of 

polyelectrolytes onto the CTAB coated gold nanorods.[12,23-25] A second approach is 

through the encapsulation of the nanorods with a thin film of silica.[26] The outer surfaces 

of this sol-gel derived silica layer are further modified to bind amine- or thiol-

functionalized DNA.[27] In a third approach, ss-DNA is decorated onto the gold nanorods 

through a process of ligand exchange.[15,16,28-30] In this approach, the CTAB bilayers are 

initially replaced with a short chain alkanethiol (e.g., dodecanethiol). This short thiol-

functionalized molecule forms SAMs on the nanorods that are subsequently replaced by 

ss-DNA through a ligand exchange process.[15,16,29,30] In each of these techniques, the 

packing density of DNA relies on the ability to uniformly control electrostatic interactions 

in multilayered films, or to uniformly functionalize a layer of silica, or to completely 

displace alkanethiol-based SAMs (stabilized by van der Waals interactions) with 

thiolated ss-DNA. We sought an alternative method to affix a high density of ss-DNA 

onto the surfaces of gold nanorods.  

We have developed a modified approach to decorating the surfaces of the gold 

nanorods with ss-DNA SAMs by introducing a new intermediate step. This new step 

replaces the CTAB stabilizing layer on the gold nanorods with a water-soluble mixture of 
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small molecules (sodium dodecylsulfate, or SDS) and polymers (polyvinylpyrrolidone, or 

PVP) (Figure 4.1). This mixture of surfactants stabilize the nanorods by weakly 

associating with the gold surfaces,[31,32,33] but can be easily displaced with more strongly 

binding thiol-functionalized molecules.[34] Polyvinylpyrrolidone forms coordinate bonds 

between the pyrrolidone sub-units and the surfaces of noble metals.[35-42] These 

interactions form through electron donation from either the nitrogen or oxygen on a 

pyrrolidone sub-unit to the metal surfaces. The more dominant interaction is between the 

carbonyl of the PVP and the surfaces of noble metal nanoparticles.[36,41] Gold particles 

modified with PVP are stable over a range of pH values,[43] which is useful for dispersing 

these nanoparticles in a range of media for further decoration. After decoration of the 

gold nanorods with a mixture of PVP and SDS, we demonstrate the exchange of these 

weakly coordinated surfactants with thiolated ss-DNA molecules. 

 

Figure 4.1. Schematic representations of as-synthesized gold nanorods capped 
with cetyltrimethylammonium bromide (CTAB), which is exchanged 
for a mixture of polyvinylpyrrolidone (PVP) and sodium 
dodecylsulfate (SDS) as an intermediate step before capping these 
nanorods with thiol-functionalized single-stranded DNA (ss-DNA). 

4.2. Experimental Methods 

Materials and Supplies: Surfactants used in the synthesis and preparation of 

gold nanorods were all obtained from Sigma-Aldrich (St. Louis, MO, USA). These 

reagents included cetyltrimethylammonium bromide or CTAB (≥96.0%), 

polyvinylpyrrolidone or PVP (average molecular weight 10,300), and sodium 

dodecylsulfate or SDS (≥98.5%). The gold salt, HAuCl4‧3H2O (99.0%), silver salt, 

AgNO3 (≥99.0%), tris (2-carboxyethyl) phosphine hydrochloride or TCEP (≥99.0%), and 

L-ascorbic acid (≥99.0%), were also obtained from Sigma-Aldrich (St. Louis, MO, USA). 

The sodium borohydride, NaBH4 (98.0%) was purchased from Fisher Scientific Canada 

(Ottawa, ON). The acids used in these procedures included acids from Anachemia 

Canada Inc. (Richmond, BC, Canada), such as hydrochloric acid (36.5 – 38.0% in 
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water), nitric acid (68 – 70% in water), and concentrated sulfuric acid. Other reagents 

included a 30% by volume aqueous solution of hydrogen peroxide (VWR International, 

Mississauga, ON, Canada) and an ethanol solution (95%; Brampton, ON, Canada). All 

reagents were used as received without further purification. Demineralized water (18 

MΩ·cm, produced using a Barnstead NaNOpure DIamond water filtration system) was 

used to prepare all aqueous solutions described throughout this work.  

Oligonucleotides were purchased from University of Calgary (UCDNA Synthesis 

Lab, Calgary, AB, Canada). The sequence of the oligonucleotide used in optimizing the 

loading of thiol-functionalized single-stranded monolayers onto gold nanorods was 5′ 

HS-spacer-TTT AGT CGA CCT CT 3′ terminated with Quasar 670. The spacer segment 

contains a C6 linker connecting the terminal thiol to the 5′ phosphate of the 

oligonucleotide through an ether linkage. The complementary sequences of 

oligonucleotides used in the formation of core-satellite assemblies were 5’ HS-spacer-

TCA ACA TCA GTC TGA TAA GCT A (AS2a) and 5’ HS-spacer- TAG CTT ATC AGA 

CTG ATG TTG A (AS2b). Dithiothreitol (DTT) was purchased from Pierce 

Biotechnology, Inc. (Rockford, IL) and Sephadex G-25 Microspin Columns used for DNA 

purification were purchased from VWR International, Mississauga, ON, Canada. Clear 

bottom 384-well plates (Greiner non-binding microplate were purchased from VWR 

International, Mississauga, ON, Canada). Boric acid (≥99.5%), 

tris(hydroxymethyl)aminomethane (tris base), sodium phosphate monobasic and sodium 

phosphate dibasic were each purchased from Caledon Laboratories Ltd. (Georgetown, 

ON, Canada). Ethylenediaminetetraacetic acid (EDTA) (99.5%) and Agarose A 

(Biotechnology grade) were purchased from Bio Basic Inc. (Markham, ON, Canada).  

Synthesis of Gold Nanorods: An aqueous solution of 0.2 M CTAB (5 mL total 

volume) was stirred at 30°C for 1 h. To this heated solution, 5 mL of 0.5 mM 

HAuCl4‧3H2O was added under stirring, followed by 0.6 mL of an ice-cold aqueous 

solution of freshly prepared 0.01 M NaBH4. This reaction mixture was stirred for another 

1 h. The resulting solution of gold nanoparticles was used as seed particles in the 

synthesis of the gold nanorods.  
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The gold nanorods were synthesized in 100 mL polystyrene vials (Dynalab Corp., 

Rochester, NY, USA. Catalog number 2637-0001). To each vial was added 50 mL of 0.1 

M CTAB and 315.7 μL of 0.01 M AgNO3. The solution was gently swirled to mix these 

reagents. To this polystyrene vial, 2.1 mL of 0.01 M HAuCl4‧3H2O was added under 

gently swirling of the solution, followed by 336 μL of 0.1 M L-ascorbic acid with continual 

gentle mixing of the solutions. The solution changed from orange to colorless during this 

process. To this mixture, 420 μL of the seed particles (prepared as described above) 

were added with gentle swirling. The solution changed from clear to dark brown within 1 

h of this final step. This solution was maintained at 30°C for 15 h without further stirring 

or mixing. The resulting gold nanorods were analyzed by extinction spectroscopy and 

transmission electron microscopy (TEM). The extinction spectra were acquired using a 

Varian Cary 300 Bio spectrophotometer. These spectra had two characteristic peaks, 

one centered at 514 nm and the other at 767 nm. Bright field TEM images were obtained 

with a Tecnai G2 STEM operating at 200 kV. These TEM samples were prepared by 

drop-casting solutions of nanorods onto a copper grid (300 mesh size) coated with 

Formvar/carbon (SPI Supplies Canada, ON, Canada). The gold nanorods had an 

average length of 38.2 ± 3.4 nm and width of 11.0 ± 1.2 nm as measured by TEM 

analysis of ~200 nanorods. 

Preparation of PVP and SDS Stabilized Gold Nanorods: Gold nanorods were 

synthesized by a seed-mediated synthesis as discussed above. The as-synthesized gold 

nanorods were purified to remove excess CTAB. This process included centrifugation 

(Thermo IEC Microlite Microcentrifuge) at 17k rcf for 30 min, followed by decanting the 

supernatant. The precipitate was subsequently dispersed in 10 mM phosphate buffer at 

pH 8.0 containing 0.3% w/v SDS. This process of centrifugation, decanting, and 

suspension of the precipitate in a buffered solution was repeated two more times. A 10 

mL aliquot of the purified gold nanorods, suspended in a solution of phosphate buffer 

and 0.3% SDS, was mixed in a clean round bottom glass flask with a 10 mL solution of 

PVP (10% w/v in ethanol). The addition of SDS was necessary to prevent aggregation of 

the purified nanorods and adhesion of these particles to the walls of the centrifuge tubes 

during the subsequent process of surfactant exchange. This mixture was heated at 40°C 

with stirring for 18 h. After this period of time, the PVP and SDS modified nanorods were 

purified by the process described above for centrifugation, decanting and suspension of 
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the precipitate in a solution of phosphate buffer with 0.3% SDS. The concentration of the 

PVP and SDS stabilized nanorods was determined using the Beer-Lambert law (ε = 4.4 

× 109 M-1 cm-1 at 767 nm) to be 0.32 nM.[44] The extinction spectra for these PVP and 

SDS modified nanorods had characteristic peaks centered at 513 nm and 760 nm. 

These nanorods were further modified with the addition of single-stranded DNA that had 

one end functionalized with a thiol-containing linker.  

Deprotection of DNA: DNA was purchased in a lyophilized form and re-

dissolved in tris-EDTA (TE) buffer (pH 7.4) to prepare a 1 mM stock solution of ss-DNA. 

The 1x TE buffer solution was prepared using 10 mM of the HCl salt of 

tris(hydroxymethyl)aminomethane (or tris) and 0.1 mM ethylenediaminetetraacetic acid 

(or EDTA). The oligonucleotide sequence is 5′ HS-spacer-TTT AGT CGA CCT CT 3′ 

terminated with Quasar 670 (excitation maximum at 644 nm, emission maximum at 670 

nm). The spacer segment contains a C6 linker. The as-purchased DNA also contains a 

dimethoxytrityl protecting group. This protecting group is removed from the thiol-

functionalized single-stranded DNA using tris(2-carboxyethyl)phosphine (TCEP) followed 

by column filtration.[16] Briefly, 50 μL of 1 mM ss-DNA (50 nmol) containing the 5′-thiol 

and a 3′ Quasar 670 dissolved in 1×TE buffer was added to 50 μL of 100 mM TCEP 

dissolved in 1 M phosphate buffer (pH 8.0). This mixture of ss-DNA and deprotecting 

solution were left at room temperature for 1 h. The deprotected ss-DNA was purified 

through GE G-25 Microspin columns as per manufacturer instructions. The 

concentration of deprotected, purified ss-DNA was measured to be 182 μM using a 

micro-volume UV-Vis spectrophotometer (Thermo Scientific NanoDrop 2000). The 

concentration of the purified ss-DNA was calculated from the measured absorbance of 

ss-DNA, which was monitored at 260 nm using a molar absorptivity provided by the 

manufacturer (ε260 = 125,600 M-1 cm-1). 

Preparation of Gold Nanorods Modified with Thiol-Functionalized Single-

Stranded DNA (ss-DNA): Solutions of de-protected and purified ss-DNA were added to 

the PVP and SDS modified gold nanorods (details of the de-protection and purification 

procedures as outlined above). Various concentrations of ss-DNA were prepared by 

performing serial dilutions of the initial 182 μM ss-DNA with 1×TE buffer to make a total 

of 8 different samples. The samples were prepared to have a final molar ratio of thiol-
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DNA-Quasar to gold nanorods ranging from 250 to 40,000. Briefly, 10 μL of ss-DNA 

solution in a 1×TE buffer was added to 200 μL of 0.23 nM gold nanorods modified with 

PVP and SDS suspended in 10 mM phosphate buffer (pH 8.0) with 0.3% SDS. These 

mixtures of gold nanorods and ss-DNA were sonicated (Branson Ultrasonic Cleaner, 

Model 1510) for 5 s and left at room temperature for 16 h before the addition of salt. A 

salt shielding strategy was used to assist in maximizing the loading of ss-DNA on to the 

gold nanorods.[45] Briefly, 20 μL of a salting solution—containing 10 mM phosphate (pH 

8.0), 300 mM NaCl, 4 mM MgCl2 and 0.3% SDS—was added in a dropwise manner to 

the mixture of the nanorods and ss-DNA. After addition of the salting solution, the 

mixtures were sonicated for 5 s. This salting procedure was repeated every 30 min for a 

total of 10 separate additions of salting solution to achieve a final salt concentration of 10 

mM phosphate (pH 8.0), 150 mM NaCl, 2 mM MgCl2 and 0.3% SDS. The salted samples 

were left at room temperature for a total of 16 h before subsequent purification.  

Samples were purified of excess ss-DNA by a series of successive steps that 

included centrifugation, supernatant removal and suspension of the purified nanorods in 

a fresh phosphate buffered solution. The samples were centrifuged at 9.3k rcf 

(Eppendorf 4515 D) for 30 min while held at 4°C. The supernatant was removed and the 

ss-DNA-nanorod pellet suspended with 200 μL of 10 mM phosphate buffer (pH 8.0) 

containing 0.3% SDS. The ss-DNA decorated nanorods were suspended into this 

solution with the aid of 10 s to 1 min of sonication. This purification process was 

repeated an additional 3 times for a total of 4 supernatant removal steps. Four 

repetitions of this purification process were sufficient to remove all detectable traces of 

unbound oligonucleotides from the supernatant (Figure 4.2). The extinction spectra for 

these ss-DNA modified gold nanorods had two characteristic LSPR peaks centered at 

510 nm and 767 nm. Decanted solutions from this purification process were analyzed for 

the presence of Quasar 670 by fluorescence spectroscopy. These wash solutions were 

excited at 644 nm and emission detected at 670 nm with a Cary Eclipse Fluorometer.  

The number of ss-DNA decorating the gold nanorods was quantified by treating 

these samples (measured out in 40 μL aliquots) with 10 μL of 500 mM DTT to achieve a 

final concentration of 100 mM DTT. The DTT treated samples were left at room 

temperature for 16 h. After this period of time, both the DTT treated and untreated 
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(control) samples were heated at 90°C for 30 min. All samples were centrifuged at 9.3k 

rcf (Eppendorf 4515 D) for 30 min while held at 4°C. The supernatant of all samples 

were removed for subsequent analysis. For the untreated samples, 4 μL of 500 mM DTT 

was added to 36 μL of the supernatant. The fluorescence of all the treated and untreated 

samples, negative controls, standards (Figure 4.9a), and blank solutions [prepared from 

10 mM phosphate buffer (pH 8.0) with 0.3% SDS and 100 mM DTT] were measured 

using a fluorescence microplate reader (Molecular Devices Spectra Max M5) operating 

at an excitation wavelength of 600 nm while monitoring emission at 670 nm. An 

excitation wavelength of 600 nm was chosen (as opposed to 644 nm) in order to easily 

decouple the excitation from the detected emission because the detector was in line with 

the excitation source within the plate reader. A single standard of Quasar 670 at a 

concentration of 100 μM was used as a reference to relate the fluorescence readings 

between each 384 well plate.  

Preparation of Negative Controls to Investigate Alternative Mechanisms for 

Thiol-Containing DNA to Bind to Nanorods: Negative control samples were prepared 

using a protocol similar to that outlined above, except replacing the thiol-functionalized 

single-stranded DNA with a DNA strand lacking the thiol modification. This control was 

used to assess the necessity of the thiol-functionality in obtaining high density ss-DNA 

SAMs. Briefly, 3′-Quasar 670 modified DNA with a 5′-dodecanol modification in place of 

a hexanethiol modification was used to prepare the negative control samples. This 

control DNA was not treated with TCEP. An aliquot (measuring 19 μL) of 1 mM control 

DNA dissolved in 1×TE was added to 2 mL of 0.32 nM gold nanorods modified with PVP 

and SDS suspended in 10 mM phosphate buffer (pH 8.0) with 0.3% SDS. These 

solutions were prepared with a molar ratio of 40,000 times of the control DNA to gold 

nanorods. The samples were subsequently salted, purified, treated with DTT and 

analyzed as described in the previous section with minor adjustments. The volumes 

were scaled as necessary in order to obtain the same concentrations of reagents used 

for preparation and the analysis of the gold nanorods modified with thiol-functionalized 

DNA. In addition, after the final purification step, these control DNA-gold nanorod 

samples were resuspended in 2 mL of 10 mM phosphate buffer (pH 8.0) with 0.3% SDS. 

Fluorescence spectroscopy indicated the absence of DNA in the purified particles. A 

portion of these control samples were also incubated with DTT and heated at 90°C for 
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30 min, but the lack of fluorescence emission further indicated an absence of the Quasar 

670 labeled DNA in the purified nanorods.  

Preparation of Standard Curves for the Quantification of Quasar Modified 

ss-DNA: Solutions of ss-DNA, prepared as described above, were used to make 

standard solutions in order to quantify the amount of ss-DNA conjugated to the gold 

nanorods (Figure 4.3a). Standards of ss-DNA were prepared between 0.04 nM and 1000 

nM (100 μL total volume) in 10 mM phosphate (pH 8.0), 150 mM NaCl, 2 mM MgCl2 and 

0.3% SDS. Standards for the control DNA were prepared in the same manner as those 

of the thiol-functionalized single-stranded DNA standards. Dithiothreitol (10 μL of 500 

mM DTT) was added to each of the standards (40 μL) before measuring the standard 

fluorescence curves. The DTT treated standards were heated at 90°C for 30 min and 

cooled to room temperature. The fluorescence emission of the DTT treated samples at 

670 nm (excitation at 600 nm) was measured with a fluorescence microplate reader 

(Molecular Devices Spectra Max M5).  

Analysis of Particle Size and Surface Potential by Dynamic Light Scattering 

Techniques: Particle sizes and zeta potential values were acquired by a Malvern 

Zetasizer Nano ZS system. The dynamic light scattering measurements were performed 

on the same samples used for extinction analysis (optical density of gold nanorod 

solutions was ~1.4). The temperature of the solution was 22°C. Folded capillary cells 

(Malvern, Westborough, MA, USA) were used for the measurements. The volume of the 

cells is 0.75 mL. The capillary cells were cleaned by injection of 0.6 mL of ethanol 

through the cell using a 10 mL syringe. Ethanol solution was flushed through the cells 5 

times. These cleaned capillary cells were rinsed with either water (for use with the 

CTAB-capped nanorods) or 10 mM phosphate buffer at pH 8.0 (for use with the 

PVP/SDS and ss-DNA modified gold nanorods). The rinsing solutions were removed 

prior to loading the nanorod solutions. Intensity of the back-scattered light was measured 

at an angle of 173° from the incident He-Ne laser (633 nm).  

Analysis of ss-DNA-Gold Nanorod Conjugates by Gel Electrophoresis: The 

ss-DNA-gold nanorod conjugates were prepared as described above with minor 

adjustments. Instead of using 200 μL of 0.32 nM gold nanorods, 2 mL of 0.32 nM gold 
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nanorods was used to prepare all of the samples. These solutions of nanorods were 

mixed with various amounts of ss-DNA to achieve a range of ss-DNA concentrations that 

reflected the ratios of ss-DNA to gold nanorods prepared in the previous sections. All 

volumes were scaled relative to the protocol described above. After four washes to 

remove excess ss-DNA, the samples were redispersed in 2 mL of 10 mM phosphate 

buffer (pH 8.0) with 0.3% SDS and briefly sonicated (10 to 30 s). The samples were split 

into two 1 mL aliquots. One aliquot was concentrated by 50-fold to prepare samples for 

gel electrophoresis. This aliquot was concentrated by centrifuging 1 mL samples at 9.3k 

rcf for 30 min while held at 4°C. The majority of the supernatant was removed, leaving 

20 μL of 10 mM phosphate buffer (pH 8.0) with 0.3% SDS to resuspend the pellet of ss-

DNA-gold nanorod conjugates. In order to help disperse the pellet of ss-DNA modified 

gold nanorods, the samples were sonicated between 10 to 30 s. In preparation for 

loading the samples in an agarose gel, 2 μL of glycerol was added to each of the 

concentrated samples. Gel electrophoresis plates were prepared from a 3% agarose gel 

in 0.5X TBE at pH 8.0. (TBE: Tris base, boric acid and EDTA). A 10X TBE solution was 

prepared using 108 g tris base, 55 g boric acid, and 40 mL of EDTA solution (0.5 M) 

mixed in 1 L of water. Each well in the 3% agarose gel was loaded with a 10 μL solution 

of either the ss-DNA modified gold nanorods or the PVP and SDS stabilized gold 

nanorods. Samples were electrophoresed at 120 V (or 7.5 V/cm) for 2 h. Gels were 

imaged by transmission illumination with a HP scanner.  

Analysis of ss-DNA-Gold Nanorod Conjugates by Inductively Coupled Mass 

Spectrometry (ICP-MS): Gold nanorods capped with ss-DNA were dissolved in aqua 

regia to a volume of 12.5 mL and analyzed by ICP-MS (ALS Geochemistry, North 

Vancouver BC, Canada). A 7% solution of nitric acid was used to rinse the instrument 

between analyses to ensure no carryover. A standard five-point calibration curve was 

prepared and used to quantify the amount of gold in each sample analyzed. In order to 

determine the average number of gold nanorods in solution, it was assumed that each 

gold nanorod could be approximated by a cylinder that is capped at each end with half of 

a sphere. These nanorods had an average length of 41 nm and an average diameter of 

11 nm. From the stated assumptions and these dimensions, we calculated the average 

volume of a gold nanorod. The concentration of gold determined by ICP-MS analysis of 

the ss-DNA coated gold nanorods was converted into the average number of gold 
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nanorods per milliliter of solution using this calculated volume of a gold nanorod and the 

density of Au.[28] To calculate the surface area of each ss-DNA molecule on a nanorod, 

we proposed a model which assumes that a gold nanorod is made up of a cylinder and 

two semi-circles at its ends. The semi-circles at the ends were estimated to be slightly 

larger in diameter than the central diameter of the nanorods to mimic the dumbbell like 

shapes observed for the gold nanorods. The total surface area of a nanorod is the sum 

of the surface areas of the cylinder and the sphere. The estimated average surface area 

per nanorod was ~1645 nm2. Our modeling and surface area calculations were 

performed using 3D CAD software from Dassault Systèmes SolidWorks Corporation.  

Analysis of Gold Nanorods by X-ray Photoelectron Spectroscopy (XPS): 

Chemical composition of the gold nanorods was investigated by XPS. These studies 

were conducted using a Kratos Analytical Axis ULTRA DLD system with a 

monochromatic aluminum source (AlKα of 1486.7 eV) operating at 150 W. Survey scans 

(0 to 600 eV) were acquired using a pass energy of 160 eV, a dwell time of 100 ms, and 

an average of 2 scans. High resolution spectra (0.05 eV step size with a spectral 

resolution of 0.1 eV) were obtained using a pass energy of 20 eV, a dwell time of 1000 

ms, and an average of 5 scans.  

Preparation of Gold Nanorod-Gold Nanoparticle Assemblies: Spherical gold 

nanoparticles were prepared for assembly onto the DNA decorated gold nanorods. 

These ~10-nm diameter gold nanoparticles were synthesized with modifications to a 

previously published procedure.[63] Briefly, a 20 mL aqueous solution of 0.34 mM 

HAuCl4‧3H2O was refluxed while continuously stirring. A 2 mL portion of a 38.8 mM 

solution sodium citrate was quickly added to this boiling solution of gold salts. The 

combined solutions were further refluxed for at least 10 min.  

Citrate-capped gold nanoparticles (2 mL; optical density, OD, of 1) were mixed 

together with 70 μL of purified and de-protected AS2b ss-DNA. The final molar ratio of 

ss-DNA to spherical gold nanoparticles is 1000:1. This mixture of nanoparticles and ss-

DNA were shaken gently on a vortexer for 42 h. After 42 h, 200 μL of a salting solution—

containing 10 mM phosphate (pH 8.0), 300 mM NaCl, 4 mM MgCl2 and 0.3% SDS—was 

added in a drop wise manner to the mixture of gold nanoparticles and ss-DNA. After 
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addition of the salting solution, the mixtures were sonicated for 5 s. This salting 

procedure was repeated every 30 min for a total of 10 separate additions of salt solution 

to achieve a final salt concentration of 10 mM phosphate (pH 8.0), 150 mM NaCl, 2 mM 

MgCl2 and 0.3% SDS. The salted sample was shaken under ambient conditions on a 

vortexer for a total of 18 h before subsequent purification.  

The following procedure was adapted from the work of Xu et al.[10] Assemblies of 

spherical gold nanoparticles on gold nanorods were prepared by mixing the two types of 

particles (DNA decorated nanorods and DNA decorated spherical nanoparticles). A 200 

μL solution of gold nanorods modified with ss-DNA (final molar ratio of AS2b ss-DNA to 

nanorods was 40,000:1; OD of 1 at 767 nm) was mixed with 50 μL of spherical gold 

nanoparticles decorated with a complementary ss-DNA (final molar ratio of AS2a ss-

DNA to nanorods 1000:1; OD of 2 at 521 nm). These ss-DNA modified gold particles 

were suspended in a solution of 10 mM phosphate (pH 8.0), 150 mM NaCl, 2 mM MgCl2 

and 0.3% SDS. The mixture of ss-DNA modified nanorods and spherical nanoparticles 

were vortexed for 20 h. After this period of time, 50 μL of a salt solution—containing 10 

mM phosphate (pH 8.0), 180 mM NaCl, 40 mM MgCl2 and 0.3% SDS—was added in a 

dropwise manner to the mixture of the gold particles. After addition of this salt solution, 

the mixtures were sonicated for 5 s. This salting procedure was repeated every 30 min 

for a total of 5 separate additions of salt solution. The salted sample was left shaking on 

a vortexer under ambient conditions for a total of 52 h before taking aliquots of the 

sample for TEM analysis. No further purification was performed on the assemblies of 

spherical nanoparticles on gold nanorods. Analysis by electron microscopy was 

performed as described above. 

Testing the Stability of gold nanorods modified with varying loading of ss-

DNA. The stability of ss-DNA-gold nanorod conjugates (modified with a low, medium 

and high DNA loading) were tested by adding 100 μL of aqueous 0.01 M potassium 

cyanide (>97% pure; Alfa Aesar, Ward Hill, MA, USA) to a 2 mL purified solution of the 

modified gold nanorods (optical density 0.16, 0.18 nM) in polystyrene cuvettes (CN-/Au- = 

3.6×107). The loadings of ss-DNA per nanorod were ~150, ~400 and >800 for the 

nanorods with a low, medium, and high loadings, respectively, as determined by 

methods described above. CAUTION: Potassium cyanide is extremely hazardous. It can 
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cause adverse health effects when inhaled or absorbed through the skin. Handle and 

dispose of appropriately. Extinction spectra were recorded (400 to 900 nm on a Cary 

300-Bio UV-Visible spectrophotometer) immediately following addition of KCN to the 

nanoparticle solutions. The extinction spectra were acquired at 0.5 min intervals for a 

period of up to 30 min while incubating the nanoparticles with KCN. 

Testing the Stability of gold nanorods modified with varying loading of ss-

DNA at 37°C. The stability of gold nanorods with a low, medium and high DNA loading 

were also tested at 37°C over the period of ~1 month. These solutions were maintained 

at 37.0±0.5°C using a microprocessor controlled Precision 280 water bath from 

ThermoScientific. Extinction spectra were recorded regularly (400 to 900 nm on a Cary 

300-Bio UV-Visible spectrophotometer) for each sample of gold nanorods modified with 

varying loadings of ss-DNA. 

4.3. Results and Discussion 

The process of exchanging surfactants and forming SAMs of ss-DNA on the gold 

nanorods was initially monitored by changes in localized surface plasmon resonance 

(LSPR). The extinction spectra of gold nanorods suspended in phosphate buffer display 

a shift in the LSPR associated with each exchange of the dielectric coating. The CTAB 

coated nanorods had two LSPR peaks centered at 514 nm and 775 nm (Figure 4.2) that 

shifted to 512 and 753 nm, respectively, after stabilizing the nanorods with PVP and 

SDS. Intensity of the LSPR bands also decreased slightly, corresponding to a minimal 

loss of gold nanorods during this surfactant exchange process. The observed spectral 

blue shift after this surfactant exchange is attributed to the increased water permeability 

and decreased thickness of the dielectric coating on the nanorods,[46] which was 

supported by dynamic light scattering measurements. Subsequent decoration of the 

nanorods with ss-DNA SAMs resulted in a red-shift of the longitudinal LSPR to 761 nm 

(Figure 4.2), confirming a further change in the surface chemistry and a possible 

increase in the thickness of the dielectric coating. An absorption shoulder at ~665 nm 

indicates the presence of Quasar 670 labeled ss-DNA attached to the gold nanorods 

(Figure 4.3). These spectral shifts suggest changes have taken place in the surface 
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chemistry on the particles, but complementary measurements were required to 

determine the nature of these changes.  

 

Figure 4.2. Extinction spectra of solutions containing CTAB (black), PVP and 
SDS (blue), or ss-DNA (red) capped gold nanorods. The CTAB 
modified gold nanorods were suspended in water, while both the 
PVP and SDS modified and the ss-DNA modified gold nanorods 
were suspended in 10 mM phosphate buffered solution (pH 8.0) 
containing 0.3% SDS. The inset is a representative transmission 
electron microscopy (TEM) image of ss-DNA modified gold 
nanorods. 
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Figure 4.3. (a) Chemical structure of Quasar 670 conjugated to the 3’-end of an 
oligonucleotide. (b) Absorbance spectrum of Quasar 670 (dashed 
line) and extinction spectrum of gold nanorods capped with Quasar 
modified thiol-functionalized single-stranded DNA (solid line). 

Stable colloidal suspensions are achieved after each surfactant exchange. 

Changes to the dielectric coating of these colloidal particles were monitored to assess 

the success of exchanging the surfactants from CTAB to PVP/SDS to ss-DNA. The as-

synthesized gold nanorods had a surface potential of +46 mV as determined by zeta 

potential measurements (Table 4.1). This zeta potential value is consistent with other 

reports for CTAB stabilized gold nanorods.[47] Replacement of CTAB with a mixture of 

PVP and SDS shifted the surface potential to –57 mV. A negative surface potential (–50 

mV) is also observed after decoration of the nanorods with ss-DNA. The negative 

surface potentials are attributed to the surfactants adsorbed onto or bound to the 

surfaces of the gold nanorods (i.e. PVP/SDS and SDS/ss-DNA, respectively).[35,36,42] 

Changes to the dielectric coating of the nanorods during the surfactant exchange 

process were also determined by monitoring changes in the average particle size. 

Average dimensions of the nanorods were monitored by dynamic light scattering (DLS) 
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techniques (Table 4.1) and transmission electron microscopy (TEM) measurements 

(Figure 4.4). The increase in average lengths of the gold nanorods (as measured from 

TEM micrographs) following their decoration with ss-DNA could be attributed to etching 

and deposition of gold atoms at the ends of nanorods due to the reactions of thiols with 

the surfaces of gold. Differences in the lengths of the nanorods determined from the DLS 

and TEM measurements were divided by two in order to determine the thickness of the 

dielectric layer. Observed changes in the thickness of the dielectric coating of the 

nanorods with each subsequent replacement of the surfactants suggested a change in 

the surface chemistry of gold nanorods at each step of surfactant exchange. The 

average thickness of the dielectric layer for the CTAB capped nanorods after purification 

was ~1.5 nm, which is consistent with other literature.[48] Exchange of the CTAB layer for 

a mixture of PVP and SDS decreased the average thickness of the dielectric coating to 

~0.5 nm, which correlates with the observed shift in LSPR mentioned above. Average 

thickness of the dielectric coating increased to ~3 nm after decorating the nanorods with 

ss-DNA. This increased thickness of the capping layer is attributed to the formation of 

14-mer ss-DNA SAMs on the surfaces of the particles. The thickness of this capping 

layer is slightly less than the estimated length of the fully extended ss-DNA strand (~4.5 

nm). It is most likely that the thickness of the ss-DNA capping layer is less than this 

theoretical thickness due to the flexibility of the ss-DNA and limitations in accurately 

determining thickness of the dielectric layer coating on the curved surfaces of the 

particles.[49] Another possibility is that the dielectric coating on the nanorods is non-

uniform due to an incomplete surfactant exchange. The extent of the surfactant 

exchange was further assessed through a series of spectroscopic measurements. 
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Table 4.1. Mean hydrodynamic length (Lh), lengths measured from TEM 
micrographs, estimated dielectric layer thickness (Tdl), and mean 
zeta potentials determined by dynamic light scattering techniques 
for gold nanorods (AuNRs) modified with CTAB, PVP and SDS, or 
ss-DNA and SDS. 

gold nanorods (or AuNRs) Lh (nm) length (nM) Tdl (nm) zeta potential (mV) 

AuNRs + CTAB in water 41 ± 3 38 ± 3 ~1.5 +46 ± 19 

AuNRs + PVP in phosphate buffer with SDS 40 ± 3 39 ± 3 ~0.5 –57  ± 23 

AuNRs + ss-DNA in phosphate buffer with SDS 47 ± 5 41 ± 4 ~3 –50 ± 26 
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Figure 4.4. Representative transmission electron microscopy (TEM) images of 
gold nanorods and corresponding histograms for their measured 
dimensions. The gold nanorods were capped with (a,b) CTAB, (c,d) a 
mixture of PVP and SDS, or (e,f) a mixture of ss-DNA and SDS. Each 
histogram contains measurements from ~200 gold nanorods and 
also contains the calculated aspect ratio for each sample. 
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Completeness of the surfactant exchange process at each step was also 

monitored by infrared (IR) spectroscopy and X-ray photoelectron spectroscopy (XPS). 

Infrared spectroscopy confirmed the association of PVP with the nanorods during the 

intermediate step of this process to cap the nanorods with ss-DNA. Polyvinylpyrrolidone 

has a strong absorption band centered at 1666 cm-1 due to a ν(C=O) stretching 

vibration.[35,36] This absorption band shifts to 1660 cm-1 for the PVP coated nanorods, 

which is attributed to the coordination of the carbonyl to the gold surfaces.[35,40] Infrared 

spectroscopy on the DNA decorated nanorods was inconclusive as to whether PVP has 

been completely displaced , which was attributed to the structural similarities of PVP and 

ss-DNA. Analysis by XPS confirmed the presence of gold and silver in the nanorods and 

the exchange of the capping layers that stabilize these nanoparticles (Figure 4.5). 

Bromide ions in the CTAB sample are exchanged for chloride ions associated with 

sodium salts in the buffer solution used to disperse the PVP and ss-DNA capped 

particles. The relatively high ratio of C1s to Au4f in the CTAB sample relative to that 

observed in the other samples is attributed excess CTAB in solution. In addition to these 

differences observed in the XPS of the three different types of samples, significant 

differences were also observed in the high-resolution XPS spectra (Figure 4.6). The 

carbon species expected from the CTAB samples were hydrocarbons (C-C and C-H) 

and carbon bound to nitrogen (C-N). These species had characteristic binding energies 

(BEs) of ~285, and ~287 eV, respectively. The signal also includes carbon bound to 

oxygen (C-OH) in the form of oxidized adventitious carbon.[50] The carbon species 

anticipated for the PVP stabilized samples included the addition of amide carbon (N-

C=O) with a characteristic binding energy of ~288 eV. The ss-DNA stabilized samples 

included further species associated with nucleobases, nucleosides, and nucleotides, 

such as carbon bound to nitrogen (C-N and N-C-N), and urea carbon (N-(C=O)-N). 

These species have characteristic BEs of approximately ~287 and ~289 eV, 

respectively.[51,52] The large quantity of unbound CTAB and the compositional differences 

between the three types of samples is further supported from analysis of the high 

resolution N1s spectrum (Figure 4.6b). There is a 3.1 eV shift between the N1s peaks 

associated with the CTAB molecules that are free in solution (i.e. referred to as unbound 

CTAB) and those in proximity to the surfaces of the gold nanorods (i.e. referred to as 

bound CTAB). Distinct N1s spectra were observed when comparing the CTAB and PVP 

stabilized samples in connection with quaternary and tertiary amines, respectively, within 
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these surfactants. High resolution XPS analysis of the N1s spectral region for ss-DNA 

capped nanorods also indicated the presence of heterocylic amines, primary amines, 

and amides.[52] The ss-DNA samples contain amines and amides associated with the 

bases found in DNA, and Quasar 670 (fluorescent label on ss-DNA). The latter sample 

also contained sulfur with a binding energy of 168.8 eV attributed to the presence of 

SDS (Figure 4.7).[53] We were unable to confirm the presence of S2p peaks at either 

162.0 or 163.3 eV due to the poor signal-to-noise ratio of this signal from these samples. 

These peaks were anticipated to be present in association with the terminal sulfur of the 

ss-DNA from either the formation of a gold-sulfur bond or the adsorption of thiol onto the 

surfaces of the nanorods, respectively.[54] Insufficient levels of SDS were present in the 

PVP stabilized samples for detection by XPS (Figure 4.7), which is attributed to the fact 

that these samples were extensively purified prior to XPS analysis and that the SDS was 

primarily used to prevent unwanted adhesion of the nanorods to the centrifuge tubes 

during purification. In summary, the IR and XPS analyses provide further evidence that 

the CTAB molecules were successfully displaced during the surfactant exchange 

process. There is insufficient evidence from these results to draw a conclusion on the 

success of decorating the surfaces of the nanorods with ss-DNA including if PVP was 

still present in the capping layers of the ss-DNA stabilized particles. Separate control 

experiments were performed by gel electrophoresis and fluorescence spectroscopy to 

further assess the presence of the ss-DNA on nanorods and to address the potential for 

residual PVP on these nanorods. 
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Figure 4.5. X-ray photoelectron spectra of gold nanorods either capped with 
CTAB (black line), after exchange with a mixture of PVP and SDS 
(blue line), or after exchange with a mixture of ss-DNA and SDS (red 
line). 

 

 

Figure 4.6. High resolution (a) C1s and (b) N1s XPS spectra of gold nanorods 
either capped with CTAB, or exchanged for a mixture of PVP and 
SDS or a mixture of ss-DNA and SDS. Note that C-OH* is most likely 
an oxidized form of adventitious carbon.[50] 
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Figure 4.7. High resolution S2p XPS spectra of gold nanorods either capped with 
CTAB, or exchanged for a mixture of PVP and SDS or a mixture of 
ss-DNA and SDS. 

Gel electrophoresis is used to investigate the relative density of charges bound to 

the surfaces of the gold nanorods. The distance that colloidal particles migrate through a 

gel under an applied potential is proportional to the number of surface charges and the 

size of the particles.[29,55] The top row of dark bands in Figure 4.8 corresponds to the 

wells in an agarose gel into which the particles were loaded. A solid band is present that 

spans all the wells corresponding to a blue line drawn below the wells during the 

preparation of the gels (Figure 4.8). The red colored bands within the gels below each of 

the wells indicate the positions of nanorods migrating through each lane in the gel. The 

red coloration of the nanoparticles corresponds to their surface plasmon resonance 
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properties as observed under white light illumination. This gel electrophoresis of the 

nanorods indicated that nanorods modified with a mixture of PVP and SDS in phosphate 

buffer (without additional NaCl and MgCl2) move towards the cathode (Figure 4.8, lane 

1). A significant difference was observed when comparing the nanorods stabilized with a 

mixture of PVP and SDS to those capped with ss-DNA when analyzed by gel 

electrophoresis under high salt concentrations. The addition of 150 mM NaCl and 2 mM 

MgCl2 prevented the migration of the PVP and SDS coated nanorods in the gel due to 

salt induced aggregation (lane 2). In contrast, movement of purified ss-DNA capped 

nanorods through the gel was not hindered by addition of these salts (lanes 3-10). The 

distance migrated by a band of nanorods and the concentration of particles within that 

band (i.e. spatial distribution of particles within a lane) could be related to the number of 

charge groups (e.g., ss-DNA) bound to the surfaces of the gold particles. This density of 

thiolated DNA on the nanorods should be proportional to the initial concentration of ss-

DNA added to the PVP and SDS stabilized gold nanorods. A series of different particles 

were prepared by varying the initial ratio of ss-DNA to nanorods (lane 3, particles 

prepared from an initial ratio of ss-DNA molecules per Au nanorod of 200:1; lane 4, 

400:1; lane 5, 800:1; lane 6, 1600:1; lane 7, 3200:1; lane 8, 6400:1; lane 9, 12800:1; 

lane 10, ~25600:1). Gold particles restricted to the wells or to the start of the lane in the 

agarose gel (e.g., particles prepared from ratios of ss-DNA to Au nanorod of 200:1) are 

attributed to a low charge to mass ratio associated with relatively fewer strands of ss-

DNA bound to the particles. A further increase in the initial ratio of ss-DNA to nanorods 

produced diffuse bands of particles in the gel as indicated by the dark streaks in some of 

the lanes (e.g., lanes 6 to 9). These diffuse bands could be the result of a population of 

gold nanorods that are non-uniformly coated with ss-DNA. Nanorods that moved more 

uniformly through the gel, such as the relatively tight single band observed in lane 10 

(i.e. particles prepared from a ratio of ss-DNA:Au nanorod of ~25600:1) is, by 

comparison, attributed to a more dense layer of ss-DNA coating the nanorods. Relative 

positions of the gold nanorods in each lane of the gel may indicate their colloidal stability 

and density of surface charges (e.g., ss-DNA coverage), but further analysis was 

required to determine the average number of ss-DNA decorating these particles. 
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Figure 4.8. (a,b) Digital images of an agarose gel after electrophoresis (0.5×TBE 
buffer and 3% agarose gel) of gold nanorods modified with PVP and 
SDS (lanes 1 and 2) or modified with various concentrations of ss-
DNA (lanes 3 to 10). The purified gold nanorods were suspended in 
10 mM phosphate buffered solution (pH 8.0) containing 0.3% SDS 
prior to loading into the agarose gel. Lanes 2 through 10 contained 
samples treated with 150 mM NaCl and 2 mM MgCl2 prior to loading 
into the gel. Lane 1 corresponds to nanorods that were not treated 
with these salts. The ss-DNA coated nanorods were prepared from 
solutions containing an increasing ratio of ss-DNA to gold nanorods 
(lane 3 to 10, ss-DNA/Au nanorod from ~200 to ~25600). This gel is 
identical to that in Figure 4.8a, but shown here in (a) color, and (b) 
black-and-white to highlight the differences between the blue guide 
line and aggregation of the gold nanorods at the start of lanes 2, 3, 
4, 5 and 6. 

The quantity of ss-DNA conjugated through sulfur-gold linkages to each nanorod 

was determined by fluorescence spectroscopy using Quasar 670 labeled ss-DNA. 

Solutions of ss-DNA, prepared as described in the experimental section, were used to 

make standard solutions in order to quantify the amount of ss-DNA conjugated to the 

gold nanorods (Figure 4.9a). Briefly, ss-DNA with a Quasar 670 label was released from 

the surfaces of the purified DNA-gold nanorods by adding dithiothreitol (DTT),[56] and 

heating the suspension at 90°C for 30 min. Four repetitions of the purification process 

were sufficient to remove all detectable traces of unbound oligonucleotides from the 

supernatant (Figure 4.10). Fluorescence emission spectra were collected from the 

supernatant of the DTT treated samples after removing the gold nanorods by 
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centrifugation (Figure 4.9b). In addition, a separate experiment was performed to assess 

the amount of DNA that was potentially non-specifically adsorbed to the DNA-gold 

nanorod conjugates (e.g., through association with the gold or DNA bound to the 

surfaces of the nanorods). In this experiment, samples of the DNA-gold nanorod 

solutions were separately heated at 90°C for 30 min (Figure 4.9c). Any observed 

fluorescence from these latter measurements was attributed to non-specifically adsorbed 

DNA on the nanorods, although these molecules could also be attributed to desorption 

of thiolated oligonucleotides from the surfaces of the nanorods during their heating. The 

concentrations of this non-specifically adsorbed DNA (<3% of total fluorescence; see 

Figure 4.11) were subtracted from samples treated with DTT and heat in order to 

remove any potential contribution from DNA bound through non-specific electrostatic 

interactions when determining the amount of DNA bound to the gold nanorods through 

sulfur-gold bonds. In order to further evaluate our proposed mechanism of DNA 

attachment through displacement of PVP and SDS followed by sulfur-gold bond 

formation, we replaced the thiol functional group with an alcohol functional group on the 

Quasar 670 labeled DNA. This control investigated the potential interactions between 

non-thiol-functionalized DNA and the PVP and SDS capped gold nanorods. 

Fluorescence spectroscopy indicated the absence of DNA within this sample of particles 

purified by centrifugation and re-dispersed in 10 mM phosphate buffer in (pH 8.0) with 

0.3% SDS (Figure 4.12). These results suggest that the DNA is not simply intertwined or 

otherwise strongly interacting with the PVP and SDS, and that the thiol functionality is 

required for a high loading of DNA onto the surfaces of the gold nanorods. 
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Figure 4.9. (a) Fluorescence calibration curve (λex = 600 nm; λem = 670 nm) of 
single-stranded DNA modified with Quasar 670 treated with 
dithiothreitol (DTT) and heated at 90°C for 30 min and cooled to 
room temperature as described in the Experimental Methods 
section. (b) Representative fluorescence emission spectra (λex = 600 
nm) of the supernatants collected from ss-DNA modified gold 
nanorods after treatment with DTT and heated at 90°C.  (c)  
Representative fluorescence emission spectra (λex = 600 nm) of the 
supernatants collected from ss-DNA modified gold nanorods after 
heating these samples at 90°C without addition of DTT. 

 



 

152 

 

Figure 4.10. Fluorescence emission spectra (λex = 644 nm) of the supernatants 
retrieved after centrifugation of solutions containing gold nanorods 
that were incubated with thiol-functionalized single-stranded DNA 
modified with Quasar 670. Emission spectra correspond to the first, 
second, third and fourth supernatant solutions decanted from the 
particles during the sequential wash procedures used to purify the 
ss-DNA decorated gold nanorods. 
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Figure 4.11. (a) Maximum fluorescence intensities (λex = 600 nm; λem = 670 nm) of 
the supernatants collected from samples of gold nanorods capped 
with ss-DNA.  These supernatants were collected after treating the 
samples by either the addition of DTT and heating at 90°C for 30 
min, or heating without the addition of DTT at 90°C for 30 min.  The 
maximum fluorescence intensities are reported as a logarithmic 
function of the initial concentration of ss-DNA added to 0.32 nM PVP 
and SDS capped gold nanorods.  (b)  Concentrations of ss-DNA 
released into the supernatant from samples of gold nanorods 
capped with ss-DNA.  These supernatants were collected after 
treating the samples by either the addition of DTT and heating at 
90°C for 30 min, or heating without the addition of DTT at 90°C for 30 
min.  The concentrations of ss-DNA released are reported as a 
function of the initial concentration of ss-DNA added to 0.323 nM 
PVP and SDS capped gold nanorods. 
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Figure 4.12. Fluorescence emission spectra (λex = 600 nm) of the supernatants 
retrieved after centrifugation of solutions containing PVP and SDS 
capped gold nanorods that were incubated with alcohol-
functionalized single-stranded DNA modified with Quasar 670. Three 
repeats are shown for this experiment.The inset shows a 
fluorescence emission spectrum (λex = 520 nm) for a fluorescein 
isothiocyanate dye, used as an internal reference in the experiment. 
This result validates the response of the spectrometer. 

The number of ss-DNA molecules loaded onto each gold nanorod was 

proportional to the initial concentration of thiol-functionalized ss-DNA used to form these 

oligonucleotide-based monolayers and the concentration of gold nanorods in solution. A 

large excess of ss-DNA was added relative to the number of DNA bound to each 

nanorod. The concentration of ss-DNA stabilized gold nanorods in solution was 

determined by inductively coupled plasma mass spectrometry (ICP-MS). The details of 

this determination are provided in Appendix B. The concentration of gold nanorods was 

further confirmed through calculations using the Beer-Lambert law and an extinction 

coefficient of 4.4×109 M-1cm-1 at 767 nm.[44] These analyses confirmed a concentration of 

~1.25×1011 gold nanorods per mL of solution. The number of thiol-functionalized ss-DNA 

initially added to each suspension of PVP/SDS stabilized gold nanorods was confirmed 

by fluorescence spectroscopy, monitoring the Quasar 670 label on each ss-DNA. The 

number of ss-DNA strands bound to the nanorods was determined after removing 
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excess DNA from the samples followed by DTT treatment and fluorescence 

spectroscopy (as described above). The results of these spectroscopic measurements 

were divided by the corresponding concentration of gold nanorods in solution to assess 

the number of ss-DNA strands bound to each nanorod. The amount of ss-DNA bound to 

each nanorod steadily increased in proportion to an increase in concentration of thiol-

functionalized oligonucleotides added to the nanorods stabilized by a mixture of PVP 

and SDS (Figure 4.13). The number of ss-DNA molecules bound to each gold nanorod 

reached a plateau for samples prepared from ratios ≥25600:1 (mole ratios) of thiol-

functionalized ss-DNA to PVP/SDS stabilized nanorods. This study revealed that the 

method of displacing the PVP/SDS stabilizing layer with oligonucleotides reached a 

maximum loading of 870±60 ss-DNA molecules per gold nanorod.  

 

 

Figure 4.13. A plot showing the relationship between the initial concentrations of 
ss-DNA added to a 0.23 nM solution of PVP/SDS stabilized gold 
nanorods, and the resulting average number of ss-DNA strands 
bound to each nanorod in the purified samples. All experiments 
were run in triplicate and error bars are equivalent to one standard 
deviation from the mean associated with the variance for these 
measurements. 
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One method to assess the utility of using PVP and SDS as an intermediate 

stabilizing layer is to compare the surface coverage achieved herein to prior literature. 

The minimum surface area (or footprint) per ss-DNA molecule was calculated by dividing 

the total surface area of a nanorod by the maximum loading of ss-DNA molecules. This 

footprint per ss-DNA molecule is ~2.0 nm2 for the highest loading achieved in these 

studies. Previous studies report a footprint of >4 nm2 per ss-DNA on gold nanorods.[45,57] 

The density of ss-DNA molecules on the surfaces of the gold nanorods achieved in our 

studies is close to the maximum loading of ss-DNA achieved on the surfaces of gold 

films.[49,58,59] In these previous studies, the packing densities of ss-DNA on polycrystalline 

gold films approached a surface coverage proportional to that of a densely packed 

monolayer of thiolated oligonucleotides; the effective diameter of the area occupied by 

each ss-DNA in these studies was between 1.2 and 1.4 nm. The diameter of single-

stranded DNA is ~1.2 nm.[49,58] In our studies, the effective diameter of the area occupied 

by each ss-DNA is estimated to be ~1.5 nm corresponding to a circular footprint with an 

area of 2.0 nm2. This improved loading of thiolated ss-DNA on gold nanorods in 

comparison to the prior literature could be attributed in part to: i) the ease of displacing 

the PVP and SDS layers relative to displacing other capping molecules (e.g., CTAB, 

alkanethiol) on the gold nanorods;[60] and ii) the use of multivalent cations (i.e. Mg2+) in 

solution to stabilize the interactions between the nucleic acids on the gold surfaces.[61,62] 

The increased density of ss-DNA bound to the gold nanorods in our study could also be 

due to the differences in the assumed shape of the nanorods used to calculate the 

surface area (we assumed a dumbbell shape to match the results of our TEM analysis; 

further details are provided in the Experimental Methods, section 4.2), as well as the 

curvature and surface roughness for our gold nanorods prepared in the presence of 

CTAB in contrast to those prepared by previous studies through electrodeposition.[45,57] A 

more accurate comparison would require a detailed, systematic study of nanorods 

synthesized by the same method and capping layers of ss-DNA assembled under the 

same conditions, which is beyond the scope of this current study. Our studies 

demonstrate the ease of exchanging a mixed stabilizing layer of PVP and SDS on gold 

nanorods with a layer of thiolated ss-DNA. This method avoids potential interference 

from CTAB molecules through electrostatic interactions that could impede a maximum 

and uniform loading of ss-DNA onto the gold nanorods. 
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We also evaluated the ability of the gold nanorods capped with a high loading of 

ss-DNA to hybridize with complementary probes attached to spherical particles. The 

success of the hybridization process was evaluated by the ability of these nanorods to 

form core-satellite assemblies.[9-11] Probe ss-DNA molecules were bound to the surfaces 

of ~10-nm diameter spherical gold particles. The hybridization process was performed 

by mixing the spherical and nanorod particles, each decorated with a different ss-DNA 

molecule that is complementary to each other. The resulting core-satellite assemblies 

contained an average of 8±2 spherical particles for every nanorod (Figure 4.14 and 

Figure 4.15). The formation of core-satellite assemblies required the presence of 

complementary ss-DNA molecules on the nanorods and the nanoparticles (Figure 4.16). 

 

Figure 4.14. (a-c) Representative TEM images of core-satellite assemblies of gold 
nanorods decorated with spherical gold nanoparticles. These 
assemblies form through the hybridization of complementary ss-
DNA bound to each type of nanoparticle. (d) A corresponding 
histogram of satellite particles assembled onto the nanorod cores 
within a population of ~50 nanorods. 
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Figure 4.15. Additional representative transmission electron microscopy (TEM) 
images of core-satellite assemblies of gold nanoparticles on gold 
nanorods. 

 



 

159 

 
 

Figure 4.16. (a-d) Representative transmission electron microscopy (TEM) 
images of non-assembling gold nanorods and gold nanoparticles. 
The nanorods are capped with monolayers of ss-DNA, and the 
nanoparticles are stabilized with sodium citrate. 
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The colloidal stability of, ss-DNA decorated AuNRs was further analyzed at 

elevated temperatures or with the addition of chemical etchants for gold nanorods 

decorated with a low loading (~150 DNAs per nanorod), medium loading (~400 DNAs 

per nanorod) and a high loading (>800 DNAs per nanorod). Particles decorated with a 

higher loading of ss-DNA had least change in concentration at 37°C over a period of a 

few weeks, indicating relatively high thermal stability of these nanorods in comparison to 

those capped with medium and low densities of ss-DNA. The observed changes in 

concentration of nanorods decorated with lower densities of ss-DNA could be attributed 

to the aggregation of these particles, as observed in the loss of LSPR intensities (Figure 

4.17). During the KCN etching studies, the rates of dissolution of the gold cores were 

fastest for those nanorods decorated with the relatively lower density of ss-DNA as 

observed in the respective extinction spectra (Figure 4.18). There was also an observed 

decrease in intensity of the LSPR bands, which is due to a decreased concentration of 

particles in solution due to cyanide-induced etching of these nanorods. Another 

observed change was blue shifts in the extinction spectra, which could be attributed to a 

change in aspect ratios of the nanorods. Change in dimensions of nanorods were 

quantified by electron microscopy analyses and will be discussed in more detail below. 

The results of these studies indicate that the chemical and thermal stability of the ss-

DNA capped nanoparticles depends on density of these capping ligands or, in other 

words, it depends on the presence of defects within the molecular coatings. These 

results provide further important insights into the correlation between the quality of the 

capping layers decorating the surfaces of nanoparticles and their resulting colloidal 

stability.  
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Figure 4.17. Thermal stability of AuNRs capped with varying loadings of ss-DNA 
as indicated in each set of spectra. The rate of decrease in intensity 
of extinction spectra for each sample of ss-DNA modified nanorods 
depended on their loading of DNA. 
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Figure 4.18. Chemical stability of gold nanorods capped with varying loadings of 
ss-DNA as indicated in each set of spectra. These samples were 
incubated with 0.01 M KCN for a period of 30 min, during which the 
extinction spectra were acquired every 1 min. Those nanorods with 
a high loading of ss-DNA were the most resistant to etching. 

The samples with a medium and high loading of ss-DNA were analyzed by TEM 

following exposure to KCN for 30 min. Prior to TEM analysis, the samples were 

centrifuged and rinsed once with water, in order to stop the KCN reaction. Those 

samples with a low loading of ss-DNA (~150 ss-DNA per gold nanorod) were completely 

etched after 30 min incubation with KCN, and their solutions turned colorless as 

observed previously when complete metal oxidation occurs.[64] These nanorods with  

~150 ss-DNA per gold nanorod could, therefore, not be further analyzed by electron 

microscopy. There was a morphological transformation of nanorods modified with either 

a medium or high ss-DNA loading after 30 min incubation with KCN (Figures 4.19 and 
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4.20). In addition, TEM analysis revealed an increase in aspect ratios from 4.0 to 4.4, 

and from 3.9 to 5.2 for the nanorods with a high and medium ss-DNA loading, 

respectively. Nanorods modified with a medium and high loading of DNA became 

shorter and significantly narrower after the KCN etching experiment when compared to 

their dimensions before etching. The nanorods with a medium loading of ss-DNA were 

more adversely etched, suggesting that the ss-DNA coatings were less protective 

against chemical etching as compared to those nanorods with high ss-DNA loadings. 

The difference in DNA loadings is confirmed by the increased rates of gold etching for 

those samples modified with medium loadings of ss-DNA relative to the nanorods with a 

high ss-DNA loading (Figure 4.18). 

 

Figure 4.19. Histograms of particle lengths and widths as determined by TEM 
analysis for nanorods with ~400 ss-DNA molecules per gold 
nanorod. 
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Figure 4.20. Histograms of particle lengths and widths as determined by TEM 
analysis for nanorods with >800 ss-DNA molecules per gold 
nanorod. 

4.4. Summary and Conclusions 

We have demonstrated a versatile strategy for decorating CTAB capped gold 

nanorods with oligonucleotides, and demonstrated the ability to fine tune the number of 

oligonucleotides per nanorod. A mixture of PVP and SDS is used as an intermediate 

stabilizing layer for the gold nanorods before capping these particles with thiol-

functionalized ss-DNA. The quality of molecular coatings was found to depend on the 

density of ss-DNA on these nanorods, as seen in their relative physicochemical 

stabilities and ability to resist degradation by chemical etchants. The packing of ss-DNA 

was further improved by using the salts to screen charges between DNA backbones. 

This study highlights the importance of the choice of intermediate coatings when 
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modifying nanoparticles through the ligand exchange process as well as other 

interactions in solution to maximize the loading of coatings on nanoparticles. The 

methodology of using a weakly binding coating (e.g., a mixture of PVP and SDS), 

allowed controllable decoration of the surfaces of AuNRs with DNA, and this could be 

extended to other molecular coatings.  

 Analysis by fluorescence spectroscopy demonstrated a reproducible process of 

decorating the gold nanorods with a well-defined number of oligonucleotides. The 

physicochemical stability of these ss-DNA decorated nanorods in concentrated salt 

solutions, at the physiological temperature and in the presence of a chemical etchant is 

proportional to the density of oligonucleotides coating their surfaces as further assessed 

by electrophoretic mobilities of the nanorods, and their extinction spectra and 

dimensions as observed by electron microscopy. Dense layers of ss-DNA capping the 

nanorods were prepared with an average footprint down to ~2.0 nm2. These particles 

were used to successfully prepare core-satellite assemblies by a hybridization assay. 

This new methodology of surfactant exchange could be universally adapted for the 

uniform and high yielding decoration of gold nanoparticles with other capping groups of 

interest. The method may also be of use to modify gold nanoparticles with a well-defined 

number of functional groups in preparation for a variety of applications that include use 

in drug delivery, photothermal or photodynamic therapies. 
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Chapter 5.  
 
Conclusions and Future Directions 

A challenge with using most types of nanoparticles is that the colloids can be 

destabilized upon extended exposure to variable environmental conditions. Even the 

simplest conditions of exposure to an electrolyte can destabilize the nanoparticles. 

These instabilities can be the result of oxidative damage to molecular coatings on the 

nanoparticles, leading to unwanted changes (such as aggregation) of nanoparticles. This 

thesis work details the preparation of varying qualities of molecular coatings on AuNPs. 

The quality of molecular coatings is established through a series of analytical 

techniques, which are complementary to each other. Through these detailed analyses, 

we sought to establish a quality factor for the molecular coatings on the modified 

nanoparticles, as it relates to the observed physicochemical stability of the particles 

under varied environmental conditions (e.g., temperature). Many studies reported in the 

literature offer incomplete analyses of nanoparticle stability and often the modification 

procedures are irreproducible because of a lack of comprehensive stability testing. Many 

studies utilize the functionalized nanoparticles, for example, for drug delivery within a 

biological system without first analyzing the stability of these particles under the relevant 

conditions of study (i.e., biological environments). The goal of this thesis work was to 

create a methodology that can be implemented to quickly and comprehensively 

determine changes in the colloidal and chemical stability of AuNPs, especially under 

changing environmental conditions. Knowledge learned from these studies can be 

extended to other types of nanoparticles and a variety of surface chemistries. 

This work details the preparation and surface modification of gold nanoparticles, 

using a variety of molecular coatings. Specifically, MUDA, MHDA, CTAB and thiolated 

ss-DNA coatings are used to decorate gold nanoparticles for enhanced stability under a 

variety of conditions employed in this thesis work. These nanoparticles were modified 
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through ligand exchange processes and the quality of the resulting coating layers was 

analyzed using methods commonly applied to characterize such particles. The 

physicochemical stability of these surface modified gold particles is examined under a 

variety of environmental conditions, mainly conditions that could destabilize these 

modified nanoparticles. These series of complementary stability tests enable a 

comprehensive study of the quality of the resulting molecular coatings. We found that 

both the nanoparticles’ coatings, as well as surrounding media that includes additives 

such as co-surfactants, influence the stability of the colloidal particles. The nanoparticles 

could become partially unprotected if the molecular coatings are desorbed from their 

surfaces during exposure of these nanoparticles to various oxidative, chemical and 

physiological environments. It is, therefore, necessary to analyze the integrity of 

molecular coatings following their exposure to such harsh environments. Lessons 

learned from these analyses can be used to guide the preparation of modified particles 

that are more robust. In summary, the environment surrounding the particles (such as 

solvent composition and solution pH), as well as the nature of the interaction between 

molecular coatings and the nanoparticles are all factors that need to be carefully 

considered when preparing these nanoparticles for their intended applications. The 

research presented herein provides methods for analyzing the quality of molecular 

coatings on nanoparticles and could be useful to further improve the methodology used 

to prepare surface coatings on the particles.  

Chapter 1 reviews some commonly used literature approaches to the synthesis 

and functionalization of AuNPs. There are numerous methods of nanoparticle synthesis 

and functionalization, each of which results in the formation of nanoparticles with pre-

formed coatings. Depending on the type of molecular coating that is pre-formed on 

nanoparticles, some coatings may remain on the surfaces of nanoparticles (these are 

not completely exchanged) during subsequent surface modifications with alternative 

coatings. Incomplete displacement of coatings will result in the formation of non-uniform 

layers of molecular coatings or otherwise introduce potential defects, especially in cases 

where the pre-formed coatings are loosely bound to the surfaces of the nanoparticles 

and are easily displaceable at elevated temperatures. In addition, the quality of 

molecular coatings depends on the uniformity and density of molecular packing within 

these coatings on the nanoparticles, as well as the strength of interactions between 
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nanoparticles and their molecular coatings. Preparation conditions should, therefore, be 

tuned in order to improve the quality of molecular coatings on nanoparticles and 

ultimately, to improve the long-term stability of these particles under a wide variety of 

environmental conditions. Future directions that could be pursued include developing 

other methods to probe quality of molecular coatings on AuNPs. For example, exploring 

the use of alternative gold etchants such as Fe3+ and Cu(I),[1-2] as well as exploring the 

interaction of nanoparticles with biomolecules, such as in the formation of protein 

coronas (as a function of the quality of molecular coatings). 

In Chapter 2, AuNPs with varying qualities of molecular coatings were prepared 

by: i) varying the time allowed for the formation and organization of molecular coatings; 

ii) incorporation of a co-surfactant (Polysorbate 20 or P20), which under some 

circumstances can significantly improve the colloidal stability of the nanoparticles both 

during ligand exchange processes and throughout month-long studies. This improved 

stability included particles suspended at 37°C for prolonged periods. This study 

improved on previous methods for the functionalization of AuNPs using polysorbates as 

a co-surfactant during the ligand exchange processes.[3-5] These previous methods, 

however, did not comprehensively evaluate the long-term stability of the modified 

nanoparticles. For example, we found that the P20 surfactants degraded on the surfaces 

of nanoparticles when the particles were heated to 45°C. The long-term thermal stability 

of the particles in this work was also studied as a function of the quality of molecular 

coatings on the nanoparticles. Those nanoparticles with higher quality coatings were 

more resistant to changes, including improved stability against cyanide etching. Future 

studies could be expanded to investigate how other surfactants (e.g., CTAB, and 

fluorinated surfactants) that can interact with the nanoparticles, as well as extending the 

work to multidentate molecular coatings (e.g., bidentate thiols) that could significantly 

impact long-term stability of these AuNPs. The goal remains to identify a nanoparticle 

coating that offers superior physicochemical stability to the particles. Fluorinated 

surfactants have been reported to be resistant to heat, while CTAB coatings interdigitate 

with hydrocarbon chains of alkanethiols to improve the packing of molecular coatings on 

AuNPs.[6-7] A combination of these coatings may offer both improved thermal stability 

and colloidal stabilization. Multidentate thiols have been shown in some cases to 

improve the chemical and thermal stability when used as molecular coatings on 
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AuNPs.[8-11] Each of these capping layers should also be tested against additional 

changes in solvent conditions that are specific for the intended use of the nanoparticles. 

For example, the stability of nanoparticles in biologically relevant buffers and electrolytes 

should be assessed for those nanoparticles intended for use in in vitro and in vivo 

studies. 

Chapter 3 presented a comparative study of the physicochemical stability of 

anisotropic AuNPs during photothermal processes. AuNRs coated with either 

cetyltrimethylammonium bromide (CTAB) or 11-mercaptoundecanoic acid (MUDA) were 

irradiated at fixed laser fluences. The stability of these nanorods was assessed as a 

function of the types of molecular coatings (CTAB or MUDA), as well as excess 

stabilizing surfactants in each solution of nanorods. This study highlights the importance 

of solution composition on the stability of nanoparticles. The excess added surfactants 

were shown to improve stability of the nanoparticles, with stability increasing in 

proportion to the increase in concentration of excess surfactants in solution. Improved 

stability of the nanorods during photothermal processes was attributed to the 

replacement of thermally desorbed molecules (or filling holes in the surface capping 

layers). The successful implementation of the photothermal effect using AuNPs to 

controllably release a molecular payload requires a better understanding of the threshold 

for damage to the nanoparticles and their molecular surface coatings. It is also important 

to preserve the desirable optical properties of these nanoparticles during the PT 

processes for a prolonged delivery of heat from these nanoparticles through the PTE, 

such as for PT induced localized hyperthermia used to treat cancer. Previous studies 

have pursued the PT-activated release of molecules from AuNPs, but ignored changes 

in size, shape and surface chemistry of these nanoparticles following their photothermal 

heating.[12] In this particular case, AuNRs were irradiated at energy fluences of up to 1.73 

mJ/cm2. By tuning the applied energy fluence (0.177−1.24 mJ/cm2), controlling the 

surface chemistry and controlling the solution composition, we minimized damage to 

AuNRs during photothermal heating. Using similar conditions to those determined from 

our study, the PTE may be harnessed for an improved method of light-activated release 

of payloads (e.g., therapeutics) within cancerous tissues. 
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Chapter 4 focused on tuning densities of thiolated single-stranded DNA (ss-DNA) 

on AuNRs through a new process that we developed, and we also demonstrated 

improved chemical and colloidal stability of those nanorods with high loadings of DNA. 

The ability to tune the loading of ss-DNA and to achieve a high loading on AuNRs was 

attributed to the ease of displacing an intermediate PVP and SDS coating with the 

stronger binding coatings of thiolated DNA. The density of DNA molecules within these 

loadings define the quality of these coatings and, ultimately, the long-term 

physicochemical stability of the DNA-decorated nanoparticles. The number of ss-DNA 

molecules per nanorod increased in proportion to the concentration of DNA added to the 

nanorods, but reached a plateau at 870±60 ss-DNA molecules per AuNR. This coating 

corresponds to a footprint of ~2.0 nm2 per ss-DNA, which is the highest achieved density 

of ss-DNA bound to AuNRs reported at this time. My work showed a 2-fold improvement 

in the loading of DNA (for similar sized nanorods) as compared to a previous study, 

which prepared ss-DNA coatings on AuNRs by the direct displacement of CTAB 

molecules.[13] In addition, our nanorods prepared with a high loading of ss-DNA had an 

improved uniformity between nanoparticles within the solution and an enhanced colloidal 

stability as seen in their uniform mobilities through an agarose gel. The nanorods with a 

higher quality coating of ss-DNA also exhibited the most colloidal stablility during heating 

(at 37°C) for 1 month and against attack during cyanide etching. The results of these 

studies indicate that the chemical and thermal stability of the nanoparticles depends on 

density of their capping ligands or, in other words, it depends on the presence of defects 

within the molecular coatings. These results provide important insights into the 

correlation between the quality of the capping layers on the surfaces of nanoparticles 

and their resulting physicochemical stability. In addition, nanorods coated with a high 

loading of ss-DNA were hybridized with complementary DNA probes attached to 

spherical particles to demonstrate the functionality of the ss-DNA coatings. This process 

of tuning the density of the molecular coatings could be extended to other payloads and 

bioactive molecules for preparing nanoparticles with a tunable quantity of each type of 

functional coating. Besides oligonucleotides, future research directions could focus on 

modifying AuNPs with other molecules, such as targeting moieties and a payload 

containing cancer therapeutics. The density of these biologically relevant molecules on 

the surfaces of nanoparticles directly influences the potential therapeutic dose that could 

be delivered via the nanoparticles when used as a platform for targeting and controlling 
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the release of these molecules. This methodology could alternatively be used to prepare 

multifunctional nanoparticles (e.g., particles decorated with double-stranded DNA for 

drug intercalation, PEG molecules for improved solubility of the nanoparticles and 

antibodies for targeting specific cancer cells) with a defined number of each of these 

functional molecules per nanoparticle, which I believe will have an important impact on 

their use in cancer management. 
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Appendix A.  
 
Control Experiments for Laser Irradiation at Varied 
Energy Fluences 

 
 

Figure A 1. Photothermal stability of cetyltrimethylammonium bromide (CTAB) 
capped gold nanorods following laser treatment. Samples were 
irradiated at 1 min intervals  up to 10 min irradiation with a 120 fs 
pulsed laser (1 kHz) operating at 800 nm and with varying laser 
fluences as indicated. The nanoparticles were suspended in 
deionized water containing no excess CTAB. 
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Figure A 2. Photothermal stability of 11-mercaptoundecanoic acid (MUDA) 
capped gold nanorods following laser treatment. Samples were 
irradiated at 1 min intervals up to 10 min irradiation with a 120 fs 
pulsed laser (1 kHz) operating at 800 nm and with varying laser 
fluences as indicated. The nanoparticles were suspended in 1x TBE 
buffer without any excess MUDA. 
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Figure A 3. Photothermal stability of CTAB capped gold nanorods following 
laser treatment. Samples were irradiated at 1 min intervals up to 10 
min irradiation with a 120 fs pulsed laser (1 kHz) operating at 800 nm 
and with varying laser fluences as indicated. The nanoparticles were 
suspended in deionized water containing 0.05 mM excess CTAB. 
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Figure A 4. Photothermal stability of MUDA capped gold nanorods following 
laser treatment. Samples were irradiated at 1 min intervals for up to 
10 min irradiation with a 120 fs pulsed laser (1 kHz) operating at 800 
nm and with varying laser fluences as indicated. The nanoparticles 
were suspended in 1x TBE buffer containing 0.05 mM excess MUDA. 



 

181 

 
 

Figure A 5. Photothermal stability of CTAB capped gold nanorods following 
laser treatment. Samples were irradiated at 1 min intervals for up to 
10 min irradiation with a 120 fs pulsed laser (1 kHz) operating at 800 
nm and with varying laser fluences as indicated. The nanoparticles 
were suspended in deionized water containing 1 mM excess CTAB. 
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Figure A 6. Photothermal stability of MUDA capped gold nanorods following 
laser treatment. Samples were irradiated at 1 min intervals for up to 
10 min irradiation with a 120 fs pulsed laser (1 kHz) operating at 800 
nm and with varying laser fluences as indicated. The nanoparticles 
were suspended in 1x TBE buffer containing 1 mM excess MUDA. 
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Figure A 7. Photothermal stability of CTAB capped gold nanorods following 
laser treatment. Samples were irradiated at 1 min intervals for up to 
10 min with a 120 fs pulsed laser (1 kHz) operating at 800 nm and 
with varying laser fluences as indicated. The nanoparticles were 
suspended in deioinized water containing 5 mM excess CTAB. 
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Figure A 8. Photothermal stability of MUDA capped gold nanorods following 
laser treatment. Samples were irradiated at 1 min intervals for up to 
10 min with a 120 fs pulsed laser (1 kHz) operating at 800 nm and 
with varying laser fluences as indicated. The nanoparticles were 
suspended in 1x TBE buffer containing 5 mM excess MUDA. 
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Figure A 9. Transmission electron microscopy (TEM) of gold nanorods 
suspended in varying concentrations of CTAB before and after laser 
irradiation. Irradiation was performed at a fluence of 1.24 mJ/cm2 for 
a total of 10 mins. The scale bars are 50 nm. 
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Figure A 10. More TEM images of gold nanorods suspended in varying 
concentrations of CTAB before and after laser irradiation. Irradiation 
was performed at a fluence of 1.24 mJ/cm2 for a total of 10 mins. The 
scale bars are 140 nm. 
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Figure A 11. TEM images of gold nanorods suspended in varying concentrations 
of MUDA before and after laser irradiation. Irradiation was performed 
at a fluence of 1.24 mJ/cm2 for a total of 10 mins. The scale bars are 
50 nm. 
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Figure A 12. More TEM images of gold nanorods suspended in varying 
concentrations of MUDA before and after laser irradiation. 
Irradiation was performed at a fluence of 1.24 mJ/cm2 for a total of 
10 mins. The scale bars are 140 nm. 
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Appendix B  
 
Calculation of the Molar and Number Concentration of 
Gold Nanorods 

The concentration of gold determined by ICP-MS analysis of the ss-DNA coated 

gold nanorods was converted into the average number of gold nanorods per milliliter of 

solution using the calculated volume of a gold nanorod and the density of Au as detailed 

below: 

 

1) Determine the volume of a gold nanorod: 

density of Au = 59 atoms/nm3 

density of Au = 19.3 g/cm3 = 1.93 × 10-14 μg/nm3 

molecular weight of Au = 197 g/mol 

Volume of a nanorod = (π/3) × (a) × (3r2 + a2) + πrh  

where r is the radius of the nanorods, a is the radius of each semi-circle, and h is 

the length of the cylinder. These variables were determined from TEM 

measurements of >100 independent particles. 

Volume of a nanorod = (3.14 / 3) × (5.5 nm) × (3 × 5.52 nm2+ 5.52 nm2) + 3.14 × 

5.5 nm × 30 nm = 3546.1 nm3 
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2) Determine the number of gold atoms in nanorod: 

Number of atoms of Au per nanorod = 3546 nm3/nanorod × 59 atoms Au/nm3 = 

209220 atoms Au/nanorod 

Next, convert the number of atoms into moles by dividing with the Avogadro’s 

number: 

Moles of gold per nanorod = 3.47 × 10-19 moles Au/Nanorod  

3) Determine the weight of Au in each nanorod: 

molecular weight of Au = 197 g/mol 

weight of each gold nanorod = 3.47 × 10-19 moles Au/Nanorod × 197 g/mol  

= 6.84 × 10-11 μg Au/Nanorod  

4) The concentration of gold determined by ICP-MS analysis of the ss-DNA coated gold 

nanorods was 7.93 ppm = 7.93 μg Au/ mL 

Therefore, the number of nanorods per mL of solution: 

7.93 μg Au/ mL × 1/6.84 × 10-11 μg Au/Nanorod = 1.20 × 1011gold nanorods/mL 
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Appendix C  
 
Determination of the Loading of DNA on Gold Nanorods 

 

1) Assume that the nanorods are cylinders, with two semi-circles at each end for 

nanorod model #1: 

Surface area of a nanorod = 2πrh + 2 π a2 + 2 π a2 

where a is the length of one semi-circle; h is the width of the gold nanorod; and r 

is the radius of the nanorods (measured from TEM micrographs. See example in 

Appendix D). 

Surface area of a nanorod = (2× 3.14 × 5.5 nm × 30 nm) + (2 × 3.14 × 5.52 nm) + 

(2 × 3.14 × 5.52 nm) = 1416.1 nm2  

 

The surface area of nanorod model #2 above was derived from SolidWorks as stated in 

the Experimental Methods section in Chapter 4. The modeled surface area was ~1645 

nm2. 
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2) To determine the number of DNA strands on each nanorod, divide the molar 

concentration of DNA by molar concentration of gold nanorods. 

(a) The concentration of DNA bound to gold nanorods was determined by 

detaching DNA from the nanorods, separating the detached DNA from the 

nanorods by centrifugation, and measuring fluorescence of the supernant in 

order to quantify the amount of released DNA (or the DNA that was bound to 

nanorods). Note that the DNA was labeled with a fluorescent dye (Quasar 670). 

Fluorescence values were then converted into concentrations of DNA from a 

calibration curve of fluorescence versus [DNA] initially added to PVP/SDS 

capped nanorods. The concentrations of non-specifically adsorbed DNA were 

subtracted from samples treated with DTT and heat (90°C) in order to remove 

any potential contribution from DNA bound through non-specific interactions 

when determining the amount of DNA bound to the gold nanorods through sulfur-

gold bonds. 

(b) Next, a plot of the number of the number of DNA strands per nanorod, versus 

the initial concentration of DNA added to the PVP/SDS capped nanorods. From 

this plot, determine the highest number of DNA strands loaded on the nanorods 

(or maximum DNA loading).  

(c) The DNA footprint on the nanorods was calculated by dividing the total 

surface area of a nanorod by the maximum loading of ss-DNA molecules. The 

footprint per ss-DNA was 1.7 nm2 for the highest DNA loading achieved as 

detailed in Chapter 4 of this thesis. 
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Appendix D  
 
Size Analysis of Gold Nanorods and Nanoparticles 

 

  

Figure D 1. Size analysis of gold nanorods measured from the TEM micrograph 
shown above. Greater than 100 particles were counted for this 
statistical analysis. These measurements were often performed with 
2 or more independent assessments (i.e., 2 or more individuals 
made separate measurements to confirm each others results of the 
average particle dimensions). 

 



 

194 

 

 

 

Figure D 2. Size analysis of spherical gold nanoparticles measured from the 
TEM micrograph shown above. Greater than 300 particles were 
counted for this statistical analysis. These measurements were 
often performed with 2 or more independent assessments (i.e., 2 or 
more individuals made separate measurements to confirm each 
others results of the average particle diameter). 


