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ABSTRACT 

 

 

The work reported in this dissertation describes the design and synthesis of different gold 

nanoshells with strong absorption coefficients at the near-infrared region (NIR) of the 

spectrum, and includes preliminary studies of their use for the photo-induced heating of 

pancreatic cancer cells and ex vivo tissues. As the emphasis was on gold nanoshells with 

maximum extinctions located at 800 nm, the methods explored for their synthesis led us to 

the preparation of silica-core and hollow gold nanoshells of improved stability, with 

maximum extinctions at or beyond the targeted within the near-infrared  window. 

The synthesis of silica-core gold nanoshells was investigated first given its relevance as 

one of the pioneering methods to produce gold nanostructures with strong absorption and 

scattering coefficients in the visible and the near-infrared regions of the spectrum. By using 

a classical method of synthesis, we explored the aging of the precursor materials and the 

effect of using higher concentrations than the customary for the reduction of gold during 

the shell growth. We found that the aging for one week of the as-prepared or purified 

precursors, namely, the gold cluster suspensions, and the seeded silica particles, along with 

higher concentrations of gold in the plating solution, produced fully coated nanoshells of 

120 nm in size with smooth surfaces and maximum extinctions around 800 nm. Additional 

work carried out to reduce the time and steps in the synthesis of silica-core gold nanoshells, 

led us to improve the seeding step by increasing the ionic strength of the cluster suspension, 

and also to explore the growth of gold on tin-seeded silica nanoparticles. 
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The synthesis of hollow gold nanoshells (HGS) of with maximum extinctions at the NIR 

via the galvanic replacement of silver nanoparticles for gold in solution was explored next. 

A first method explored led us to obtain HGS with maximum extinctions between 650 and 

800 nm and sizes between 30 and 80 nm from silver nanoparticles, which were grown by 

the addition of silver nitrate and a mild reducer. We developed a second method that led 

us to obtain HGS with maximum extinctions between 750 and 950 nm by adjusting the pH 

of the precursor solution of the silver particles without much effort or additional steps. 

The last part of this work consisted in demonstrating the photo-induced heating of two 

biological systems containing HGS. Photothermal therapy studies of immobilized PANC1 

pancreas cancer cells in well-plates were carried out with functionalized HGS. We found 

that cells exposed to HGS remained viable after incubation. Moreover, the cells incubated 

with HGS modified with mercaptoundecanoic acid and folic acid turned non-viable after 

being irradiated with a laser at 800 nm. The other study consisted in the laser-induced 

heating between 750 and 1000 nm of ex vivo tissues of chicken and pork with nanoshells 

injected. In comparison with non-injected tissues, it was found that the temperature at the 

irradiated areas with HGS increased more than 10 °C. Moreover, the extent of the heated 

area was broader when the laser was used at wavelengths beyond 900 nm, suggesting that 

the heating was due to the radiation absorbed and transformed into heat primarily by the 

HGS and at a lesser extent by the water in the tissue. 
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– CHAPTER I –  

INTRODUCTION 

 

 

The research on nanoparticles is of great interest due to the wide variety of their potential 

applications in biomedical, optical, and electronic fields. The premise of such attention, is 

that nanoparticles exhibit size-dependent properties, different of that of bulk materials 

and molecules, and have a favorable profile for interactions with cell surfaces. 

 

Nanoparticles designed and synthesized for biomedical applications are often associated 

with their potential use for the diagnosis and therapy of cancer at a cellular level. Cancer 

is complex disease, recognized as highly heterogeneous with over hundred distinct types 

and various subtypes found within specific tissues. Its detection usually happens at late 

stages of the disease. Its treatment, despite the advances in medicine, has been the same 

over decades and basically involves surgery, radiation and/or chemotherapy, with the 

uncertainty of a full cure (1). Under this perspective, there is a crucial need not only for 

specific therapies, but also for mechanisms allowing its early detection. Engineered 

nanoparticles have the potential to revolutionize the diagnosis and treatment of this and 

many other diseases, for instance, by allowing the treatment by means of nanocarriers 

loaded with therapeutic agents to targeted surface receptors on the cells while reducing 

unwanted side effects.  
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Examples of nanoparticles include those made from organic materials such as polymers 

and proteins, and those from inorganic materials such as dielectrics and metals, and also 

those composed by both. Of this wide variety, gold nanostructures have emerged as a 

platform in medical applications. They can be produced to have different geometries such 

as solid spheres, nanorods, and nanoshells, with properties and features that have been 

explored in diagnostics and targeted therapeutics (2). Some of their advantages over 

conventional therapeutic or molecular imaging agents include high biocompatibility and 

reduced toxicity, passive accumulation at tumor sites due to the enhanced permeability 

and retention effect, ability to deliver hydrophobic therapeutic agents and nucleic acids, 

and integration with contrast agents for the visualization intracellular location (3). Gold 

nanostructures have also drawn significant attention due to their optical properties related 

to their localized surface plasmon resonance (SPR). Their use in biotechnology and 

medicine is increasing steadily with current applications in imaging, biosensing, 

immunoassays, photothermal heating, to mention some examples (4). 

 

The main objective of this work is the synthesis of gold nanostructures, particularly 

silica-core gold nanoshells and hollow gold nanoshells, with optical properties within the 

near-infrared (NIR) window of potential use in biomedical applications. The interest in 

this window, mainly at wavelengths around 650 to 900 nm, is that blood and water, the 

major absorbers of visible and infrared light, have their lowest absorption coefficients (5).  
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Working in this range facilitates the imaging of in vivo tissues as NIR light can penetrate 

from two inches of skull/brain tissue to around four inches of muscle and breast tissues, 

whereas visible light can only trespass one centimeter (6). The optical transparency found 

in this range is presently being explored for the diagnosis and therapy of diseases. In this 

area, one of the most common applications for gold nanostructures designed to scatter 

and absorb NIR light has been the targeted imaging of cells and tissues, followed by their 

localized photothermal therapy to induce their apoptosis.  

 

The nanoscale 

The research and development of materials from the atomic to the macromolecular levels, 

translating into the fabrication and use of functionalized structures, devices, and systems 

that take advantage of specific properties that exist at the nanoscale (1), is one description 

of several for nanotechnology. The engineering, characterization, and application of man-

made structures on the scale of 1 to 100 nm in at least one dimension (7), narrows the 

scope of the aforesaid description while reflecting the importance of quantum-mechanical 

effects. The word particle, of common use in this field, outlines a small entity that 

behaves as a whole unit with respect of its transport and its features. The suffix nano- for 

both structure and, in a broader sense, particle indicates its sub-classification as ultrafine 

particles. This definition emphasizes the size rather than the features, as the length scale 

may also be a hydrodynamic diameter and the nanoparticles may or may not exhibit size-

related properties (8). Hereafter all these terms are used at the same level.  
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Nanomaterials for biological uses 

General characteristics 

As with the design of a product, the development of a new nanoparticle for a specific use 

depends not only on what the particle is envisioned to do, but also on the setting in which 

it is aimed to perform and interact. Characteristics such as size, shape, and the surface 

properties are relevant for particles intended for biological applications (1). These three 

features are frequently associated with different levels of biological interactions. For 

example, small, spherical particles would be desired so they can be internalized at the 

cellular level. However, non-spherical particles of larger sizes would be preferred in 

order to extend their circulation time in vivo. In both cases, the surface charge would also 

make the cell’s membrane internalize the particle or, at a higher level, make the particle-

tissue interaction effective or not (Figure 1). Yet, not all of the successful interactions are 

beneficial. Harmful particles, like those found in contaminants, and even nanoparticles 

intended for diagnosis or therapy, when in excess, are detrimental.  

More biocompatible particles with lesser toxic effects are preferred. In general, 

nanoparticles are grouped by the chemical composition of the material. However, this 

classification may not be the most appropriate from a biological view, as other properties 

such as particle size may be equally, and possibly more, relevant than chemical 

composition when thinking about toxicology (9). In addition to size, shape, and surface 

chemistry other design parameters proposed for well-defined, discrete nanoparticles are 

flexibility and elemental composition; with all outlining hard (inorganic-based) or soft 

(organic-based) nanomaterials when including architectural criteria (10). 
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In this premise, nanoparticles are thus defined by the nature of the core material, and 

when modified after the addition of other materials, they could be further cataloged as 

soft-soft, hard-soft, and so forth. A magnetic nanoparticle is a good example of a hard 

nanomaterial. When coated with silicon oxide, a hard-hard configuration will be reached. 

If antibodies are immobilized onto the silica surface, it would be now not only a hard-soft 

composite but also a biocompatible one, and of potential use for the imaging of tissue in 

vivo via magnetic resonance (MRI).  

 

 

Figure 1. Schematic of a particle-biological interaction: the receptor-mediated uptake. 

The inherent properties that promote surface binding (roughness, hydrophobicity, charge) 

usually lead to nonspecific binding forces (*) that promote cellular uptake (11). 

 

Other examples of hard and soft nanomaterials are: metal nanoclusters, metal oxide 

nanocrystals, silica nanoparticles, and carbon nanotubes for the former and, polymeric 

micelles, polynucleic acids, proteins, and dendrimers for the latter. 
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Nanoparticles as chromophores  

Metal nanoparticles can be synthesized to have variable compositions and malleable 

structures. Those made of silver or gold are of great interest, particularly when dispersed 

in a suitable media, as they display intense colorations due their localized SPR; an optical 

phenomenon attributed to the interaction between the conducting electrons of the metal 

and light (12). The size, shape, and structure of these particles, along with the dielectric 

properties of the surrounding media have been proven to strongly influence the frequency 

of this feature.  

Let us consider spherical nanoparticles of uniform diameter in aqueous solutions. While 

silver nanoparticles (SNP) of 13 nm exhibit a sharp SPR peak at a wavelength of 400 nm, 

gold nanoparticles (GNP) of the same size display one at 520 nm. In terms of color, this 

particular silver colloid would be yellow, while the gold colloid would be deep-red under 

the same light. For a size range from 5 nm to 50 nm, the color tonalities would extent 

from pale yellow to dark orange for SNP, and from burgundy to pink for GNP. Although 

the colors richly vary, the spectral band for both slightly differs.  

The abovementioned 13 nm small gold nanoparticles absorb green light, corresponding to 

a strong absorption band at 520 nm. This translates into very high extinction coefficients 

in the order of 2.7 × 108 M–1 cm–1, or around 103 times higher than those of organic dyes 

(13). Both GNP and SNP can then be considered as inorganic chromophores with strong 

extinctions. They have been used as probes for scanning near-field optical microscopy, 

and as active surfaces for surface-enhanced Raman spectroscopy (SERS) or fluorescence 

scattering, and chemical or biological sensing (14). 
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On surface plasmon resonances 

Plasmons are quantized waves in a collection of mobile electrons (CME) produced when 

a large number of these are disturbed; e.g., the electrons in a classic gaseous plasma. 

Plasmons exist within the bulk of metals, where the CME is referred as quantum plasma. 

Surface plasmons (SP) are those related with metal surfaces, and have lower frequency 

and energy than bulk plasmons. When SP interact with visible light, a phenomena called 

surface plasmon resonance (SPR) is observed. There are two main types (15):  

 Localized (LSP), in small volumes such as metal nanoparticles. 

 Propagating (PSP), in extended metal surfaces.  

 

Figure 2. Representation of localized surface plasmons. The arrows indicate electric 

fields. The lighter shading denotes regions of greater electron density. 

 

The SPR signal of nanosized metals is therefore different from that of the bulk material. 

While the SPR peak of gold nanoparticles of 5 to 50 nm in size is located between 515 

and 535 nm (16), the SPR band of a thin film of gold is positioned at 480 nm (14). 
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For small GNP, their surface electrons are oscillated by the incident light in a dipole 

mode. As the size increases beyond 30 nm, the polarization becomes less homogeneous 

and higher order modes (quadrupole plus dipole resonances) at lower energy dominate. 

This effect causes the red-shift and broadening of the SPR peak (17).  

 

Beyond the visible spectrum 

The energy of light required to produce localized SPR depend on factors such as the size 

and shape of the particle, as well as the composition of both the particles and the media, 

as previously mentioned. The Mie exact solution to the Maxwell equations (18), or most 

commonly, the Mie theory, predicts what fraction of incoming light will be adsorbed and 

scattered by the metal colloid. The extinction of light due to the particles is the sum of 

both absorption and scattering, and the amount of each depends primarily on the particle 

size. For instance, the extinction of GNP with sizes below 20 nm is largely due to 

absorption, whereas for larger particles it would be mostly due to scattering. When a sol 

is placed in a spectrometer, the extinction is what is actually measured. 

Spherical particles of silver and gold on the scale of 10 to 100 nm are easy to synthesize, 

but their maximum SPR is limited to wavelengths between 400 to 515 nm, and 515 to 

575 nm, respectively. In contrast, particles of the same material and size, but with other 

shapes that introduce different optical properties, can cover extensive energy ranges. For 

instance, rod-shaped silver or gold nanoparticles exhibit longitudinal and transverse 

plasmons. Shell-shaped particles have low-energy frequencies than solid nanoparticles, 

and can be produced with SPR in the near-infrared (NIR) region of the spectrum. 
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We have synthesized some of these nanostructures. Figure 3 displays the normalized 

extinction spectra of nanoparticles in solution primarily made of silver and gold. Each 

solution of particles, or sol, to properly define the colloidal suspension of small particles 

in a continuous liquid medium, showed a characteristic coloration and SPR signal.  

Silver (SNP) and gold nanoparticles (GNP) between 20 to 50 nm were obtained after the 

reduction of silver nitrate and gold chloride, respectively. Silver triangular nanoplates 

(SNT) of 20 to 80 nm were obtained from SNP after their exposure to visible light for 

long periods of time. Gold-decorated silica nanoparticles (GDS) were obtained after the 

seeding of amino-functionalized silica nanoparticles of 100 nm obtained via sol-gel with 

gold clusters of 2 nm which served as the nucleation site for the further reduction of gold. 

Hollow gold nanoshells (HGS) of 40 to 90 nm were synthesized by the template galvanic 

replacement of silver nanoparticles for gold in solution.  

 

 

Figure 3. Spectra of silver nanoparticles (SNP) and triangular plates (SNT), gold 

nanoparticles (GNP), gold-decorated silica (GDS), and hollow gold nanoshells (HGS). 
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The NIR window 

The range of wavelengths where light has maximum depth of penetration in soft tissue is 

referred as a) the near-infrared window, defining the location of such range between 650 

and 900 nm in the electromagnetic spectrum, b) the water window, where the principal 

constituent of organisms has minimum absorption coefficients, c) the optical window, as 

hemoglobin, melanin, and fat, the major absorbers of visible and NIR light have their 

lowest absorption coefficients, or d) the therapeutic window, as treatments based on the 

photothermal therapy, i.e., where optical radiation is absorbed and transformed into heat, 

induce the thermal denaturing of cells causing the irreversible damage of targeted tissues. 

Figure 4 shows the absorption coefficients for water (19), melanosomes (20), hemoglobin 

and oxyhemoglobin (21), and fat (22). The NIR window is extended to include a second 

window from 900 to 1300 nm, where water still has a comparable low absorption.  

 

 

Figure 4. Absorption coefficients for water, hemoglobin (Hb), oxy-hemoglobin (HbO2), 

melanosome, and fat. The NIR window is shown from 650 to 900 nm. 
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Nanoparticles for photothermal therapy 

In the last few years, metal nanoparticles have attracted a growing interest due to their 

unique optical and chemical properties in addition to their excellent biocompatibility, 

particularly gold nanoparticles are the most readily adapted to biomedical applications 

(23). The fact that gold nanostructures can be produced to have strong absorption cross 

section coefficients in the NIR is one of the main features for their great potential as 

photothermal therapeutic agents and has broaden considerably this area of research (24). 

Compared to chemotherapy or surgery, photothermal therapy is less invasive and it has 

drawn increased attention for the treatment of cancer. In photothermal therapy, optical 

irradiation is absorbed and transformed into heat, thus inducing the thermal denaturing of 

proteins and DNA at a cellular level, causing in consequence the irreversible damage of 

the targeted tissue (25). The use of gold nanostructures for heat conversion significantly 

enhances the absorption of light at specific wavelengths. In addition, their convenient 

bioconjugation improves their selectivity, therefore reducing the energy required for the 

photothermal therapy of the targeted tissue while minimizing the collateral damage to 

surrounding healthy tissues.  

Studies have shown that solid, spherical gold nanoparticles conjugated with antibodies or 

viral vectors can damage targeted cancerous tissues when illuminated with light at 

wavelengths matching the maximum absorption peak of the gold nanoparticles (12). The 

challenge is that gold nanoparticles mainly absorb light in the visible range, which has a 

low penetration depth in tissue as compared in the therapeutic or near-infrared (NIR) 

window where blood and soft tissue are relatively transparent.  
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Zharov et al. have demonstrated that aggregates of gold nanoparticles, formed during the 

storage or by their self-assembly on cell surfaces, increase the photothermal effect in the 

NIR region (26). In practice, the size of the aggregate and therefore the wavelength of 

absorption peak are both very difficult to control. Over the past few years, many research 

efforts have been focused on developing novel gold nanostructures to absorb light in the 

NIR region of the spectrum. Halas et al. have developed gold nanoshells (15 nm thick) 

supported silica nanoparticles (100 nm diameter) with absorption peaks within the NIR 

and demonstrated their use in the photothermal therapy of cancerous cells and tissues 

(27). El-Sayed et al. have demonstrated that gold nanorods (20 nm diameter, 80 nm 

length) have longitudinal absorptions in the NIR and can also serve as photothermal 

therapeutic agents (28).  

 

Gold nanoshells for cancer imaging and therapy 

The emergence of nanotechnology has opened another path for cancer treatment. Various 

approaches have been investigated for nanostructures that possess both diagnostic and 

therapeutic capabilities. Among them, i.e., nanospheres, nanorods, gold nanoshells are 

one of the most promising candidates for targeted bimodal or trimodal cancer therapy. 

Gold nanoshells offer the unique optical and chemical properties over a broad range of 

wavelengths, which demonstrate their suitable role for both cancer imaging and therapy. 

In order to have the ability binding to selective in vivo target, their surface is tethered 

with specific biomarkers or antibodies. For instance, to locate breast cancer cells, human 

epidermal growth factor receptor 2 (HER2) is often used as the biomarker (27).  
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Transport mechanism 

In order to improve the utilization of gold nanoshells for biomedical applications, it is 

necessary to understand how molecules and particles transport in tumors. Nanoshells are 

usually delivered to the host body via injection. If the host is tumor-free, the inoculated 

nanoshells will circulate in the vasculature because the size of the nanoshells is too large 

to be permeable through the normal blood vessels (29). The nanoshells are scavenged by 

macrophages at the spleen and liver. Several studies showed that gold nanoshells would 

be eliminated slowly from the host’s system via renal excretion (30). 

If a tumor is present in the host, the transport of nanoshells will alter the vasculature. 

Also, this alteration will depend on the type and stage of development of the tumor.  It 

has been observed that particles with diameters of ten to hundreds of nanometers are 

permeable through microvasculature and accumulate in the tumor interstitium (31). 

Figure 5 shows an SEM micrograph of two circular liposomes crossing the open junction, 

and a 3-D visualization of nanoshells remaining close to the tumor vasculature.  

 

  

Figure 5. Left: Endothelial gap with two circular liposomes crossing it. Right: Nanoshells 

(green) in close proximity to tumor vasculature (red). From Erickson et al. (31). 
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Detection and imaging 

Imaging tools such as optical coherence tomography (OCT) and reflectance confocal 

microscopy (RCM) are the state-of-the-art techniques that produce high resolution, real-

time in vivo cancer cell imaging compared to other techniques. However, it is challenging 

to image deep tumors using these techniques as the light photons scatter and diffuse as 

they propagate through the tissues. For instance, light at 600 nm do not penetrate deeply 

into the tissue due to absorption by hemoglobin, and for light with wavelengths longer 

than 1000 nm, water within the tissue will absorb it quickly. Although utilizing NIR 

wavelengths would help to image deep tissue, the contrast is often very low.  

Figure 6 shows the contrast enhancement of nanoshells on the imaging of cancer cells 

using dark-field microscopy (32), where two different antibodies, nonspecific anti-IgG 

and specific anti-HER2, were conjugated to nanoshells to image breast malignant cells. 

Figure 6(a) shows a normal dark-field image of cancer cells without nanoshells. Since the 

specific breast cancer antibody HER2 was used to image Figure 6(c), the contrast of this 

micrograph increased 300 % over the nonspecific anti-IgG in Figure 6(b). 

 

 

Figure 6. Dark-field images of cancer cells exposed to (a) no nanoshells, (b) anti-IgG-

conjugated nanoshells, and (c) anti-HER2 nanoshells. From Hirsch et al. (32). 
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Photothermal therapy 

Gold nanoshells are not only ideal agents for detecting and imaging cancer, they can be 

used as therapeutic agents thermally ablate cells and tissues. Nanoshells can be designed 

to absorb NIR radiation at specific wavelengths to match a light source for photothermal 

therapy. Once nanoshells are immobilized in targeted cells, an external radiation source, 

usually a laser tuned at 800 nm, is directed to them. The nanoshells will then absorb the 

incoming photons which excite the localized SPR of the shells and convert the excess of 

energy into to heat. This thermal energy destroys targeted cancer tumors. 

Several in vivo studies have demonstrated the effective use of nanoshells in photothermal 

therapy. As an example, Figure 7 exhibits the photothermal therapy of carcinoma cells 

exposed to nanoshells. After being irradiated for 7 minutes at 35 W/cm2, all the cells 

within the laser spot were destroyed as assessed using the calcein AM viability staining. 

This effect was not observed in cells exposed to either nanoshells for long periods of time 

or irradiation alone.   

 

Figure 7. Nanoshell-mediated photothermal destruction of carcinoma cells. Left: cells 

after exposure to laser only. Middle: cells incubated with nanoshells but no exposed to 

laser light. Right: cells incubated with nanoshells after irradiation. From Loo et al. (33). 
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Format of this dissertation 

The chapters are organized in a paper format. Each chapter starts with a brief description 

of the work done and contains an introductory background on the field of study, with 

conclusions and references included at the end of each section.  

Chapter 2 describes the synthesis of gold nanoshells grown on gold cluster-seeded silica 

nanoparticles, and the effect of aging the precursor materials in order to obtain uniform 

and stable gold shell coatings, with maximum extinctions located at 800 nm. This chapter 

includes theoretical calculations based on the Mie scattering theory relevant to the design 

of nanoshells with localized surface plasmon resonances at the near-infrared region.  

Additional work carried out to reduce the time and steps in the synthesis of silica-core 

gold nanoshells, led us to improve the seeding step by increasing the ionic strength of the 

cluster suspension, and also to explore the growth of gold over tin-seeded silica 

nanoparticles. The work carried out is included in the appendices B and C. 

Chapter 3 covers the synthesis of hollow gold nanoshells via the galvanic replacement of 

silver nanoparticles used as sacrificial templates. The size, shell thickness, and maximum 

extinctions of the nanoshells produced with this method was controlled by growing the 

silver templates by the secondary, slow reduction of more silver ions in solution on the 

already prepared silver nanoparticles prior to the synthesis of the nanoshells.  

Chapter 4 describes the synthesis of a different type of hollow gold nanoshells where the 

size and morphology of the sacrificial silver templates, and therefore that of the hollow 

gold nanoshells, was varied by adjusting the pH of the precursor solution. This method 

required less effort to obtain nanoshells with reproducible optical properties.  
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Chapter 5 summarizes the photo-induced heating of hollow gold nanoshells produced as 

described in Chapter 4. After irradiating suspensions of nanoshells their optical properties 

changed, indicating their reconfiguration driven by heating. This chapter also includes 

preliminary assays on the photothermal therapy of pancreatic cancer cells with either 

modified or folic acid-functionalized hollow gold nanoshells.  
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– CHAPTER II –  

SYNTHESIS OF SILICA-CORE GOLD NANOSHELLS: AGING OF THE 

PRECURSOR MATERIALS FOR SMOOTH DECORATIONS 

 

 

The objective of this work is the synthesis of silica-core gold nanoshells of 120 nm in size, 

homogeneously coated, and with maximum SPR signals at wavelengths close to 800 nm, 

by following a classical method of synthesis first reported by Oldenburg et al. (1), later 

described by Pham et al. (2), and detailed by Morton et al. (3).  

We explored the aging of the precursor materials and the effect of using higher 

concentrations than the customary for the reduction of gold during the shell growth. In 

particular, we studied the following in order to obtain complete and uniform shells of gold 

on silica nanoparticles: a) the use of freshly prepared and aged gold clusters of 1 to 2 nm 

in size to seed amino-functionalized silica, b) the use of cluster-seeded silica nanoparticles 

left to age for longer periods of time after their purification, and c) the use of increased 

concentrations of gold chloride in the plating solution, and increased amounts of 

formaldehyde as the reducing agent, during the reduction of additional gold onto the 

cluster-seeded silica particles.  

We found that the use of as-obtained cluster-seeded silica led to partial decorations, even 

with dislodging fragments of gold, and that the use of aged cluster-seeded silica, along with 

the use of more gold, improved the uniformity of the shell. 
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Introduction 

Gold nanoshells are particles composed of a spherical dielectric core coated with a thin 

gold shell with an overall size typically ranging from 100 to 400 nm. These nanostructures 

have a remarkable set of chemical, physical, and optical properties making them suitable 

for medical applications (4). They are of particular interest due to their relatively simple 

preparation and stability. Their inert gold surface is non-cytotoxic, but, if preferred, it can 

be made biocompatible as thiol groups facilitate their conjugation to biomolecules. 

Gold nanoshells have strong absorption and scattering coefficients at wavelengths in the 

visible and near-infrared (NIR) regions of the electromagnetic spectrum, thus making them 

suitable for contrast imaging (5). They are thermally stable and when tuned to absorb NIR 

radiation they are useful as mediators of photothermal therapy as they can convert radiation 

into heat (6). For biosensing applications, gold nanoshells have localized surface plasmon 

resonancea (SPR) of higher magnitudes relative to the local dielectric environment (7). 

This has directed the research for solid phase assays by functionalizing their surface with 

antibodies and some other biomarkers, as well as their use as potential intraoperative 

molecular probes (8). 

From a different perspective, gold nanoshells are nanocomposite materials consisting of 

concentric particles, in which particles of one material are coated with thin layer of another 

one. As their properties can be modified by changing either the constituting materials or 

the ratio between the shell and the core, nanoshell particles could be preferred over just 

solid nanoparticles for specific applications (9). Other reasons for this inclination are: a) 

the core can be constituted of almost any material, like semiconductors or insulators, such 
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Figure 1. Theoretical calculations of the extinction coefficients for gold nanoshells with a 

constant silica core radius (r1) and variable gold shell thickness (τ). 

 

as silica and polystyrene, both commonly used for their high stability, b) the core can have 

different morphologies such as rods, wires, rings, cubes, etc., and c) they are chemically 

inactive and water-soluble, therefore useful in biological applications. 

The geometry of a gold nanoshell is shown in Figure 1, where r1 is the core radius, and r2 

is the total particle radius. The difference between the radii (r2 – r1) is the shell thickness 

(τ), expected to be greater than few atomic layers. Following this nomenclature, n1 and n2 

are the refractive indices of the core and the shell, while n3 (or nm) is for the medium in 

which the nanoshell is dispersed or embedded. The wavelength of the maximum extinction 

depends on the thickness of the gold shell (τ). For a fixed core radius (r1), when the total 

particle radius (r2) of the gold nanoshell is decreased, the peak signal is therefore red-

shifted. Figure 1 illustrates this phenomena for a silica core radius of 50 nm and gold shell 

thicknesses decreasing from 16 nm to 4 nm.  

0.0

3.0

6.0

9.0

400 625 850 1075 1300

Q
ex

t

λ [nm]

16
12
8
6
4

τ [nm]

r1 = 50 nmr2

r1

τ = r2 − r1



43 

 

 

Figure 2. Theoretical calculations of absorption and scattering coefficients for different 

core-to-shell ratios (φ) for nanoshells with a constant silica core radius (r1) of 50 nm. 

 

In general, light absorption prevails over scattering for smaller nanoparticles, whereas the 

opposite is true for larger ones. For gold nanoshells, the amount of light absorbed or 

scattered can be adjusted by changing either the core radius (r1) or, to account the particle 

as a whole, the total particle radius (r2) at a given core-to-shell ratio (φ). When the latter is 

fixed at 0.86, as shown in Figure 2, the maximum of the extinction coefficient would be 

located at a wavelength of 810 nm, with absorption and scattering coefficients of virtually 

the same magnitude. If thinner gold shells are grown on the silica nanoparticles, the overall 

nanoshells would have strong absorption coefficients and vanishing scattering values. This 

characteristic is noteworthy of gold nanoshells since they can be tuned to absorb and scatter 

light at wavelengths were radiation has its maximum depth of penetration in tissue, the so-

called water window, tissue window, or therapeutic window.  
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Figure 3. Optimal shell thickness (τ) as function of the core radius (r1) for nanoshells 

having a maximum absorption efficiency at 800 nm.  

 

The optimal shell thickness to produce nanoshells with a maximum extinctions located at 

a wavelength of 800 nm as function of the silica core radius (r1) is shown Figure 3. As r1 

decreases, the shell thickness also decreases to a value comparable with the size of the gold 

clusters that act as the nucleation sites for the further growth of gold to coat the cluster-

seeded silica nanoparticles. Thus, in order to produce such small gold nanoshells with the 

customary method followed here, the main restriction would likely arise from the relatively 

large gold clusters. The limitations on the optical tunability of small nanoshells from silica 

nanoparticles in the range of 30 to 120 nm was reported by Rasch et al. (10). They found 

that as the diameter of the silica core decreased, the gold shell became rougher, the particles 

were highly prone to aggregation, and the SPR was less tunable at the NIR. Consequently, 

a different approach has to be followed to either generate smaller gold clusters or to develop 

a different scheme for the synthesis of gold nanoshells from small silica nanoparticles. 
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The schematic shown in Figure 4 summarizes the customary process to synthesize gold 

nanoshells. This method was first reported by Oldenburg et al. (1), and most of its variants 

derive from a more detailed description reported by Pham et al. (2). In general, five steps 

are followed. First, silica nanoparticles are produced via the sol-gel method introduced by 

Stöber et al. (11), in which spherical, monodisperse silica particles of 100 nm are produced 

after the hydrolysis and condensation of tetraethyl orthosilicate (TEOS) in ethanol with 

ammonia as the catalyst. Second, the surface of the silica colloid is functionalized after the 

addition of a silane coupling agent containing an amino group to provide an active surface. 

Third, gold clusters of 1 to 2 nm are synthesized by the reduction of gold chloride with 

tetrakis(hydroxymethyl) phosphonium as the primary nucleating agent as reported by Duff 

et al. (12). Fourth, the amino-functionalized silica nanoparticles are contacted with the 

suspension of gold clusters as described by Westcott et al. (13). Around 25 % of the amino-

functionalized surface is covered with gold clusters as the result of the strong interaction 

of the positively charged amino groups with the small, negatively charged clusters. The 

final step is the growth a uniform layer of gold with the adsorbed clusters acting as the 

nucleation sites for the reduction of gold chloride dissolved in a solution of potassium 

carbonate in the presence of formaldehyde as the reducing agent. 

 
Figure 4. Schematic of the synthesis of silica-core gold nanoshells. 

SiO2 –OH 

–OH 

–OH 

–OH 

Au-
seeded 

SiO2

Gold 
nanoshell

amino-
SiO2 –NH2

–NH2

–NH2

–NH2

HAuCl4
HCOHAPTES

Gold 
seeds



46 

 

From its inception, this method has been utilized by several authors. What is common 

among them is the partial to the full, but rather uneven shell decorations. We also have 

obtained from partial reductions of gold to layers of gold constantly detaching from the 

seeded silica surface. These results mean that there are still many variables that need to be 

elucidated to fully understand the synthesis of uniform gold nanoshells of stable and 

reproducible morphology of use for actual applications. 

Several important parameters that affect the growth of the gold shell have been studied, 

including the effect of the concentration of gold chloride in the plating solution, the ratio 

of the gold clusters deposited onto the amino-functionalized silica nanoparticles, and the 

concentration of formaldehyde as the reducing agents (14). Strategies such as carrying out 

the seeding step with concentrated gold clusters to provide more nucleation sites, or the 

use of other reducing agents have improved the process (15). It is now generally known 

that aged plating solutions produce more easily gold nanoshells with SPR peaks located at 

the NIR. Noticing that the pH of fresh and aged gold plating solutions was different, Liang 

et al. (16) conducted a systematic study showing that in fact the pH of the reaction system 

has a significant effect on the formation and morphology of the gold nanoshells.  

In this work, we describe the preparation of silica-core gold nanoshells where the extent 

and uniformity of the gold shell, as well as their stability, is improved by prolonging the 

aging of the gold stock and plating solutions, the gold cluster suspensions, and in particular 

the cluster-seeded silica nanoparticles. This last variation, which is the intermediate step 

between the seeding of the silica cores and the reduction of gold to grow the shell coating, 

helps in the reconfiguration of the clusters adsorbed on the silica surface. 
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Experimental 

We followed the method described by Pham et al. (2), for the synthesis of 100 nm amino-

functionalized silica nanoparticles, and also for the growth of the gold decorations. We 

followed Duff et al. (12), for the synthesis of gold clusters with sizes between 1 to 2 nm. 

 

Materials 

Tetraethyl orthosilicate (TEOS, 98 %) and ammonium hydroxide (NH4OH, 28 to 30 % 

NH3 in water) were purchased from Acros Organics (Geel, Belgium). Ethanol (200 proof) 

was purchased from Decon Labs (King of Prussia, PA). (3-aminopropyl)triethoxysilane 

(APTES, ≥ 99 %), tetrakis(hydroxymethyl)chloride (THPC, 80 %), gold(III) chloride 

trihydrate (HAuCl4∙3H2O, ≥ 99.9 %), potassium carbonate (K2CO3, 99.99 %), and 

formaldehyde (HCOH, 37 % in water) were purchased from Sigma-Aldrich (St. Louis, 

MO). All chemicals were used as received. All aqueous solutions were prepared with 

deionized water.  

 

Synthesis silica nanoparticles 

3 mL of ammonium hydroxide were added to 50 mL of ethanol under stirring. 5 minutes 

were allowed before the dropwise addition of 1.5 mL of TEOS. This mixture was kept 

overnight under strong stirring.  

 

Synthesis of amino-functionalized silica nanoparticles 
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By the next day, the amino-functionalization of a 10 mL aliquot of silica nanoparticles was 

carried out by adding 25 µL of APTES while stirring. After 24 h, this solution was refluxed 

for 1 h while replenishing the evaporated solvent with ethanol. To remove excess reactants, 

this sol was purified after three cycles of centrifugation and redispersion in ethanol. 

 

Gold stock solutions 

Stock solutions of 25 mM and 1 % gold chloride were prepared and dark-aged for 72 h. 

Aliquots of the second stock, i.e., 1.5 and 3.0 mL, were added to a 100 mL solution of 1.8 

mM potassium carbonate in order to obtain gold plating solutions with concentrations of 

0.38 and 0.76 mM, respectively. These were aged at room temperature for 12 h. 

 

Synthesis of gold cluster suspensions 

Gold clusters were produced by adding to 45.5 mL of water the following, in consecutive 

order and under strong stirring, 1.5 mL of 0.2 M NaOH, 1 mL of 0.96 % THPC, and after 

5 minutes, 2 mL of 25 mM HAuCl4. These suspensions were aged for one week at 4 °C. 

 

Preparation of cluster-seeded silica 

Aliquots from 0.25 to 2 mL of 100 nm amino-functionalized silica particles suspended in 

ethanol were exposed to 50 mL of gold clusters. Prior to its use, the bulk of amino-silica 

was sonicated for one minute The exposure, or seeding, consisted in adding the aliquot to 

10 mL of gold cluster suspension with mixing by sonication for one minute. Afterwards, 

the remaining 40 mL of gold clusters were added and shaken for 5 minutes. This seeding 



49 

 

mixture was left undisturbed and allowed to react either overnight or for one week. The 

cluster-seeded silica was separated from the gold cluster suspension after three cycles of 

centrifugation and resuspension with water to a final volume of 5 mL. This seeded silica 

was aged either overnight or for one week. In general, separate batches of cluster-seeded 

silica were prepared and used for each condition under evaluation. 

 

Reduction of gold on seeded silica nanoparticles 

Prior to their use and in order to secure fully suspended particles, all the gold cluster-seeded 

silica were redispersed by sonication for two minutes. Four assays were planned for each 

of the fresh or the aged cluster-seeded silica, with two variations for each of the two 

available concentration, 0.38 or 0.76 mM, of HAuCl4 in the plating solution, and the added 

amount, 0.11 or 0.22 mmol of formaldehyde as the reducing agent. In the all assays, a 0.5 

mL aliquot of seeded silica was mixed with 20 mL of gold plating solution. While mixing, 

formaldehyde was added at once. The mixtures were allowed to react for three days. The 

now partial to fully gold-decorated silica nanoparticles were purified by centrifugation. 

Once the supernatant was separated and stored, the pellet was resuspended in water.  

 

Characterization 

Spectra were measured with a Shimadzu UV-1800 spectrometer in a range of 190 to 1100 

nm. Samples with absorbance of more than 1.5 units were diluted with water. Ethanol-

dispersed gold-decorated silica was deposited onto 400-mesh carbon-coated copper grids. 

STEM images were obtained with a Hitachi 4800-S FE-SEM operating at 30 kV.  
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Results 

Silica nanoparticles  

After the addition of TEOS to the ethanol-ammonia solution, we observed the gradual 

change of the mixture from translucent to opaque white by the first 30 minutes. Based on 

measurements of STEM images, and in agreement with the reference method, we obtained 

silica particles of 100 nm in average size. Assuming that all of the TEOS reacted and 

produced amorphous silica nanoparticles with a density of 2.2 g/cm3, the concentration of 

the obtained sol was calculated as 5.26 × 1013 particles per mL of solution. The functional 

groups are predominantly silanols. This sol was stable for months. 

 

Amino-functionalized silica nanoparticles 

We carried out the amino-functionalization of the surface of the silica nanoparticles with 

APTES. In comparison with (3-aminopropyl)trimethoxysilane, APTES hydrolyses and 

condenses well in the aqueous/organic solvent in which the silica particles are dispersed. 

The added amount of APTES exceeded 10 times the required to deposit a monolayer in all 

the available surface area, which was calculated for a silane molecule covering 0.4 nm2 of 

the surface of silica (17). It has been reported that rather than a monolayer, a polymeric 

layer with amino groups exposed over the surface of the silica is obtained in this way (18). 

In order to promote and secure the covalent bonding of the organosilane on the surface of 

the silica nanoparticles the suspension was refluxed. Due to their charge, the now amino-

functionalized silica nanoparticles sedimented when left undisturbed. This effect facilitated 

their purification by centrifugation and resuspension in ethanol. 
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Gold stock solutions 

Two of the most referenced concentrations of gold stock solutions were prepared and used 

in this work, a 1 % HAuCl4 stock, commonly referred as a 25 mM stock, and an actual 25 

mM stock solution. The 1 % stock actually corresponds to a concentration of 25.39 mM of 

gold chloride, while a 25 mM stock corresponds to a 0.98 % solution. Although not quite 

dissimilar, the subtle difference in concentrations might make a significant difference in 

the preparation and reactivity of the gold clusters and the gold plating solutions. Since the 

aging of the precursor materials is of relevance for us in the preparation of gold nanoshells, 

we followed the change in the absorbance of both solutions with time. Figure 5 shows the 

evolution of the UV portion of their spectra, where a slight variation is perceptible from 

230 to 450 nm for both. The 25 mM stock exhibited a shoulder signal in the first three days 

of aging. However, after aging for over a week, its spectrum became similar to that of the 

1 % stock. 

 

Figure 5. UV spectra of two aqueous solutions of gold chloride. The 1 % soln. was 

monitored for the first two days, and the 25 mM soln. was supervised for eleven days. 
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Gold cluster suspensions 

For the preparation of gold clusters suspensions we directly followed the method by Duff 

et al. (12), where the preparation of gold clusters with 25 mM hydrogen tetrachloroaurate 

is described in detail, along with preparations with 20 mg of chloroauric acid dissolved in 

2 mL of water. The latter corresponded to a 1 % gold chloride solution, which is habitual 

on the synthesis of gold nanoparticles by almost all references using or refining any variant 

of the Turkevich method (19). To keep consistency, we used 1 % stock solutions of HAuCl4 

aged for 72 h before their use. 

 

In general, gold chloride, chloroauric acid, etc., are used without much distinction to refer 

to HAuCl4 hydrated, tri-hydrated or tetra-hydrated for the synthesis of gold nanoparticles. 

Such terminology led to confusion when we initially tried, and failed, to prepare gold 

clusters from a “gold chloride solution” which resulted to be AuCl3 in diluted HCl. As the 

speciation of gold and the ions found at a given pH play a crucial role on their reduction at 

certain conditions, one of the reasons for the aforementioned failure was the species of gold 

ions found at the low pH provided by the excess of HCl, which not favored the reduction 

conditions for the formation of gold clusters. 

 

We obtained orange-brown suspensions of gold clusters of 1 to 2 nm in size by keeping the 

final concentrations of NaOH, THPC, and HAuCl4 as 6, 1, and 1 mM, respectively, as 

reported in the reference method. Considering that all the gold chloride was reduced and 

produced clusters with an average particle size of 1.5 ± 0.5 nm, the concentration of these 
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was calculated as 5.78 × 1015 gold clusters per mL of cluster suspension. We did not pursue 

to alter the concentrations or the order of addition of the chemicals to keep the consistency 

between batches. Other than the assays with freshly-prepared gold cluster suspensions, all 

the cluster suspensions were aged at 4 °C for 1 week before their use.  

 

To emphasize the effect of aging, we followed the change in the absorbance of the cluster 

suspensions. As seen in Figure 6, the aging promoted the appearance of a shoulder signal 

on the visible spectrum of the gold cluster suspension. This shoulder signal was taken as 

an indication that, after aging for one week, the clusters were considered as stabilized and 

ready for their use.  

 

 

Figure 6. Visible spectra of a freshly prepared gold cluster suspension, and after being 

aged for one week. 
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Defining a ratio for the seeding of amino-functionalized silica nanoparticles 

We first tried the seeding of amino-functionalized silica nanoparticles with one-week aged 

gold cluster suspensions by mixing with the same volume ratios as the reference method, 

i.e., 0.5 mL of amino-functionalized silica nanoparticles added to 5 mL of gold clusters. 

However, after separating the cluster-seeded silica nanoparticles from the cluster seeding 

suspension we noticed that the latter had a significant depletion of its characteristic orange-

brown color. This depletion indicated that while few gold clusters remained in the seeding 

suspension, most of the clusters were readily adsorbed and probably more were required 

to ensure the adsorption of at least one monolayer of them.  

We calculated the concentrations of silica nanoparticles and gold clusters as 5.26 × 1013 

and 5.78 × 1015 entities per mL, respectively. Both values are in fact one order of magnitude 

higher than the reported in the reference method, yet consistent with the two orders of 

magnitude for the ratio of gold clusters to amino-functionalized silica nanoparticles mixed 

for the seeding. Nevertheless, in terms of area covered by the clusters, only 25 % of clusters 

were available to fully cover the amino-functionalized silica nanoparticles. 

Based on these results, we decided to increase the availability of the gold clusters to be 

adsorbed by increasing 10-fold the volume of the gold cluster suspension. This increased 

volume provided an excess of 1.5 more gold clusters than the required. After seeding 

amino-functionalized silica nanoparticles in this way, we found that after centrifugation 

the recovered gold cluster suspension remained with the same coloration as if unused. We 

kept this adjustment and seeded all the aliquots of amino-functionalized silica of either the 

explored range or the definite amount with 50 mL of gold clusters.  
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Aging of the precursor materials 

Once the ratio of gold clusters to amino-functionalized silica nanoparticles was elucidated 

to ensure the proper seeding of the latter, we evaluated the effect of aging a) the gold cluster 

suspension, and of b) the seeded silica nanoparticles, on the synthesis of gold nanoshells 

by using cluster-seeded silica nanoparticles obtained from either of these precursors. The 

conditions that we used for the growth of gold nanoshells were 0.5 mL of cluster-seeded 

silica nanoparticles added to 20 mL of a gold plating solution containing 0.38 mM HAuCl4, 

and followed by the addition of 0.11 mmol of formaldehyde under stirring.  

Table 1 lists the precursor materials here studied, and summarizes the effect that their aging 

had on the preparation of gold nanoshells. The aging of the 1% gold chloride stock and of 

the plating solution were kept constant during the course of this work. 

 

Table 1. Aging of the precursor materials and the effect on the growth of gold. 

Precursor Aging Effect on the growth of nanoshells 

1 % HAuCl4 72 h Allows the speciation for gold clusters and plating solutions. 

Plating soln. 12 h Ensures the species of gold for the growth of nanoshells. 

Gold clusters Fresh 

Aged 

Dislodging decorations. Figure 7. 

Partial to almost full decorations. Figure 10. 

Seeding Overnight 

One-week 

Limited adsorption of clusters. Rough, scattered decorations. 

Favors the adsorption of more clusters. More uniform decorations. 

Seeded silica Fresh 

Aged 

Full nanoshells, but with fragmented surfaces. Figure 12. 

Fully coated nanoshells, with smooth surfaces. Figure 12. 

* Fresh: the precursor is used within hours of being prepared or purified. 

** Aged: the fresh precursor is left undisturbed to age for one week. 
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We tried to produce gold nanoshells by using freshly prepared gold clusters in the overnight 

seeding of amino-functionalized silica. As previously observed, while the freshly prepared 

gold clusters can interact with the amino groups of the functionalized silica nanoparticle, 

when additional gold is reduced to form the gold shell, it never coalesces and ends up 

dislodging from the silica surface (20). As shown in Figure 7, we observed that besides the 

rough decorations, some of the grown gold clusters were dislodged and produced gold 

nanoparticles of 21.7 ± 1.7 nm in size that became the byproducts of the intended gold shell 

growth.  

 

Figure 7. Partial decoration of seeded silica nanoparticles prepared with fresh gold 

clusters. Single gold nanoparticles are indicated as byproducts (bp). 

 

In general, we obtained better results when both the cluster suspensions were aged and 

seeding time was performed for one week. It is considered that with aging the THPC, used 

in the reduction of gold chloride and then incorporated as THP-Au(I) on the gold clusters, 

oxidize over time and leave the cluster structure, therefore promoting a rearrangement that 

have a stronger affinity towards the amino groups on the silica nanoparticle surface (21).  
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Defining a ratio for the growth of gold on cluster-seeded silica nanoparticles 

 

  

 

Figure 8. Spectra of gold-decorated silica after growth of gold at increasing volume ratios 

of seeded-silica:plating-solution, for (A) 0.25 and (B) 0.5 mL of amino-silica exposed to 

50 mL of gold clusters. The byproducts (bp) of each series are indicated. 
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amount of each seeded silica was added to a volume of the gold plating solution, to fulfil a 

given ratio, and formaldehyde was added afterwards. After leaving each mixture to react 

as indicated, the spectra of the first recovered supernatant and of the resuspended pellet 

were measured. Individual gold nanoparticles were identified in the former and are 

hereafter designated as byproducts (bp), while the latter mainly consisted of seeded silica 

with additional gold reduced on the surface.  

 

 

Figure 9. Normalized spectra of gold-decorated silica, obtained after the reduction of 

additional gold, for increasing volumes of NH2-silica exposed to 50 mL of gold clusters. 

For comparison, the byproducts (bp) of each are actual values. 

 

Figure 7 shows a combination of the two after the reduction of gold at a volume ratio of 

1:20 of seeded-silica to gold-plating solution for the 0.5 mL aliquot of amino-silica seeded 

overnight. Their corresponding SPR signals seen in Figure 8, shows a small peak at 520 

nm, characteristic of gold nanoparticles of 20 nm, and a strong, broader peak at 560 nm. 
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This latter is the cumulative of all SPR signals, also accounting for the closeness to each 

other, from the small and large formations of gold left after the reduction of gold ions from 

the plating solution onto the surface of the cluster-seeded silica with the seeds acting as the 

nucleation sites. As seen in Figure 8, volume ratios of seeded-silica to gold-plating solution 

below 1:40 mostly produce the type of SPR signals as just described: partial decorations 

of gold on seeded silica without coalescing to form a full coating, and all with byproducts 

left after the reduction. 

Figure 9 summarizes and compares the aliquots of amino-silica here tested at volume ratios 

of 1:40 for reduction. For the 0.25 aliquot, perhaps a ratio lower than 1:40 could avoid the 

large excess of byproducts persistent after few cycles of centrifugation and resuspension. 

The 0.5 mL aliquot at 1:40 had the most red-shifted SPR signal at 698 nm and a relatively 

lesser amount of byproducts left after the reduction. As seen in Figure 10, where a partial 

decoration is included as example for comparison, it also was the most covered.  

 

  

Figure 10. STEM images of gold-decorated silica obtained from (A) 1 mL and (B) 0.5 

mL amino-functionalized silica nanoparticles seeded with 50 mL gold clusters.  
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Growth of gold with fresh and aged seeded silica nanoparticles 

To this point, the aliquot of 0.5 mL amino-silica, seeded overnight, and reduced right after 

it was purified with additional gold at a ratio of 1:40, produced a SPR signal at ~ 700 nm. 

Having aged the cluster suspension before its use, and after prolonging the seeding both 

for one week, we then sought to improve the decoration by aging the as-obtained seeded 

silica and by increasing the availability of gold for reduction.  

The combination of two variables, namely, the concentration of gold in the plating solution 

to be reduced and the reducer itself, with two levels of variation resulted in four assay for 

each batch of seeded silica particles. As mentioned in the reference method, once prepared, 

both gold plating solutions of 0.38 and 0.76 mM changed from clear yellow to colorless in 

less than 30 minutes. These are here labeled as 1Au and 2Au, respectively. Both were left 

to age for 12 h. The added amount of formaldehyde, 0.11 and 0.22 mmol, is labeled as 1F 

and 2F, respectively. The cluster-seeded silica was prepared as before described: 0.5 mL 

of amino-functionalized silica exposed to 50 mL of gold clusters. Once purified, one batch 

of seeded silica was aged overnight, while the other was aged for one week.  

As expected, during the reduction of gold some of the clusters would not grow, while others 

may grow and remain at the surface, and some others may detach from the surface of silica. 

 

Table 2. Effect of the concentration of gold and formaldehyde in the reduction. 

 1× standard 2× concentrated 

HAuCl4 Partial to almost full coverage with broad 

SPR peak at average ~ 690 nm.  

Favored the full coating of aged seeded 

silica with SPR at ~ 780 nm.  

HCOH Similar reductions as with 2× amounts. 

Less byproducts in general. 

More byproducts when using slightly 

aged seeded silica. 
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Table 2 summarizes the outcome of these assays, and Figure 11 shows the SPR signals of 

the gold-decorated silica and of the byproducts produced during the reduction of gold. The 

latter giving a SPR peak at 520 nm, characteristic of gold particles of 15 nm in size. Second, 

by comparing the spectra of the byproducts, the aged seeded silica produced one order of 

magnitude less than the non-aged; thus suggesting the use of aged seeded particles to favor 

the reduction of gold onto seeded silica instead of forming individual gold particles in what 

appears to be a simultaneous, competitive reaction. With regards of the decorated particles, 

the use of aged seeded silica produced nanoshells with definite and narrower SPR signals 

displaced more to the NIR than the ones produced with fresh seeded silica.  

Park et al. (14) studied the effect of the gold concentration in the gold plating solution with 

a fixed amount of formaldehyde, i.e., 1.07 mmol; which in comparison is 10-fold of the 

used here. They found that a lower concentration of gold (0.38 mM) for reduction was 

insufficient to fully cover the surface of the seeded silica nanoparticles. In contrast, a higher 

concentration (1.52 mM) resulted in a complete coverage; even with an increased shell 

thickness, which was made thinner by reducing the amount of formaldehyde to 0.67 mmol. 

In addition, they also reported that if formaldehyde was increased (1.6 mmol) along with 

the concentration of gold (2.0 mM), the nanoshells agglomerated and a decline in the SPR 

intensity followed in consequence. 

Here, the assay labeled as 1Au+1F under “fresh” seeded silica is a reproduction of the first 

successfully obtained nanoshells having a SPR peak at 700 nm (Figure 11). We took this 

assay as the starting point. The concentration of gold and of the reducing agent were 

increased to basically improve the decorations from almost partial, to full coatings.   
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The assays labeled as 1Au+2F, are similar to the preceding, but with twice the amount of 

formaldehyde, which produced nanoshells with amplified SPR intensities, but also more 

byproducts in the same proportion. More gold (2Au) in the plating solution, provided more 

gold ions available to be reduced with whether low or high concentrations of formaldehyde. 

 

 

 

Figure 11. Spectra of gold nanoshells from (A) fresh and from (B) one-week-aged seeded 

silica nanoparticles. The byproducts (bp) are indicated. The concentration of gold in the 

plating solution (Au) and the reducing agent (F) were explored by doubling the amounts. 
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More gold in the plating solution produced nanoshells with SPR signals at ~ 710 and at 

780 nm for fresh and for aged seeded silica, respectively. As the use of more formaldehyde 

produced more byproducts, we defined 2Au+1F as a suitable formulation for producing 

nanoshells having SPR peaks at ~ 800 nm.  

Figure 12 shows the impact that the aging of the cluster seeded-silica nanoparticles has on 

the growth of gold to produce gold nanoshells. It can be seen clearly that the shells grown 

on fresh seeded silica nanoparticles are non-coalescent, with some fragments detaching off 

it. In contrast, the shells grown clusters seeded silica nanoparticles aged for at least one 

week produced virtually complete gold nanoshells and apparently quite stable, based on its 

extinction spectrum were no changes were observed for months. To see if fully coated, 

stable gold nanoshells could be produced by aging the cluster seeded silica nanoparticles 

for longer periods of time, we aged a freshly prepared batch of this precursor for two weeks. 

 

  

Figure 12. STEM images of gold nanoshells grown on fresh (A), and one-week-aged 

cluster-seeded silica nanoparticles (B). 

 



64 

 

Figure 13 shows the spectra of nanoshells produced with fresh, one-, and two-week aged 

seeded silica with two concentrations of gold in the plating solution as tested before. The 

only difference we found was a broadened SPR peak for 2Au+1F, but still with a maximum 

extinction at 800 nm. Aging for one week is enough to obtain reproducible nanoshells.  

 

 

 

Figure 13. Spectra of gold nanoshells from fresh, and one- and two-week aged seeded-

silica after the growth of gold with (A) 0.38 mM and (B) 0.76 mM of gold chloride in the 

plating solution. 
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Conclusions 

The use of a large volume of gold clusters during the seeding of amino-functionalized silica 

nanoparticles promoted the availability of the clusters for adsorption, and hence the density 

of the nucleation sites for the growth of gold nanoshells. When we carried out this seeding 

step for one week rather than for overnight, the adsorption of more clusters was favored. 

The use of aged gold clusters resulted in their homogeneous deposition, which produced 

less scattered decorations of gold on the seeded silica nanoparticles. When we reduced gold 

on seeded silica nanoparticles as soon as they were purified from the seeding, we produced 

nanoshells with fragmented surfaces, broader SPR peaks, and with maximum extinctions 

at 700 nm. Overall, we found that the aging for one week of the as-prepared or purified 

precursors, namely, the gold cluster suspensions, and the seeded silica particles, along with 

higher concentrations of gold in the plating solution, produced fully coated nanoshells with 

smooth surfaces, narrower SPR peaks, and with maximum extinctions at 800 nm.   
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– CHAPTER III –  

SYNTHESIS OF HOLLOW GOLD NANOSHELLS FROM SEEDED  

AND GROWN SILVER NANOPARTICLES  

 

 

The objective of this work is the synthesis of hollow gold nanoshells with tunable 

plasmon resonances from as-prepared and grown silver sols acting as sacrificial templates 

for the galvanic replacement of silver nanoparticles for gold in solution. In particular, we 

varied the template size and the shell thickness to obtain nanoshells with maximum 

extinctions at the NIR. First, in order to produce hollow gold nanoshells of increasing 

diameters, the silver nanoparticles of an initial stock were grown by reducing additional 

amounts of silver. Second, in order to vary the thickness of the nanoshells, increasing 

amounts of gold chloride were added to both the initial and the grown silver sols. 

The replacement reaction between silver nanoparticles and aqueous solutions of HAuCl4 

has been proven as a useful method to produce hollow gold nanoshells (1). Two steps are 

involved in the mechanism. First, the silver template is oxidized by the gold atoms that 

are deposited epitaxially on the surface of each template. The silver atoms then diffuse 

into the gold shell to form an unbroken, hollow structure made of Au-Ag alloys. Second, 

the silver atoms left in the shell are selectively dealloyed (2). This subtraction induces the 

morphological reconstruction of the shell. The reaction temperature has relevant role, as 

the replacement mechanism strongly depends on the diffusion coefficients of Ag and Au 

atoms (3). The synthesis of hollow gold nanoshells by this method is shown in Figure 1. 
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Figure 1. Schematic of the replacement reaction gold chloride with silver nanoparticles. 

Hollow gold nanoshells are produced by the depletion of silver for gold. 

 

Experimental 

For the synthesis and growth of silver nanoparticles, and the synthesis of hollow gold 

nanoshells via the galvanic replacement of silver for gold, we followed the work of Prevo 

et al. (4). For the optimization of the proper ratio of the precursors in order to produce 

hollow gold nanoshells with maximum extinctions at 800 nm, we followed Wu et al. (5).  

 

Materials 

Trisodium citrate dihydrate (Na3C6H5O7∙2H2O, 99 %) was purchased from Mallinckrodt 

(St. Louis, MO). Silver nitrate (AgNO3, 99.999 %), sodium borohydride (NaBH4, 98 %), 

hydroxylamine hydrochloride (NH2OH∙HCl, 99 %), and gold(III) chloride trihydrate 
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(HAuCl4∙3H2O, ≥ 99.9 %) were purchased from Sigma-Aldrich (St. Louis, MO). All 

chemicals were used as received. All glassware was washed with Alconox detergent, 

cleaned with aqua regia, and rinsed with deionized water. All aqueous solutions were 

prepared with water from a Milli-Q system. 

 

Synthesis of silver nanoparticles 

We synthesized silver nanoparticles (SNP) of ~ 20 nm in size, by reducing silver nitrate 

with sodium borohydride in the presence of sodium citrate. Once produced, the SNP were 

grown by adding more AgNO3 in the presence of hydroxylamine at room temperature. 

Both as-prepared and the grown SNP are stabilized by the residual citrate and borate ions 

adsorbed onto their surface.  

 

Synthesis of gold nanoshells 

We synthesized hollow gold nanoshells by the galvanic replacement of either the first 

prepared silver particles of 20 nm or the grown ones after the addition of gold chloride (1 

%) on aliquots preheated in a water bath at 60 °C for 30 minutes. 

 

Characterization  

Spectra were measured with a Shimadzu UV-1800 spectrophotometer in a range of 190 

to 1100 nm. Dialyzed nanoparticle suspensions were deposited onto 400-mesh carbon-

coated copper grids. TEM images were obtained with a Hitachi S-4800 FE-SEM 

operating in TE mode at 30 kV. 
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Results 

Silver nanoparticles 

We produced silver sol stocks with an initial concentration 0.2 mM of silver. After the 

addition of hydroxylamine and more silver nitrate, this concentration was increased one 

order of magnitude. Figure 2 shows the spectra of both the as-produced silver sols and the 

grown sols all with maximum extinctions at 400 nm. As reported before, hydroxylamine 

is a mild reducer and when added to a growth solution with more metal ions, it induces 

their anisotropic growth (6). The final size of the grown nanoparticles is expected to be 

proportional with the inverse cube of the ratio between the added silver nitrate and that of 

the already reduced silver in the form of the initial template. This relationship was 

previously demonstrated by Turkevich et al. (7) in the synthesis of gold nanoparticles and 

their further growth via the addition of gold chloride and mild reduction.  

 

 

Figure 2. Silver nanoparticles as-produced (a), and after their further growth (b-d). The 

indicated concentrations account for the total amount of silver present in a given solution. 
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Hollow gold nanoshells  

The insert in Figure 3 shows the effect of the addition of gold chloride to the silver sols 

containing 0.2, 0.41, 1.23, and 2.72 mM of silver. The yellow pale, the brown-yellow, or 

the dark-orange silver sols, corresponding to silver nanoparticles of a theoretical size 

from 20 to 60 nm, instantly turned from purple to teal blue colorations as silver and gold 

were reduced and oxidized respectively. In consequence, the SPR peak switched from the 

characteristic for silver nanoparticles at 400 nm to NIR, as function of the size of the 

silver template and the final thickness of the gold reduced. This phenomena makes the 

process fully tunable: smaller silver nanoparticles can be used for the synthesis of hollow 

gold nanoshells of about the same size but with gold thicknesses around 1 to 2 nm, while 

larger silver nanoparticles will require more gold to produce nanoshells with thicknesses 

around 3 to 4 nm to reach maximum extinctions at 800 nm.  

 

 

Figure 3. Evolution of the spectra of the 2.72 mM silver sol before and after the addition 

of gold chloride (1 %). Insert: nanoshells from the silvers sols (a-d). 
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As shown in Figure 4, limited amounts of the gold precursor result in the partial reduction 

and oxidation of silver and gold. In this particular case, the addition of 0.063 and 0.0125 

mM of gold chloride produced a dual peak signal corresponding to a mixture of silver 

and aggregates of gold fragments as nanoparticles. 

Our target is the synthesis of hollow gold nanoshells with sizes around 60 to 80 nm, large 

enough to have gold thicknesses around 4 to 5 nm, to be responsive to NIR irradiation at 

800 nm. The aim is to resist long periods of irradiation, as the color change from teal blue 

into reddish tonalities indicate their change into more stable, solid gold nanoparticles, as 

the hollow structures have been reported to melt and anneal when increasing the total 

energy input (4). In order to improve the absorption at the NIR, the Mie solution to the 

Maxwell equations for the interaction of light with core/shell particles would be helpful 

to optimize the absorption efficiency of HGS to have the maximum energy absorbed per 

particle. 

 

Figure 4. Spectra of the variation of the SPR peak of an as-prepared 0.2 mM silver sol 

stock with increasing concentrations of HAuCl4 from 0.063 to 0.5 mM. 
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Gold nanoshells with increased thicknesses  

The concentration of the silver sols and the added amounts of gold for the synthesis of 

nanoshells, are listed in Table 1. The capital letters identify to the concentration of silver 

of each silver sol. The 0.2 mM silver sol stock, labeled as A, was employed to produce 

the grown silver nanoparticles labeled as B, C, and D, with final concentrations as 0.45, 

1.2, and 2.7 mM. Considering a constant number of silver particles in the initial stock, 

these concentrations are correlated to their size. The numbers 1 to 4 identify each of the 

four vials tested with an added amount of gold chloride as indicated in the table. For 

instance, A1 is the initial, not grown silver sol with a concentration of 0.2 mM of silver, 

tested with 10 µL of 25 mM gold chloride. Similarly, C3 refers to a grown silver stock 

with a total concentration of 1.2 mM of silver, tested with 50 µL of gold soln. For each 

case, the gold-to-silver molar ratio follows as 0.8, and 0.6, respectively. 

 

Table 1. Experimental set up of SNP stocks exposed to increasing amounts of gold. 

   ––     Gold (µL of added Au soln)    → 

mM Ag Sample 1 2 3 4 

0.20 A 10 20 30 40 

0.45 B 20 30 40 50 

1.20 C 30 40 50 60 

2.70 D 40 60 80 100 

 

Figure 5 exhibits the spectra of the hollow gold nanoshells produced after testing the 

series A and B, representative of each of the grown, and not grown silver sols, along with 

their characteristic, sharp peak located at 400 nm.  
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Figure 5. Spectra of hollow gold nanoshells produced after the addition of gold chloride 

(1 %) to (A) not grown and (B) grown silver nanoparticles. 
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particle shape, for the samples A1 to A4 were obtained from collected TEM images 

providing data for the Analyze Particles Toolbox by ImageJ 14.5. The analysis was 

carried out as follows. Once the as-produced hollow gold nanoshells were purified by 

dialysis, aliquots of them were immobilized onto 400 mesh carbon-coated copper grids. 
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TEM images each immobilized sample were obtained with a SEM microscope, with a TE 

detector set at 30 kV. Only those particles that could be differentiated were analyzed. 

Figure 6 summarizes the size and shape distribution found for samples A1 to A4. An 

average of 60 objects per sample were analyzed.  

 

 

Figure 6. Average size and circularity of hollow gold nanoshells A1-A4. 

 

For samples A1 and A2, the average size distribution was found around 50 ± 25 nm, with 

an average particle circularity of 0.72, as seen in Figure 7 and Figure 8. The size 

distribution for samples A3 and A4 was around 60 ± 30 nm, with shapes less circular as 

seen in Figure 9 and Figure 10. These TEM images are representative of the analyzed. 

The addition of more gold enlarged the diameter, hence the thickness, of the nanoshells, 

and blue-shifted their maximum extinctions from 725 to 685 nm. By increasing the gold-

to-silver ratio, the nanoshells showed protuberances that developed in an epitaxial growth 

fashion and were observed in samples A3 and A4, with larger filaments in the latter.  
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Figure 7. TEM image of nanoshells obtained with 10 µL of golf chloride (A1).  

 

 

  

Figure 8. TEM image of nanoshells obtained with 20 µL of golf chloride (A2). 
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concluding remark, increasing to gold-to-silver for a given size of silver nanoparticles not 

only increases the thickness of the nanoshell formed after the galvanic replacement of the 

silver templates, but also turns into the deposition of excess gold into protuberances. 
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Figure 9. TEM image of nanoshells obtained with 30 µL of golf chloride (A3). 

 

 

 
 

Figure 10. TEM image of nanoshells obtained with 40 µL of golf chloride (A4). 

 

TEM images for the series B and C were also collected, but not analyzed as the 

nanostructures diverged from the expected hollow gold nanoshells. These are shown on 

Figure 11 and Figure 12. Lesser amounts of gold turned into HGS with thinner shells, but 

fragmented as sample B1 evidences in Figure 11. Conversely, HGS with thicker shells 

were obtained in sample B4. The same phenomena was observed in samples C2 and C3. 
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Figure 11. TEM images of nanoshells B1 (left) and B4 (right). 

 

  

Figure 12. TEM of nanoshells C2 (left) and C3 (right). 

 

Conclusions 

Hollow gold nanoshells with maximum extinctions between 650 and 800 nm and sizes 

between 30 and 80 nm were successfully synthesized from silver nanoparticles, which 

were used as-prepared or were grown by the addition of silver nitrate and a mild reducer, 

via the galvanic replacement of silver nanoparticles for gold chloride in solution. We also 

found that the addition of excess gold produced nanoshells with protuberances. 
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– CHAPTER IV –  

SYNTHESIS OF HOLLOW GOLD NANOSHELLS FROM SILVER 

NANOPARTICLES WITH EXTINCTIONS IN THE NIR 

 

 

The objective of this work is the synthesis of monodisperse, quasi-spherical hollow gold 

nanoshells of easily attainable maximum extinctions at the near-infrared via the galvanic 

replacement of silver nanoparticles for gold in solution.  

We followed the method reported by Qin et al. (1), to produce silver nanoparticles by the 

slow reduction of fixed amounts of silver nitrate in aqueous solutions of ascorbic acid and 

citrate. By increasing the pH of this solution, we produced silver sols of different sizes and 

extinctions. By heating the as-produced, we obtained ripened silver sols. We then 

synthesized hollow gold nanoshells from both the as-produced and the ripened silver sols 

after the direct addition of increasing concentrations of gold chloride in the presence of 

hydroxylamine, a mild reducer, to ensure the primary reduction of gold onto the silver 

nanoparticles.  

In contrast with other reported syntheses, the final size of the hollow nanoshells can be 

controlled by adjusting the pH of the solution producing the silver particles to work as the 

templates. Consequently there is no need to produce small silver particles to serve as the 

nuclei for the further growth of larger ones. In addition, our method produced nanoshells 

with maximum SPR between 750 and 950 nm without much effort or additional steps.  
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Introduction 

Metal nanoparticles with hollow interiors have been of interest because of the different 

properties provided by such feature. In comparison with solid particles, their synthesis 

requires the use of less material, which renders structures of lower densities and increased 

surface areas at lesser costs. In particular, hollow nanoshells made of noble metals such as 

silver, gold, and platinum, along with the ability of controlling the dimensions of the hollow 

core and of the shell thickness, have attracted strong attention as these features allow for 

tunable electronic, optical, and catalytic properties (2). 

Due to their strong surface plasmon resonance (SPR), a property radically different from 

that of the bulk material and dependent of the size, shape, structure, and the surrounding 

media, gold nanospheres have unique optical properties as their SPR can be tuned to have 

intense extinctions, with a maximum between 515 and 575 nm for solid particles of 9 to 99 

nm in size (3), and beyond this range and within the near-infrared if made of the same size 

but with a hollow concentric interior.  

Of the number of methods to produce hollow metallic nanoparticles, the majority of them 

require a synthetic step where a sacrificial material is first produced, and then removed by 

selective etching once the shell is formed, or after the galvanic replacement with the 

precursor metal aimed to constitute the shell. Examples of these materials, also serving as 

the templates for the shells, are micro- and nano-spheres of polystyrene and silica, as well 

as nanoparticles made of cobalt and silver (4). While the non-metallic templates are 

dissolved with mild to strong acid solutions, the metallic ones undergo through reduction-

oxidation reactions.  
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Experimental 

We followed the method described by Qin et al. (1), for the synthesis of silver nanoparticles 

with sizes between 30 and 70 nm. For the galvanic replacement of silver for gold rendering 

hollow gold nanoshells (HGS), we modified the approach described by Prevo et al. (5).  

 

Materials 

Trisodium citrate dihydrate (Na3C6H5O7∙2H2O, 99 %) was purchased from Mallinckrodt 

(St. Louis, MO). Sodium hydroxide (NaOH, 98 %) was purchased from Acros Organics 

(Geel, Belgium). L-ascorbic acid (C6H8O6, 99 %), citric acid (C6H8O7, 99 %), silver nitrate 

(AgNO3, 99.9999 %), hydroxylamine hydrochloride (NH2OH∙HCl, 99 %), and gold(III) 

chloride trihydrate (HAuCl4∙3H2O, ≥ 99.9 %) were purchased from Sigma-Aldrich (St. 

Louis, MO). All chemicals were used as received. All glassware was washed with Alconox 

detergent, cleaned with aqua regia, and rinsed with deionized water. All aqueous solutions 

were prepared with water from a Milli-Q system. 

 

Synthesis of silver nanoparticles 

To an aqueous solution containing trisodium citrate (3 mM) and ascorbic acid (0.6 mM), 

citric acid (0.5 M) was added under stirring to adjust the pH to an initial value of 6. Next, 

sodium hydroxide (0.5 M) was slowly added to gradually increase the initial pH to specific 

values between 6 and 10.5. Aliquots were collected at every given pH and placed in a water 

bath at 30 °C. To each aliquot, silver nitrate (25 mM) was added under stirring to reach a 

final concentration of 1 mM, and then left to react for 30 minutes. 
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Ripened silver nanoparticles were obtained from the as-prepared silver sols by placing the 

aliquots produced at each pH value in a heat block, set to increase the temperature at a rate 

of 4 °C per minute, from 20 to 100 °C and left for 2 h. Afterwards, the ripened silver sols 

were left to reach room temperature overnight. 

 

Synthesis of hollow gold nanoshells 

Prior to the synthesis of HGS, an aqueous stock of gold chloride (1 %) was prepared and 

aged overnight. Stocks of both as-prepared (at 30 °C) and ripened (at 100 °C) silver sols 

from each specific pH were diluted with water to a final silver content of 0.2 mM. Next, 

hydroxylamine hydrochloride (0.1 M) was added to reach a final concentration of 2 mM. 

After mixing for 5 minutes, all the stocks were left undisturbed for 6 h. Aliquots of each 

stock were placed in a water bath at 60 °C. After 30 minutes, gold chloride was added to 

each aliquot under strong stirring to reach concentrations from 75 µM to 1 mM. All the 

solutions left to react for 2 h. The obtained HGS sols were left to reach room temperature.  

 

Characterization 

Spectra of all the sols were measured with a Shimadzu UV-1800 spectrophotometer in a 

range of 190 to 1100 nm. Dialyzed nanoparticle suspensions were deposited onto 400-mesh 

carbon-coated copper grids. TEM images were obtained with a Hitachi S-4800 FE-SEM 

operating in TE mode at 30 kV. 
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Results 

Synthesis of silver nanoparticles 

The pH value of the aqueous solutions of sodium citrate and ascorbic acid was recorded 

between 6.2 and 6.3. This value remained largely invariable among the several tested 

batches, which were prepared after mixing aliquots from 10× concentrated stocks. This 

routine ensured the proper speciation of each compound. We then lowered the pH to 6 with 

citric acid, and added sodium hydroxide until reaching a targeted pH for the whole solution. 

To prevent diluting the active compounds in the solution, we kept the additions of acid and 

base at a minimum. Of the gradually adjusted solution, we collected aliquots of equal 

volume and equilibrated their temperature at 30 °C before using them.  

After the addition of silver nitrate, and regardless of the adjusted pH, all aliquots slowly 

changed from colorless to pale yellow. After few minutes more, their colorations ranged 

from dark (pH 6) and clear red (pH 7), turbid cinnamon with silvery nuances (pH 8-9), to 

clear orange-brown (pH 10) and dark brown (pH 10.5). No further changes in their color 

or consistency were observed after 30 minutes and, except for their easy resuspension when 

settled down, the as-prepared silver sols remained unchanged for months.  

After ripening the as-prepared sols, their colorations and intensities changed to clear red 

(pH 6), red-orange (pH 7), to orange (pH 8-9) and yellow (pH 10-10.5). In addition to the 

color change, we observed for each case the blue-shift and narrowing of their SPR peak, 

along with the increase of their overall extinction spectra.  

Figure 1 exhibits the spectra and colorations of the as-prepared silver sols produced at pH 

6, 7, 8, 9, 10, and 10.5, with maximum extinctions at 416, 419, 437, 430, 433, and 403 nm, 
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respectively. Figure 1 shows the spectra and colorations of the ripened sols produced in the 

same pH range with corresponding extinctions at 414, 416, 429, 425, 414, and 398 nm. 

Once ripened, the turbidity of the silver sols obtained at pH 8 and 9 decreased, while their 

spectra, along with that obtained at pH 10, were broader and less intense than the rest of 

the preparations. These features suggest the production of silver nanoparticles of larger 

size, and perhaps less spherical, than those produced at different pH.  

  

 

Figure 1. Spectra of as-prepared (A) and ripened (B) silver sols obtained at pH 6 to 10.5. 
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As seen in Figure 1, the as-prepared silver sol at pH 6 shows an additional signal at 550 

nm, which shifted to 535 nm when ripened. We observed this particular shoulder signal in 

all the as-prepared silver sols at pH 6. In contrast, after ripening the sol obtained at pH 7, 

it developed a perceptible shoulder signal at 520 nm. A simple explanation for these 

shoulder signals is that they originate from particle aggregates.  

Nevertheless, we have observed similar shoulder signals that even evolved into separate 

SPR peaks with maximum extinctions at 700 nm (data not shown), along with the sharp, 

characteristic SPR peak of silver nanoparticles of 15 ± 10 nm in size (Figure 4), produced 

after the typical reduction of silver nitrate with sodium borohydride in the presence of 

sodium citrate. After imaging with TEM, we noticed that such sols displaying dual signals 

were due to a mixture of silver nanoparticles and triangular nanoplates (data not shown). 

In general, we concluded that while relatively small nanoplates produced shoulder signals, 

larger ones (55 ± 30 nm) produced well-defined peaks. This observation agrees with Wiley 

et al. (6): citrate is the key component of the morphological transformation, which could 

be induced by visible light alone, from spheres into thin plates bounded by {111} facets. 

This effect is likely the reason for the shoulder signals we observed here. 

Qin et al. (1) also reported a shoulder signal for the silver sols obtained at pH 6. However, 

theirs was located at 390 nm, and associated it to the anisotropic character of the particles, 

as they found the particle shape was less regular than the ones produced at higher pH. In 

general, they report a linear correlation between the pH, and the location of the maximum 

SPR peak, with narrower and more intense spectra. As they increased the pH of the solution 
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of sodium citrate and ascorbic acid before adding silver nitrate, they obtained smaller silver 

nanoparticles. 

In this work, we found a quite different correlation between the pH and the SPR peak. In 

our case the maximum extinctions were found at pH 8 for both the as-prepared and the 

ripened silver sols. We also calculated the full width at half maximum (FWHM) by locating 

the maximum value of the extinction from the SPR peak, relative to the minimum value 

located at 319 ± 3.1 nm for as-prepared, or at 322.1 ± 2.1 nm for the ripened silver sols. In 

Figure 2 we show the comparison of these two parameters obtained from the extinction 

spectra, presented in Figure 1, of the silver sols obtained at 30 °C and then ripened at 100 

°C for 2 hours. While the plot summarizes the overall change, we monitored the change in 

the SPR peak of each sample. Once the temperature increased, we noticed that the ripening 

started immediately. The position of the SPR peak from each spectrum is labeled as λmax. 

 

 

Figure 2. Comparison of λmax and FWHM from the spectra of as-prepared and ripened 

silver sols obtained at pH 6 to 10.5. 
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As seen in Figure 2, both parameters decreased after ripening the as-prepared silver sols 

obtained at the pH range explored here. At pH 10, in terms of Δλ and ΔFWHM, the shifting 

and narrowing of the SPR peak, were 19 nm and 45 nm, respectively. For the all the other 

values, the extinction maxima were blue-shifted 4.6 ± 2.3 nm, while the peaks narrowed 

22.8 ± 3 nm, in average. 

 

Synthesis of hollow gold nanoshells 

For the synthesis of hollow gold nanoshells, we adjusted both the as-prepared and the 

ripened silver sols, regardless of the particle size or number, to a constant content of silver. 

Other than their dilution with water, no additional processes were performed. After the 

addition of hydroxylamine, we observed that their bright colorations became opaque. Once 

the aliquots from each silver sol were stabilized at 60 °C, these were converted into gold 

nanoshells after the direct addition of gold chloride under stirring. Almost immediately, 

most of the silver sols turned into light to dark metallic green solutions, following a trend 

proportional to the low to high concentrations of the added gold stock solution. Moreover, 

for the highest concentrations of gold, we noticed shades of red. 

 

Figure 3 shows the spectra of the nanoshells produced from the ripened silver sol obtained 

at pH 8, where concentrations of 0.075, 0.15, 0.25, 0.5, and 0.75 mM HAuCl4, produced 

spectra with maximum extinctions at 627, 851, 947, 829, and 758 nm. We clearly observed 

that the additions of gold chloride vanished the SPR (peak at 429 nm) of the silver sol 

within minutes. 0.075 mM of gold chloride in the silver sol produced a clear brown-purple 
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solution with a SPR characteristic of aggregates of gold particles mixed with unreacted 

silver nanoparticles. With the addition of 0.15 and 0.25 mM of gold chloride, we observed 

blue teal colorations and SPR peaks typical of gold nanoshells with maximum extinctions 

at or beyond 800 nm. While the preparation with 0.15 mM of gold chloride exhibited a 

shoulder signal at 620 nm, indicating possible aggregates of solid gold particles, a well-

defined SPR peak at 850 nm was observed. The spectrum was further red-shifted with 0.25 

mM of gold chloride added to this ripened silver sol, reaching a SPR peak at 947 with a 

nearly vanishing shoulder signal. The addition of more gold chloride, as 0.5 and 0.75 mM, 

blue-shifted the spectra, indicating the formation of thicker shells with strong extinctions 

and maxima still beyond 750 nm. We also tested the addition of 0.1 mM of gold chloride, 

which produced dark purple solution that irreversibly precipitated after one hour. 

 

 

 

Figure 3. Spectra of the variation of the SPR peak of hollow gold nanoshells, at increased 

concentrations of HAuCl4, obtained from ripened silver sols produced at pH 8. 
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For comparison, we synthesized hollow gold nanoshells following the protocols described 

by Prevo et al. (5), and Wu et al. (7). In these preparations hollow gold nanoshells are 

produced after the addition of gold chloride to grown silver sols, obtained by adding more 

silver nitrate in the presence of hydroxylamine to freshly prepared silver particles of 15 ± 

10 nm (described above) in order to reach sizes of up to 50 nm. Figure 4 shows the spectra 

of one of the preparations we carried out as function of the increasing amounts of gold 

chloride added to individual batches from silver sol stock. We were able to produce hollow 

gold nanoshells with maximum extinctions at 804 nm, after optimizing the size of the silver 

template and the amount of gold chloride. The average size of these nanoshells was 36.4 ± 

5.3 nm when fully spherical particles were accounted. As seen in the insert TEM image of 

Figure 4, some presented nanoshells pinholes and, in general, small to large fragments were 

observed all over the specimen.  

 

 

Figure 4. Spectra of hollow gold nanoshells obtained from silver sols (SNP) produced 

after the reduction of AgNO3 by NaBH4. The TEM is of nanoshells with SPR at 804 nm. 
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Based on these results, and in comparison, our approach to produce hollow gold nanoshells 

with maximum extinctions at between 750 and 950 nm is more reproducible, except for 

those produced with silvers sols obtained at pH 10.5. Results of more preparations with a 

constant amount of 0.25 mM of gold chloride, added to as-prepared and ripened silver sols 

obtained at pH 6 to 10.5, are shown in Figure 5.  

 

 

Figure 5. Spectra of hollow gold nanoshells, at a constant gold concentration of 0.25 mM, 

obtained from (A) as-prepared and (B) ripened silver sols produced at pH 6 to 10.5. 

0.4

0.9

1.4

1.9

300 500 700 900 1100

Ex
t

[u
.a

.]

λ [nm]

As-prep.

10.5

10

9

8

7

6

pH 930

870
|

625
|

A

0.4

0.9

1.4

1.9

300 500 700 900 1100

Ex
t

[u
.a

.]

λ [nm]

Ripened

10.5

10

9

8

7

6

pH

875
|

675
|

950

B



93 

 

A graphical summary of the location of the maximum extinctions from all the preparations 

we obtained from the ripened silver sols in the pH range of 6 to 10.5 is shown in Figure 6. 

Overall, we tested the addition of gold chloride in a range from 0.075 to 1 mM, added to 

individual aliquots containing 0.2 M of silver in solution. Hollow gold nanoshells with 

maximum extinctions at or beyond 750 nm, were obtained when 0.15 to 0.75 mM of gold 

chloride was added to silver sols obtained at pH 7 to 10. Lower additions of gold (75 µM) 

produced clear to turbid brown solutions with a maximum SPR between 580 and 630 nm 

for all the silver sols obtained at pH 6 to 10.5. Larger additions of gold (1 mM) produced 

dark purple solutions of strong intensities with maximum SPR between 620 and 680 nm 

for silver sols obtained at pH 9 to 10.5. For all the silver sols at pH 10.5, maximum SPR 

below 680 nm were observed with any added concentration of gold chloride. This resulting 

solution likely contained a mixture of partially formed shells and solid nanoparticles.  

 

 

Figure 6. Location of the maximum SPR for hollow gold nanoshells, at increased 

concentrations of gold, obtained from ripened silver sols produced at pH 6 to 10.5.  
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Figure 7. TEM images of hollow gold nanoshells produced from as-prepared (A) and 

ripened (B) silver sols at pH 8 and with 0.25 mM of gold. 

 

The TEM images shown in Figure 7 were taken from nanoshells produced from both as-

prepared and ripened silver sols obtained at pH 8, with maximum extinctions of 937 and 

947 nm, respectively. While the difference of their corresponding SPR was minimum, we 

found the size and morphology of these nanoshells dissimilar. Figure 7 shows nanoshells 

(from as-prepared SNP) with an average size of 86.7 ± 16.3 nm and a circularity of 0.69, 

indicating less spherical shapes. Figure 7 shows more defined nanoshells (from ripened 

SNP), of an average size of 76.6 ± 11.5 nm and a circularity of 0.74, with most of them 

displaying crystal-like features such as facets and lattices. In both cases, larger nanoshells 

were also found, with sizes as 133.5 ± 16.1 nm and 109 ± 6.8 nm, from as-prepared and 

ripened silver sols, respectively. From these findings it is clear that the size and shape of 

the hollow gold nanoshells is strongly influenced by the silver nanoparticles, acting as the 

sacrificial template, and whether they are ripened or not to produce more spherical shells.  
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Conclusions 

Hollow gold nanoshells tailored to attain strong absorptions at the near-infrared region of 

the spectrum were produced via galvanic replacement of silver for gold in solution. We 

varied their size and thickness as function of the ratio of the silver nanoparticles to the 

addition of a concentrated gold solution. The location of their maximum extinctions was 

tuned by controlling the size of the silver templates by adjusting the pH of the precursor 

solution. We produced silver sols after the reduction of silver nitrate with ascorbic acid at 

pH 6 to 10.5. Once ripened, their SPR peaks were blue-shifted and narrowed by heating. 

When the pH of the silver template was located between 7 and 10, we synthesized hollow 

gold nanoshells with maximum extinctions between 750 and 950 nm, a desired range for 

their potential application in photothermal therapy. 
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– CHAPTER V – 

PHOTO-INDUCED HEATING OF HOLLOW GOLD NANOSHELLS AND OF 

PANCREATIC CANCER CELLS (PANC1) AND EX VIVO TISSUES 

 

 

The objective of this work is to demonstrate the photo-induced heating of an inert and 

two biological systems containing hollow gold nanoshells. The laser-induced heating of 

hollow gold nanoshells with maximum extinctions at 800 nm was tested first. Their effect 

on immobilized pancreatic cancer cells was studied afterwards. Finally, the heating of ex 

vivo tissues with nanoshells injected was compared at different NIR wavelengths.  

We first characterized the heating of hollow gold nanoshells in aqueous suspensions by 

using a 800 nm laser at increasing power setups. The concentration of the nanoshells and 

the positioning of the laser probe relative to the bulk of nanoshells was varied to define 

the proper conditions for the irradiation of samples contained in well-plates. We tested 

the citotoxicity and the photo-induced heating of functionalized hollow gold nanoshells 

added to PANC-1 cells, a human pancreatic cancer cell line immobilized in well-plates. As 

the nanoshells were not specifically targeted, the passive adsorption of both non- and 

folic acid-functionalized HGS onto the cells was tested. The aim was to demonstrate the 

folate receptor-mediated adsorption of hollow gold nanoshells on PANC-1 cells, as a 

strategy for the delivery of nanoparticles due to the overexpression of the folate receptor 

on cancer cells, followed by their photo-induced heating with a NIR laser. The heating of 

ex vivo tissues of pork and chicken with nanoshells injected was studied subsequently. 
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The use of gold nanostructures in photothermal therapy has been carried out in a number 

of in vitro and in vivo studies. For example, Loo et al. (1) utilized anti-HER2-conjugated 

silica-core gold nanoshells to treat breast carcinoma cells and reported that a ratio of 5000 

nanoshells per cell had an effective photothermal effect at a fixed irradiation intensity. 

Hirsch et al. (2) reported in vitro studies where in the sample containing nanoshells all 

cells within the laser exposed were dead after seven minutes of irradiation while those in 

the control groups remained viable. Studies were the addition and further irradiation of 

NIR-responsive nanoparticles into well-plates containing healthy or cancerous cells have 

also been reported. Examples of these are:  

a) KBr3 breast, PC3-PSMA prostate, or A431 epidermoid cancer cells, exposed to  

b) silica-core gold nanoshells, gold nanorods, or hollow gold nanoshells, by means of  

c) HER-2 targeting (3), PEGylation (4), or anti-EGFR targeting (5), respectively.  

In these assays, blanks of inert nanoparticles were included to determine their negligible 

absorption by the cells, and thus the negligible effect the NIR irradiation on the cells, as 

the particles were simply washed off when the media was replenished.  

Since the last decade, multifunctional nanoparticles have become customary for the study 

and treatment of cells and tumors. You et al. (6) reported the use of doxorubicin-loaded 

HGS for the simultaneous treatment of EphB4 tumors in vivo. More elaborated particles 

have also been reported for the diagnostics and therapy. Bardhan et al. (7) reported an 

account on theranostic nanoshells where they describe DNA-conjugated nanoshells for 

the imaging and light-induced release of DNA in the nuclei of cells. More on gold-based 

nanostructures for photothermal therapy can be found in the work of Khlebtsov et al. (8). 
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Devices 

Laser sources 

We utilized a medical laser originally intended for the minimally invasive endovenous 

laser treatment (EVLT) of varicose veins. The source was a DIOMED 15plus (Diomed 

Ltd., Andover UK) with a diode laser capable of delivering a maximum of 15 W of 

continuous radiation via an optical fiber coupled to the laser aperture, or 478 J/cm2 of 

pulsed radiation through a fiber optic hand piece of 2 mm of diameter. The system 

enclosed a GaAlAs laser diode Class IV with λ = 810 ± 20 nm, and an InGaAlP visible 

laser diode Class IIIa with λ = 635-660 nm working as the aiming beam with 5mW 

output. Contact and non-contact optical fibers of 400, 600, and 1000 µm, were connected 

to the only output, a SMA-905 connector of 400 µm, and 0.37 NA. 

For the heating of ex vivo tissues, a tunable Ti:Sapphire, solid state IR laser for fiber laser 

research, spectroscopy, and semiconductor applications was utilized. The source was a 

Spectra-Physics CW 3900S (Santa Clara, CA) capable of producing 3.5 W of continuous 

TEM00 output from 700 to 1000 nm, with a beam diameter of 0.95 mm. 

 

Thermometers 

We utilized a programmable 4-channel thermometer data logger. The device was a Reed 

SD-947 (Reed Instruments, Canada) with a resolution of 0.1 °C and accuracy of ± 0.8 °C, 

and compatible with Type K/J/T/E/R/S thermocouples. We recorded temperatures from 

two channels with sampling times from 1 to 60 seconds into a SD memory card. For the 

assays where nanoshells were tested alone, we used Type K (Reed TP-01) wire 
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thermocouples with a probe diameter of 1.5 mm. For the photo-induced heating of cells, 

we used Type K sealed, flat wire thermocouples, of common use for ex vivo tissues, with 

a probe size of 1 × 2 nm. Both probes were specified to work in a range from -50 to 900 

°C with an accuracy of ± 0.4 %. 

The temperature of ex vivo tissues was measured with a Fluke Ti110 thermal imager 

(Everett, WA) for industrial applications with a 160 ×120 IR resolution, temperature 

range of -20 to 250 °C, and accuracy of ± 2 °C.  

 

Irradiation of cells 

The methods were primarily developed for PANC-1 cells immobilized into a 96-well-

plate. PANC-1 cells are human pancreatic carcinoma, epithelial-like cell lines used as an 

in vitro model for non-endocrine pancreatic cancer for tumorigenic studies.  

 

Immobilized PANC-1 cells  

To secure homogenous collections of immobilized cells, PANC-1 cells were first cultured 

and grown in containers of 0.25 L at 37 °C for 72 h. The cells were then immobilized into 

96-well flat bottom plates of 6.35 mm (1/4 in) diameter and 0.3165 cm2 area. In average, 

31000 cells per well were counted.  

 

Functionalized hollow gold nanoshells 

Nanoshells synthesized as previously described and adjusted to OD810 of 0.5 were used. 

We initially used as-prepared nanoshells, and depending on the added functional group at 
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the shell surface, several types of HGS were tested as well. HGS were functionalized 

with 2-mercaptosuccinic acid (MSA), and with mercaptoundecanoic acid (MUA). Both 

compounds were chosen due to the chemical adsorption to particle surface through Au–S 

bonding. Moreover, MSA has structural similarities with citric acid (9), while the larger 

carbon chain of MUA has been shown to provide good stability against aggregation (10). 

Folate-conjugated hollow gold nanoshells were synthesized after the conjugation of HGS 

with a HS-PEG-folic acid after adjusting the method described by Sonvico et al. (11).    

 

Addition of nanoshells and irradiation 

Amounts between 0 and 80 µL of as-prepared and functionalized nanoshells were added 

into the wells containing cells. These were left for 1 h at 37 °C to promote the adsorption 

of the nanoshells into the cells. Once incubated, the wells were emptied, rinsed, and 

replenished with 150 µL of fresh media. The wells were irradiated with a 400 µm laser 

probe. The source was a GaAlAs laser diode set to deliver a continuous irradiation of 0.5 

W at 810 nm. 

 

Viability assessment: AO/PI test 

After the irradiation, the medium was aspirated, and the wells were first washed and then 

filled with 100 µL of pre-warmed culture media. Each well was then filled with 100 µL 

of 1× AO/PI (acridine orange/propidium iodine) solution and incubated in the dark at 

room temperature for 15 min. Each well was then imaged using a fluorescence 

microscope. This test allowed the simultaneous visualization of alive and dead cells. 
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Results 

Laser-induced heating of hollow gold nanoshells 

We first synthesized hollow gold nanoshells (HGS) with maximum extinctions at the NIR 

as we previously described. Figure 1 shows the spectra of four samples labeled as A2, 

B2, C2, and D2, with maximum SPR at 707, 879, 910, and 822 nm, respectively. The 

optical density (OD) of each sample was adjusted at 1.0 units of absorbance at 810 nm, in 

order to match that of the laser source. Of the four HGS sols, we selected the sample D2 

as it had its maximum SPR within the range of the laser source (810 ± 20 nm). 

 

 

Figure 1. Spectra of four samples of hollow gold nanoshells with optical densities 

adjusted to 1.0 u. a. at λ = 810 nm.  

 

We placed aliquots of 0.85 mL of the selected HGS, adjusted at OD810 = 0.5, 0.25, and 

0.05, into a 24-well-plate. We utilized one well per treatment, and once the sample was 

irradiated, we measured its spectra and discarded it.   
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With the HGS aliquots deposited into the wells, the thermocouple was submerged each 

time before the irradiation. The temperature was recorded with the data logger, which 

was programed to acquire data every second. The samples were irradiated with a 400 µm 

Zeiss Ompilas 144 hand applicator, with the laser operating in continuous mode at 14 W. 

We carried out preliminary assays with HGS at OD810 = 0.5 that helped us to determine 

the positioning of the fiber, relative to the liquid suspension-air interface. In all assays we 

kept a constant stirring. We noticed no difference in the temperature profile between 

placing the tip of the fiber at 1, 0.5, and 1/8 inch. However, as the temperature increased, 

the sample started to boil, and the fiber’s sheath started to melt. For safety, and to keep 

consistency in all assays, we positioned the fiber at 0.5 inch away from the liquid. We 

also irradiated samples without stirring, and noticed similar temperature profiles to those 

of the stirred wells as the boiling of water promoted the mixing of the suspensions.  

 

 

Figure 2. Evolution of the temperature of hollow gold nanoshells and water during their 

continuous irradiation, and after the laser was switched off. 
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The temperature profiles of both HGS, adjusted to OD810 = 0.5, 0.25, and 0.05, and water 

are shown in Figure 2. Two regions were defined as the laser was turned on and then off. 

The first region is the result of the continuous irradiance of the samples with the laser set 

to deliver 14 W for 5 minutes. The second region shows the decrease of the temperature 

of the samples after being irradiated. With the laser probe of 400 µm directed to a volume 

of 0.85 mL, the samples were exposed to an irradiance of 3.34 × 106 J/cm2, which 

provided a radiant energy density of 4941.17 J/cm3. For the more concentrated HGS, 

most of the temperature rise occurred within the first two minutes, and then reached a 

steady state at 99.7 and 94.8 °C, in average, for the suspensions of nanoshells adjusted at 

0.5 and 0.25 OD810, respectively. Figure 3 shows the changes in the spectra after 5 

minutes of continuous irradiation. This change is indicative of their reconfiguration into 

thicker shells with particle size of smaller diameter as reported by Prevo et al. (12). 

 

 

Figure 3. Spectra of hollow gold nanoshells after being irradiated for 5 minutes. The 

spectrum of a non-irradiated (NR) sample with OD of 0.5 is included. 
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Irradiation of cancer cells 

The several assays performed are summarized in Table 1. These are organized following 

the labels on the columns of the well-plate utilized. Two major groups are identified as: 

(CA)  Completed assays: addition of HGS to the cells, incubation for 1 hour, exchange 

of media, followed by irradiation, and imaging after assessment of viability. 

(IN)  Incomplete assays: no irradiation or AO/PI viability test, as the cells were either 

detached from the well-plate or not exposed to HGS.  

 

Table 1. The 96 well-plate containing three completed assays. 

Well: 1 2 3 4 5 6 7 8 9 10 11 12 

Cell type: Panc1 Panc1 Panc1 Brain Panc1 Panc1 

HGS type: B - - S U S U - B FA 

Assay #2  #3  #4 

Status: CA IN 4/29 CA IN CA 

Notes: 

 

Cells with or 

w/o HGS 

detached.  

Detached 

again. 

Wrong PBS. 

Pancreas and brain cells 

tested. Water used instead of 

PBS to fill the wells. 

Cells ready, 

but HGS-FA 

not available 

Now with 

HGS-FA 

HGS (µL) 0, 40, 80 - 0, 10, 80 - 0, 10, 80 

Laser (s) 0, 60, 120 - 0, 5, 30 - 0, 5, 30 

 

Summary of the completed assays (CA): 

#1. Preliminary assay. Failed as the cells were found non-viable after being incubated 

with unpurified HGS containing byproducts left from their synthesis. 

#2. With or without added HGS, all the cells detached from the well-plate. Despite of 

this, irradiation proceeded. In the next, eventually incomplete assay (IN4/29), it was 
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found that the PBS buffer utilized to wash the cells contained Ca and Mg ions. 

#3. Brain cells were included in this assay as they reportedly attach better on the wells. 

HGS-MSA and HGS-MUA were tested. The use of HGS-FA was planned in order 

to improve the passive adsorption of the HGS into the cells via folate-receptors. 

#4. HGS-FA tested with PANC1 cells. In general, it was found that well-plates with cells 

in incubated with HGS-FA had less cellular content than those with bare HGS. 

Assay #2  

Performed with purified, but bare HGS (type B) suspended in milli-Q water. These were 

added to the wells in volumes up to 80 µL, with PBS buffer to complete the total volume 

in each well. Before adding HGS, the media in all the wells was exchanged with fresh 

one.  

Table 2. Setup for assay #2. 

 HGS NIR HGS NIR  After incubation with HGS for one hour, the 

cells were rinsed with PBS buffer, and then 

media was added. After this, all of the wells 

had detached cells. As the blank wells had 

the same level of detachment, the HGS were 

discarded as the reason of such effect. After 

irradiation, the cells in wells D1, E2 and F2 

were tested for viability (Figure 4). Definite 

results were not obtained considering the 

issues with the immobilization of the cells. 

 µL sec µL sec  

Well: 1 2  

A 80 0 80 60  

 B 40 0 40 60  

C 10 0 10 60  

D 0 0 0 60  

E 80 30 80 120  

F 40 30 40 120  

G 10 30 10 120  

H 0 30 0 120  
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Figure 4. Blank of cells with no irradiation or HGS exposure (top, D1); cells after 120 

seconds of irradiation with 80 µL (middle, E2) and 40 µL of HGS (bottom, F2). 

D1 

E2 

F2 

D1 

E2 

F2 
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Assay #3 

Similar to assay 2, but with no PBS buffer involved; even after a fresh calcium and 

magnesium free stock was prepared. The row H was a blank for both HGS and 

irradiation, while the row A accounted for both effects on the cells. Intermediate 

conditions were also included to account for mild effects. Table 3 summarizes this 

conditions. Figure 5 compares HGS with mercaptosuccinic (MSA) and mercapto-

undecanoic (MUA) acid surfaces, with the first being similar to type B (bare) nanoshells 

which are stabilized by adsorbed citrate ions, and the second with a capping agent less 

soluble, but more robust.  

 

Table 3. Added µL of HGS and time of irradiation for assay #3. 

Cell → Panc1 Brain  

HGS → type S type U type S type U  

 HGS NIR HGS NIR HGS NIR HGS NIR  

 µL s µL s µL s µL s  

Well → 5 6 7 8  

A 80 30 80 30 80 30 80 30 Both HGS and laser 

B 80 5 80 5 0* 5 80 5  

C 80 0 80 0 0* 0 80 0 HGS cytotoxicity 

D 10 30 10 30 10 30 10 30  

E 10 5 10 5 10 5 10 5  

F 10 0 10 0 10 0 10 0  

G 0 30 0 30 0 30 0 30 Irradiation effect 

H 0 0 0 0 0 0 0 0 Blank for both 
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Figure 5. Comparison of wells A5 and A6, with the same amount of HGS and irradiation. 

A5 was exposed to HGS-MSA, while A6 was to HGS-MUA.  

  

  

Figure 6. Comparison of wells C5 and H5 to determine cytotoxicity after the cells were 

incubated with HGS-MSA or without any HGS. Both wells were non-irradiated.  

 

The cells incubated with HGS modified with MUA and FA turned non-viable after being 

irradiated with a laser at 800 nm. This effect suggested the possible adsorption of HGS on 

the cells’ surface by means of hydrophobic surface binding for HGS-MUA and folate 

receptors for HGS-FA. Moreover, the non-viability after their irradiation suggests the 

photothermal-induced apoptosis of the cells. 

A5 

C5 

A6 

H5 
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Assay #4 

Table 4. Setup for assay #4. 

This involved the use of folic acid-

functionalized HGS, with type B HGS as 

contrast to compare the folate receptor-

mediated intake of HGS. The assay setup 

is similar to that of assays #2 and #3.  

In general, wells with cells in contact with 

HGS-FA had less cellular content than 

those with HGS-B. As seen in Figure 7, 

more cells are dead after NIR irradiation, 

but these are scattered randomly. 

 HGS-B HGS-FA  

 HGS NIR HGS NIR  

 µL sec µL sec  

 11 12  

 80 30 80 30 A 

 80 5 80 5 B 

 80 0 80 0 C 

 10 30 40 30 D 

 10 5 40 5 E 

 10 0 40 0 F 

 0 30 0 30 G 

 0 0 0 0 H 

 

  

Figure 7. Cells in wells A11 (left) and A12 (right) after being exposed to HGS-B and 

HGS-FA, respectively. These were irradiated for 30 seconds. 

A11 A12 
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Figure 8 shows a blank of non-irradiated cells for citotoxicity. Both wells displayed 

viable cells in the same proportion. Figure 9 shows irradiated cells without nanoshells 

added, with a scarce population of cells on it as the cells detached during the customary 

rinsing of the wells.  

 

  

Figure 8. Cells in wells C11 (left) and C12 (right). For what is seen, both types of HGS 

showed a similar cytotoxic effect. No irradiation in any of them. 

 

  

Figure 9. Cells in wells G11 (left) and G12 (right). 

C11 C12 

G11 G12 
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Photo-induced heating of ex vivo tissues 

Prior to the studies with ex vivo soft tissues, we studied the heating of simulated tissues 

made of water and gelatin in a proportion of 4:1 to mimic human muscle as reported by 

Everett (13). The castings were made cylindrical, of 1 inch diameter and 2 inches tall. A 

first test, were the laser beam had to pass longitudinally through one of the castings 

before impacting a suspension of hollow gold nanoshells placed in a 24-well plate, was 

performed and allowed us to determine the NIR transparency of the simulated tissue. 

After five minutes of irradiation at 0.5 W, the temperature of the gelatin block remained 

virtually unchanged while the temperature of the nanoshell suspension increased 4.3 °C. 

A second test, where hollow gold nanoshells were injected into the center of the castings 

failed due to the lack of permeability to retain the particles. Although the use of simulated 

tissues was preferred to improve the consistency of the assays, the use of ex vivo tissues 

provided to be closer to the actual systems for the photo-induced heating of nanoshells.  

 

 

Figure 10. Heating of ex vivo soft tissues of pork and chicken at different wavelengths.  
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Figure 10 compiles the temperature changes at different wavelengths from 750 to 990 nm 

during the heating of separate pieces of pork shoulder and chicken breast acquired from a 

local market. It was found that the rise in the temperature, parallel to the red-shift of each 

wavelength tested, was correlated to the increasing coefficient absorption of water, with 

temperature differences reaching 9 °C due to the excitation of water only by irradiation. 

Figure 11 shows representative thermographs of these assays. The initial and average 

temperatures of the specimens were 16 and 20 °C for chicken and pork, respectively. 

Where the laser spot was positioned, the specimens irradiated at 980 nm reached 29 °C. 

 

 

Figure 11. Thermographs of the heating of ex vivo tissues of pork and chicken exposed to 

a laser beam of 0.95 mm, at 750, 850, and 980 nm, and with an irradiance of 0.7 W/cm2. 
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Once the laser-induced heating of the tissues alone provided reference information at a 

range between 700 and 1000 nm, aliquots of hollow gold nanoshells were inoculated in 

localized areas. Figure 12 shows thermographs of the heating of chicken breasts with 20 

µL of HGS injected. While the heating spots look similar to those shown in Figure 11, 

the temperature scale ranges from 11.5 to 35.5 °C. In comparison with a non-injected 

sample irradiated at 760 nm, the temperature increased more than 20 °C when the laser 

was directed at areas with HGS. The heating at 760 and 960 nm with nanoshells injected 

was the combined effect of the absorption of energy by both water and the embedded 

nanoshells. 

 

Figure 12. Heating of ex vivo chicken breast without and with HGS injected and exposed 

to a laser beam of 0.95 mm, at 760 and 960 nm, and with an irradiance of 0.7 W/cm2. 
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Conclusions 

Hollow gold nanoshells (HGS) with maximum extinctions at 800 nm were produced and 

tested for the photo-induced heating of water, cancer cells, and ex vivo tissues as follows. 

The irradiation of aqueous suspensions of HGS was carried out with a laser source at 800 

nm, reaching temperatures above the required for the thermally-induced apoptosis of cells 

and living tissues. After irradiation, the maximum extinction spectra of the HGS was 

blue-shifted, suggesting their reconfiguration into smaller particles with thicker shells. 

Photothermal therapy studies of immobilized pancreas cancer cells in well-plates were 

carried out with bare HGS and functionalized HGS with mercaptosuccinic acid (MSA), 

mercaptoundecanoic acid (MUA), and folic acid (FA). We found that cells exposed to 

HGS modified or not with such compounds remained viable after incubation. The cells 

incubated with HGS modified with MUA and FA turned non-viable after being irradiated 

with a laser at 800 nm. This effect suggested the possible adsorption of HGS on the cells’ 

surface by means of hydrophobic surface binding for HGS-MUA and folate receptors for 

HGS-FA. Moreover, the non-viability after their irradiation suggests the photothermal-

induced apoptosis of the cells. A definite conclusion on the folate-mediated adsorption of 

HGS-FA on PANC1 cells originally envisioned in this study could not be reached due to 

difficulties with the stability of the cells immobilized on the well-plates. 

The photo-induced heating of ex vivo tissues of chicken and pork was carried out with a 

NIR laser of variable frequency between 750 and 1000 nm. At every time the wavelength 

was red-shifter, the temperature of both tissues slightly increased with a noticeable raise 

when irradiated beyond 900 nm. This profile was correlated that of the absorption of NIR 
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light for water. Moreover, this information served as a reference for the heating of both 

tissues with HGS injected into them. In comparison with non-injected tissues, it was 

found that the temperature at the irradiated areas containing HGS increased more than 10 

°C. Moreover, the temperature and the extent of the heated area was higher when the 

laser was used at wavelengths beyond 900 nm, suggesting that the heating is due to the 

radiation absorbed and transformed into heat by both the HGS and the water in the tissue. 
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– APPENDIX A –  

INTRODUCTION TO THE THEORETICAL CALCULATIONS OF THE 

SCATTERING OF LIGHT BY SPHERICAL NANOPARTICLES 

 

Light scattering is a form of scattering where an electromagnetic (EM) wave is deflected 

or redirected by irregularities in a propagating medium, more specifically, particles. As 

the EM wave interacts with discrete particles, their electrons are perturbed periodically 

with the same frequency. Such perturbation of the electron cloud results in a periodic 

separation of charge within the particle, and is referred as an induced dipole moment. For 

a metal nanoparticle, as previously mentioned, the collective spatial oscillation of the free 

electrons results in localized surface plasmon resonances (SPR). This localized SPR can 

be directly excited by light and resonate at a specific wavelength (1).  

The two theoretical frameworks for the interaction of light with particles are: 

a) Rayleigh scattering, applicable to small, dielectric, non-absorbing, spherical particles.  

b) Mie scattering, encompassing the general scattering solution for absorbing and non-

absorbing spherical particles, without a particular bound of the particle size. 

The Mie theory, or more properly, the Mie solution to the Maxwell equations, describes 

the scattering of EM radiation by a metallic sphere in the form of analytical infinite 

series. In general, the Mie scattering theory has no size limitations and converges to the 

limit of geometric optics for large particles. It can be used for describing most spherical 

systems, including Rayleigh scattering. However, if applicable, Rayleigh scattering is 

preferred due to the complexity of the Mie scattering formulation (2).  
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Mie scattering 

While the classical paper by Mie is used as reference (3), the development of the light 

scattering theory and a review of the recent progress of Mie scattering is presented by 

Wriedt (4). The formulation consists in finding the solutions for the Maxwell equations in 

spherical coordinates for an incident EM plane wave impinging on a metallic sphere with 

a radius r embedded in a medium with a refractive index nm. The solutions are expressed 

in terms of infinite series where the coefficient constants are obtained at the surface of the 

spherical particle (5), or at the surfaces of concentric spheres (6).  

The interaction of light with a metallic sphere is shown in Figure 1. When an incident 

plane wave of light encounters the particle, some of it pass through the particle without 

changes, some of it is deflected, and some of it is absorbed. The fractions of light that are 

transmitted, scattered, or absorbed are called efficiency factors. The extinction efficiency 

(Qext) is the fraction of light that is extinct by the particle, and is the sum of the scattering 

(Qsca) and absorption (Qabs) efficiencies. These energy losses are expressed in terms of 

the cross sections that account the probability of an event to take place: scattering (σsca), 

absorption (σabs), or extinction (σext).  

 

Figure 1. Schematic of the interaction of light with a discrete metallic particle. 

Scattered light

Transmitted light

Absorbed lightIncoming 

light



120 

 

Figure 2 shows the configurations of a solid metal nanoparticle and a concentric metal-

coated dielectric core (nanoshell). The parameters required for the calculation of their 

cross section coefficients at any specific wavelength are the radius of the particle and the 

refractive indices of both the material constituting the particle and that of the medium 

where is embedded. The mathematical formalism of the scattering of light by a metallic 

particle is provided below to guide the reader on what is necessary for the calculations. A 

general description of the scattering and absorption of light by small particles is provided 

by Bohren and Huffman (7), where the calculation of the extinction coefficients are also 

described. The refractive indices for gold, silver, silica, and water shown in Figure 3 to 

Figure 6 are the same we utilized for the calculations included in this work.  

 

 

Figure 2. Schematic of the spherical geometries of a solid metal nanoparticle (A) and of a 

metal-coated dielectric core (B) with specified radii and refractive indices. 

 

For a solid metallic sphere, the cross sections are expressed in terms of the size parameter 

x and the relative refractive index m as:  

 𝑥 = 𝑘𝑟 =
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where λ is the light wavelength in vacuum, np is the refractive index of the sphere, and k 

and mk are the wavenumber in the medium and in the metallic sphere, respectively. The 

cross sections are described by the formulae: 

 𝜎ext =
2𝜋

𝑘2
∑(2𝑙 + 1)Re{𝑎𝑙 + 𝑏𝑙}

∞

𝑙=1

 (3) 

 𝜎sca =
2𝜋

𝑘2
∑(2𝑙 + 1)(|𝑎𝑙|

2 + |𝑏𝑙|
2)

∞

𝑙=1

 (4) 

where the subscript l represents the different vector spherical harmonics used to describe 

the polar contributions to the scattered field, i.e., l = 1 dipolar, l = 2 quadripolar, etc (8). 

al and bl are the Mie coefficients which determine the amplitudes of the vector spherical 

harmonics when excited with a particular wavelength of light and are computed as: 

 𝑎𝑙 =
𝑚𝜓𝑙(𝑚𝑥)𝜓𝑙

′(𝑥) − 𝜓𝑙
′(𝑚𝑥)𝜓𝑙(𝑥)

𝑚𝜓𝑙(𝑚𝑥)𝜉𝑙
′ − 𝜓𝑙

′(𝑚𝑥)𝜉𝑙(𝑥)
 (5) 

 𝑏𝑙 =
𝜓𝑙(𝑚𝑥)𝜓𝑙

′(𝑥) − 𝑚𝜓𝑙
′(𝑚𝑥)𝜓𝑙(𝑥)

𝜓𝑙(𝑚𝑥)𝜉𝑙
′(𝑥) − 𝑚𝜓𝑙

′(𝑚𝑥)𝜉𝑙(𝑥)
 (6) 

where ψl and ξl are the Riccati-Bessel functions defined as: 

 𝜓𝑙(𝑧) = 𝑧𝑗𝑙(𝑧) (7) 

 𝜉𝑙(𝑧) = 𝑧ℎ𝑙(𝑧) (8) 

where jl(z) and hl(z) are the spherical Bessel and Hankel functions, respectively. This 

solution for the extinction of light by a single sphere also applies for to any number of 

spheres when they have similar diameters and are randomly distributed (5). 
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Refractive indices for Au and Ag 

 

 

Figure 3. Real (n) and imaginary (k) parts of the complex refractive index for gold as 

function of the photon energy. From Johnson and Christy (9). 

 

 

Figure 4. Real (n) and imaginary (k) parts of the complex refractive index for silver as 

function of the photon energy. From Johnson and Christy (9). 
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Refractive indices for H2O and SiO2 

 

 

Figure 5. Refractive index for fused silica as function of the photon energy. From 

Malitson (10). 

 

 

Figure 6. Real (n) and imaginary (k) parts of the complex refractive index for water as 

function of the photon energy. From Hale et al. (11). 
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– APPENDIX B –  

THE DUAL CHEMISTRY OF GOLD-DECORATED AMINO- 

FUNCTIONALIZED SILICA NANOPARTICLES 

 

The objectives of this work are the synthesis of gold-decorated silica nanoparticles with 

adjustable decorations, and the characterization of the dual surface chemistry provided by 

the limited reduction of gold onto cluster-seeded amino-functionalized silica surfaces.  

The relevance of this study is the tunability of the dual interface provided by the decoration 

of a dielectric material with a conductor one at a preferable extend, namely, the partial 

decoration of amino-functionalized silica nanoparticles acting as supporting cores with 

gold. While the inert gold surface of these nanostructures is biocompatible, non-cytotoxic, 

and facilitates the conjugation of molecules with thiol groups, the surface provided by the 

amino-functionalized silica nanoparticle, offers secondary sites for the conjugation amine-

reactive molecules. One application of this composite is the attachment of two specific 

ligands with functional groups tailored for each surface chemistry. Moreover, the intrinsic 

roughness of the partial decorations could potentially promote their binding on cells.  

In addition to controlling the extent of the gold decoration by varying the ratio of the plating 

solution to the cluster seeded silica nanoparticles, we observed that we could fine-tune the 

roughness of the gold decorations by using sodium chloride during the seeding of amino-

functionalized nanoparticles. To demonstrate the dual surface chemistry of the synthesized 

nanostructures, we attached two fluorophores with functional moieties specific for the gold 

surface and the amino groups of the silica nanoparticles. 
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Experimental 

For the synthesis of gold-decorated silica we followed the experimental section described 

in Chapter II of this dissertation. The major difference is the addition of sodium chloride 

to the gold cluster suspensions in the seeding of amino-functionalized silica nanoparticles. 

The tagging of the dual chemistry provided by the gold decorating the silica core, and the 

available amino groups left on the undecorated surface was carried out by conjugating one 

specific fluorophore for each surface. 

 

Materials 

Additional materials for the seeding of amino-functionalized silica nanoparticles with one 

week aged gold cluster suspensions: Sodium chloride, purchased from Sigma-Aldrich. 

Additional materials for the dual functionalization of gold-decorated silica nanoparticles: 

Rhodamine isothiocyanate (RITC, Ex/Em = 543/580) was purchased from Sigma-Aldrich 

(St. Louis, MO). Fluorescein isothiocyanate (FITC, Ex/Em = 494/518) was purchased from 

Thermo Fisher Scientific (Rockford, IL). Both chemicals were used as received. 

 

Preparation of cluster-seeded silica nanoparticles 

0.5 mL of amino-functionalized silica particles of 100 nm in size and suspended in ethanol 

were added to a 50 mL of a gold cluster suspension. After shaking for 5 minutes this plain 

seeding mixture was left undisturbed. For the seeding batches tested with sodium chloride, 

this compound (1 M) was added to the designated seeding mixtures to a final concentration 

of 50 mM. After shaking for 5 minutes this salted seeding mixture was left undisturbed. 
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Both the plain and the salted seeded batches were left to react for one week at 4 °C. Both 

cluster-seeded silica nanoparticles were separated from the gold cluster suspensions after 

three cycles of centrifugation and resuspension with water to a final volume of 5 mL. Once 

purified, these were left to age over one week at 4 °C. 

 

Growth of gold on plain and salt seeded silica nanoparticles 

Before their use, the concentration of both cluster-seeded silica nanoparticles was adjusted 

with deionized water 0.1 units of absorbance at 530 nm. The growth of gold by reduction 

was optimized by using increasing volumes of the cluster seeded silica from 100 to 500 

µL, which were added to 1 mL of the gold plating solution containing 0.38 mM of HAuCl4. 

Afterwards, 0.1 mmol of formaldehyde was added under strong shaking. All mixtures were 

allowed to react for three days. The gold-decorated silica nanoparticles were purified by 

centrifugation. Once the supernatant was separated and stored for further analysis, the 

pellet was resuspended in water. 

 

Conjugation with fluorophores 

The gold-decorated silica (GDS) was selectively conjugated with fluorescein (F) and/or 

rhodamine (R). Three assays were tested as follows: GDS-fluorescein (GDS-F), GDS-

Fluorescein/Rhodamine (GDS-F/R), and GDS-Rhodamine (GDS-R). 

Rhodamine was directly immobilized on the amino groups of the undecorated silica via the 

amine-reactive isothiocyanate of the RITC molecule. Fluorecein was first conjugated with 

NH2-PEG2k-HS via the isothiocyanate of the FITC molecule. The conjugate FITC-PEG-
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SH was then added to the gold-decorated silica, were the thiol group was expected to react 

with gold. Once reacted separately, the gold-decorated silica nanoparticles were purified 

by centrifugation and resuspension in water before their use. 

 

Characterization 

Spectra were measured with a Shimadzu UV-1800 spectrometer in a range of 190 to 1100 

nm. The gold-decorated silica nanoparticles were deposited onto 400-mesh carbon-coated 

copper grids. STEM images were obtained with a Hitachi 4800-S FE-SEM operating at 30 

kV. The zeta potential and the equivalent hydrodynamic size by dynamic light scattering 

(DLS) were measured with a Malvern Nano ZS Zetasizer ZEN3600. Fluorescence imaging 

of the composites was performed with a bioluminescence apparatus, by placing an aliquot 

of each into separate wells in a 96-well plate. The emission and absorption were set as 580 

and 543 nm for RITC, and 518 and 495 nm for FITC.  

 

Results 

Gold-decorated silica nanoparticles  

Similar to the synthesis of gold nanoshells described in Chapter II, once the cluster seeded 

silica nanoparticles were purified and aged for one week, gold was grown at different 

volume ratios of seeded silica to plating solution. Figure 1 shows the spectra of all the 

decorations obtained, from partial to nearly fully coated. In general, the use of salt during 

the seeding results into comparatively narrower SPR signals, red-shifted by 15 nm. All 

colloids exhibited a moderate stability. Once produced, they started to precipitate after one 
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week. However, when stirred the precipitate was easily resuspended. This precipitation-

resuspension cycle was performed several times and the gold-decorated silica suspensions 

retained the same SPR when measured. 

 

 

 

Figure 1. Spectra of gold-decorated silica nanoparticles after the growth of gold at 

increasing volume ratios of seeded-silica:plating-solution for amino-functionalized silica 

nanoparticles exposed to gold clusters suspensions without salt (P) or containing 50mM 

of salt (S). The byproducts (bp) for 1:10 and 5:10 are indicated. 
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Figure 2. Spectra of gold-decorated silica, seeded with gold cluster colloids containing 

(B, D) or no (A, C) sodium chloride, with gold grown at low (A, B) or a high (C, D) 

concentrations. The arrows indicate the byproducts from each (a, b, c, d). 

 

 

Figure 3. Zeta potential, size by DLS, and polydispersity of samples A to D. 

 

The plot in Figure 2 is a comparison of the effect that the use (salted) or the lack (plain) of 

sodium chloride during the seeding has on the growth of gold for the lowest and the highest 
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ratios of seeded silica to plating solution. The labels A to D indicate the extent of the gold 

coverage from less to more, i.e., from partial to almost fully decorated on the still amino-

functional silica core. These labels correspond to those of the data for the size by dynamic 

light scattering (DLS) and the zeta potentials shown in Figure 3, those of the composite 

STEM images shown in Figure 4, and those of the fluorescence data shown in Figure 5.  

With a polydispersity of less than 12.8 ± 3 %, indicating the high homogeneity of the sizes 

of the nanoparticles, the average hydrodynamic size measured by DLS was 145 ± 10 nm.  

 

  

  

Figure 4. STEM images of gold-decorated silica nanoparticles. All four SE images, plus 

the TE inserts follow the same scale bar. 
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Characterization of the dual chemistry  

The addition of both fluorophores: FITC by means of a polyethylene glycol (PEG) linker 

and RITC directly immobilized onto the APTES-silica surface is shown in Figure 5. The 

FITC-PEG-SH conjugate was produced by the addition of FITC, dissolved in dimethyl 

sulfoxide (DMSO), to NH2-PEG2k-HS in sodium carbonate. RITC in DMOS was added 

once the gold-decorated silica nanoparticles were conjugated with FITC and purified. 

Four assays were devised. Gold-decorated silica nanoparticles (GDS) with no alterations 

as blank, GDS with fluorescein (GDS-F), GDS-Fluorescein/Rhodamine (GDS-F/R), and 

GDS-Rhodamine (GDS-R). Fluorescent intensities of both plain seeded and salt seeded 

GDS turned into a deeper intensity. The gold-decorated silica nanoparticles with less gold 

grown in the surface had more intense fluorescence due to the rhodamine bonded to the 

amino groups of the free silica surface. The fluorescein adsorbed by gold was not measured 

as the SPR of the gold decorations overlapped the emission signal of the dye. 

 

Figure 5. Fluorescence intensities of partial to fully gold-decorated silica nanoparticles. 

Fluorescein and rhodamine were attached to gold and amino-functionalized silica. 
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– APPENDIX C – 

GROWTH OF GOLD ON TIN-SENSITIZED SILICA NANOPARTICLES 

 

 

In this work, we decorated SnCl2-sensitized silica nanoparticles with gold by reduction. 

Uniformly coated silica-core gold nanoshells were prepared from tin-functionalized silica 

nanoparticles, as an alternative approach to the customary gold cluster-seeding of silica 

nanoparticles. The alternative explored here involved the direct addition of tin chloride in 

solution to hydroxyl-terminated silica nanoparticles. 

We followed method described by Lim et al. (1) with minor alterations in the synthesis of 

silica nanoparticles and their functionalization with tin chloride. In contrast, we utilized 

different volume ratios of tin-seeded silica nanoparticles to gold plating solution for the 

growth of on tin-seeded silica nanoparticles. We obtained from partial to full, reticulated 

decorations, and no smooth decorations were observed.  

In order to decrease the size of the silica-gold composite, as smaller sizes would facilitate 

the use of these type of nanoparticles for biological uses, silica nanoparticles of 100 nm 

were tested afterwards. However, in a first trial the surface of tin-seeded 100 nm silica 

nanoparticles, rather than growing gold shells, acted as a catalyst providing nucleation sites 

for the reduction of gold chloride into gold nanoparticles. Later on, the concentration of 

tin-seeded 100 nm silica was adjusted to provide an area to gold plating solution close with 

that of the 340 nm silica. This adjustment led the partial growth of gold on the tin-seeded 

silica nanoparticles. 
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Experimental 

Materials 

Tetraethyl orthosilicate (TEOS, 99.999 %), tin(II) chloride (SnCl2, 98 %), gold(III) 

chloride trihydrate (HAuCl4∙3H2O, ≥ 99.9 %), hydrochloric acid (HCl, 37 %), potassium 

carbonate (K2CO3, 99.99 %), and formaldehyde (36.5 % in water), were purchased from 

Sigma-Aldrich (St. Louis, MO). Ethanol (200 proof) was purchased from Decon Labs 

(King of Prussia, PA). Ammonium hydroxide (NH4OH, 28-30 % NH3 in water) and sodium 

hydroxide (NaOH, 98 %) were purchased from Acros Organics (Geel, Belgium). All 

chemicals were used as received. All glassware was washed with Alconox, cleaned with 

aqua regia, and rinsed with deionized water. All aqueous solutions were prepared with 

Milli-Q water. 

 

Synthesis of silica nanoparticles 

Silica nanoparticles of 100 nm in size were prepared as follows (2). To 10 mL of ethanol, 

0.6 mL of ammonium hydroxide was added under rapid stirring. After 5 minutes, 0.3 mL 

of TEOS was added dropwise. The mixture was kept overnight under slow stirring. The 

obtained silica suspension was centrifuged until the supernatant was virtually clear before 

discarding it. Three cycles of 2500 rpm for 15 minutes were completed, resuspending the 

silica pellet in ethanol each time. 

Silica nanoparticles of 340 nm were prepared likewise, but with different concentrations 

of reactants (1). 1.4 mL of ammonium hydroxide was added to 6.2 mL of ethanol, followed 

by 2 mL of water, and after 5 minutes, 0.34 mL of TEOS.  
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Functionalization with tin chloride 

To a freshly prepared SnCl2 solution (2.5 mM), HCl (0.1 M) was added to adjust its pH to 

3. An aliquot of silica colloid was added afterwards, aiming for a volume ratio of 10:1 

SnCl2 solution to silica colloid. After five minutes, the pH of this mixture was measured 

and adjusted to 3. The mixture was stirred for five minutes and then left undisturbed 

overnight. The now Sn-functionalized, or tin-seeded, silica colloid was centrifuged, the 

supernatant discarded, and the pellet re-suspended in water. This washing procedure was 

performed three times. The pH of this solution was adjusted to 6 with NaOH (0.1 M).  

 

Decoration of tin-seeded silica with gold  

To a freshly prepared K2CO3 solution (0.025 %), an aliquot of one-day dark-aged gold 

chloride (1 %) was added to make up a 0.375 mM gold plating solution, which was left to 

age overnight. Five volume ratios of Sn-seeded silica colloid to gold plating solution were 

tested as 1:{2, 4, 6, 8, 15}. One volume of Sn-seeded silica was added to two, four, six, 

etc., volumes of gold plating solution under stirring, followed by 1/10 volume of 

formaldehyde (0.67 M) for each case. After stirring for 5 minutes, each mixture was left 

undisturbed and allowed to sit overnight.  

 

Characterization 

Spectra were measured with a Shimadzu UV-1800 spectrometer in a range of 190 to 1100 

nm. Dialyzed samples were deposited onto 400-mesh carbon-coated copper grids. STEM 

images were obtained with a Hitachi 4800-S FE-SEM operating at 30 kV.  
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Results 

Growth of gold on 340 nm tin-seeded silica particles 

 

 

Figure 1. Comparison of the spectra of the GDS obtained here with that reported by Lim 

et al. (1). The volume ratio of tin-seeded silica to gold plating solution is different from 

that of the reference. 

 

 

Figure 2. Spectra of gold-decorated 340 nm silica after being stored for three years. 
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Figure 1 shows the spectra of tin-seeded silica nanoparticles after the growth of gold at 

increasing volume ratios of tin-seeded silica to gold plating solution. STEM images of the 

partial and full decoration of 340 nm tin-seeded silica nanoparticles are shown in Figure 3 

and Figure 4. Figure 2 shows the spectra of the same gold-decorated silica nanoparticles 

after three years of being produced. In comparison, the SPR peaks are more defined, and 

this may be due to Ostwald ripening after storing the composites for such a long time. 

   

Figure 3. STEM of a partially gold coated tin-seeded silica nanoparticles. 

 

   

Figure 4. STEM of a collection of gold-decorated tin-seeded silica nanoparticles. 
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Growth of gold on 100 nm tin-seeded silica particles 

Prior to their Sn-functionalization 100 nm silica nanoparticles were adjusted to match the 

estimated surface area of 340 nm silica nanoparticles. In comparison with the assay shown 

in Figure 5, the SPR of the adjusted surface area provided broader SPR peaks that indicate 

the partial gold decoration of the tin-seeded silica nanoparticles towards full coatings. 

 
Figure 5. Spectra of 100 nm tin-seeded silica particles after the growth of gold. 

 
Figure 6. Spectra of 100 nm tin-seeded silica particles adjusted to match the surface area 

of 340 nm tin-seeded silica particles. 
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