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Abstract 

Staci A. Adams 

Magnetic and Plasmonic Properties of Metal and Metal-Oxide Nanoparticles 

and Their Applications 

            Nanomaterials are designed and synthesized for a wide range of applications 

including clinical diagnostics, therapeutics, the targeting of bioterrorism agents, 

wastewater treatment, energy, environmental remediation and sensing. In order to 

enhance performance in these fields researchers often work with materials that are 

either magnetic, plasmonic or a combination of both. Nanomaterials can be 

customized through synthetic variation in size, shape, aspect ratio, the dielectric 

constant of the surrounding media, surface morphology and whether particles are 

aggregated.  Chapter 1 serves as an introduction to hollow gold nanospheres (HGNs) 

including their unique plasmonic properties and how these properties can be refined 

and harnessed for emerging applications. HGNs have hollow solvent filled dielectric 

cores and polycrystalline gold shells that, due to the two surfaces or interfaces, can 

generate an enhanced electromagnetic (EM) field. They possess a unique combination 

of properties that include small size (20-125 nm), large surface to volume (S/V) 

ratios, spherical shape, narrow and tunable SPR (~520-1000 nm) and 

biocompatibility. Their surfaces can also be easily functionalized to target and deliver 

biomolecules and are resistant to photobleaching. Additionally, their scattering and 

absorption cross-sections can be tailored, making them excellent candidates for a 



xvii 

variety of applications including surface enhanced Raman scattering (SERS), sensing, 

imaging, drug delivery, site specific silencing and photothermal therapies (PTTs). 

Chapter 2 describes the detailed synthetic mechanism for creating highly reproducible 

near infrared (NIR) absorbing HGNs with an emphasis on the cobalt seed particle 

growth step of the synthesis. Several studies describing HGNs and their applications 

are found in chapter 3. The first study investigates the interaction of HGNs with Cu
2+

, 

commonly found in vivo, and the role that these ions play in aggregation, since 

aggregation can strongly influence the optical and photothermal properties of HGNs. 

The second study utilizes HGNs to visualize the Primo Vascular System (PVS) in a 

rat model. The use of hollow gold−silica double-shell (HGSDS) and hollow gold-

silica composite (HGSC) nanostructures as surface enhanced Raman scattering 

(SERS) substrates for the detection of glucose is detailed in the third study found in 

chapter 3. Chapter 4 describes the synthesis of large Fe3O4@SiO2 nanoparticles (~200 

nm) functionalized with gold and poly(vinylpyrrolidone)  synthesized for bio-

separation and SERS sensing applications. These particles have a unique surface 

morphology comprised of roughened gold nodules. The surface coatings prevent 

oxidation and render the particles easy to functionalize in order to target a wide range 

of moieties. The gold coverage is not only uniform across the entire particle surface 

but also ultra-thin so as to maintain a high percentage of the cores magnetic saturation 

(~68%) when compared to bare magnetite. The gold nodules facilitate the generation 

of hot spots that enhance the EM associated with the particle surface and are useful in 

sensing applications like SERS spectroscopy whereas the strong magnetic core allows 



xviii 

for rapid separation (~30 s) of target molecules from solution once they are bound to 

the particles. Finally, in Chapter 5 the effect of polymer and gold functionalization on 

the magnetic properties of Fe3O4 nanoparticles is examined by superconducting 

quantum interference device (SQUID) and electron paramagnetic resonance (EPR) 

along with thoughts on future experimentation that can help to create a more 

complete story with respect to this unique nanocomposite material. 
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Chapter One 

Unique Optical Properties and Applications of Hollow Gold Nanospheres 

(HGNs) 

1.1 Localized surface plasmon resonance (LSPR) and Mie theory 

          Localized surface plasmon resonance (LSPR), one of the unique properties 

associated with noble metal nanoparticles, has been studied extensively.
1-12

 When 

metal nanoparticles are exposed to light on resonance with their absorption 

wavelength, a collective oscillation of electrons in the conduction band takes place.
13-

14
 This creates a charge separation with respect to the lattice.

2,15 
The confined 

conduction band electrons in the small particle volume then begin to move in phase 

with the radiation plane wave excitation, creating a coherent electromagnetic (EM) 

response which strengthens both the near field energy and the optical extinction 

associated with the nanoparticle surface.
16,17

 The optical extinction, or maximum 

intensity of the oscillation frequency, is composed of both scattering (elastic and 

radiative) and absorption (inelastic and non-radiative) efficiencies.
14,17

 The coherent 

oscillatory response of a dipole induced noble metal nanoparticle conduction band 

electrons on resonance with an indent light at a specific frequency is illustrated 

schematically in Figure 1.1. 

 



2 

 

 

Figure 1.1: The coherent oscillatory response of the dipole induced noble metal 

nanoparticle conduction band electrons on resonance with incident frequency of light. 

 

          The bandwidth, or full width half maximum (FWHM) of the absorption peak is 

inversely proportional to the coherence time, or periods that the oscillating electrons 

stay in-phase before damping.
14,18,19

 The effective radiative damping of a dipolar 

plasmon will be proportional to the nanoparticle volume where smaller nanoparticles 

will have intrinsic, or thermoelastic, damping as their dominant decay mechanism.
9,20

 

For nanoparticles with diameters greater than 50 nm radiative damping will 

dominate.
16,21

 

          Faraday was the first to propose that the brilliant colors observed in gold doped 

stain glass and colloidal solutions illuminated by visible light were the result of 
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“finely divided” minute particulates of bulk gold.
22

 Later, Mie developed the 

relationship between light and noble metal nanoparticles, which generates the 

LSPR.23 Using Maxwell’s equations, he modeled the interaction of spherical 

nanoparticles with a diameter much smaller than that of the resonant incident 

radiation and determined the scattering of their EM waves in terms of an infinite 

series of multipolar partial wave contributions.
24,25

 Mie established that under these 

conditions nanoparticles will experience a spatially constant EM field with a time 

dependent phase known as the quasistatic limit and that the dipolar mode with 

polarizability α will dominate the LSPR of a spherical metal nanoparticle.
26,27

 This 

polarizability can be defined by: 

03 ( )
2

m

r m

V
 

 
 





           (1)                                                

where, 0 is the vacuum permittivity, V is the particle volume and m  is the dielectric 

constant of the surrounding medium.
1
 

          According to Mie theory, the extinction cross-section for a given nanoparticle 

can be determined by Eq. (2) and the absorption contribution can be evaluated with 

Eq.(3): 

2

2 3 3/224
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where R is the particle radius, λ is the wavelength of light, f is the fraction of the core 

volume, m  is the dielectric constant of the surrounding medium and r and i  are 

the real and imaginary components of the complex dielectric constant of the 

nanoparticle.
28,29

 The scattering contribution can then be calculated by subtracting the 

absorption coefficient from the total extinction value. Here the real part of the 

dielectric constant determines the position of the wavelength while the bandwidth, or 

time spent dephasing, is determined by the imaginary component.
18,30-33

 In general, 

for smaller nanoparticles, <40 nm, the optical extinction is dominated by absorption 

whereas scattering contributions increase as the diameter of the nanoparticle 

grows.
21,33,34

 

1.2 Metal nanostructures 

          The use of metal nanostructures in many applications including bio-diagnostics, 

bio-delivery and photothermal therapies depends almost entirely upon their ability to 

harvest light and generate strong EM fields. Tuning of the LSPR properties can be 

achieved through synthesis by exploiting differences in nanoparticle size, geometry, 

surface morphology, aggregation, aspect ratio and the dielectric constant of the 

surrounding media.
15,33,35-45

 Since each application relies on a specific set of 

conditions for optimized efficiency, the structural parameters of the nanoparticles 

employed for use must be tailored accordingly. 

          In general, overlap between nanoparticles LSPR and the incident wavelength of 

light should be maximized to ensure the greatest absorption of light and thereby 
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amplification of the EM field. This can be achieved largely through geometric 

design.
2,16,17,46-51

 While many structures exhibit suitable enhancement of their EM 

field in response to incident light, their lack of symmetry results in multiple 

resonances due to non-degenerate electronic transitions.
52,53

 This means for a given 

light wavelength, not all the LSPR transitions will be excited or on resonance. 

          For example, nanorods have two resonant peaks, a transverse band and another 

corresponding to the longitudinal mode of the structure.
35,54,55

 Aggregates, which are 

random assemblies of nanoparticles, can have multiple resonances depending on their 

size and shape, especially when the interaction between particles is strong.
18,53,56,57

 

This is also true for triangles, stars, cubes and cages.
37,42,46,48,58

 

          Nanoshells are another type of metal nanostructure with interesting optical 

properties useful for various applications.
59-63

 These structures, which are typically 

made of spherical silica cores surrounded by a layer of noble metal aggregates, have 

variation in size, shape and surface morphology due to the random nature of 

aggregration.
64,65

 The polydispersity found within a given ensemble of shells will lead 

to a broadening of the extinction line width.
66

 This results in reduced overlap with 

incident light and lower efficiency for processes such as photothermal conversion. 

          Since skin, tissue and blood are most readily penetrated by NIR light, 

nanoparticles employed in biological applications should have strong absorption in 

this region.
5,67,68

 Structures should ideally be spherical with diameters in the range of 

20-100 nm.
69-72

 This promotes both optimal cell penetration and bio-clearance.
70,71,73
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Additionally, nanomaterials must be stable to photodegradation, biocompatible and 

capable of conjugating easily to biomolecules.
53,60,74

 However, most commonly used 

structures lack one or more of these requirements, and their use in many bio-

applications still needs to be optimized. 

          One particularly attractive class of nanoparticles is the hollow gold nanosphere 

(HGN). HGNs are comprised of a hollow, solvent filled dielectric core and a 

polycrystalline gold shell.
66,75-77

 Both the core width and shell thickness can be tuned 

through synthesis to produce a range of overall diameters (20-125 nm) and aspect 

ratios. As a two-interface system HGNs have enhanced LSPR which is the result of 

strong coupling in the near-field between the plasmon modes of the inner cavity 

surface and the outer surface.
8,9,29,38

 This coupling leads to the hybridization of the 

two individual plasmon modes where the plasmons interact electrostatically with one 

another in the same manner as a coupled harmonic osciallator.
8,9 

The strength of this 

coupling is proportional to the aspect ratio of the nanoparticle.
8
 As the shell becomes 

thinner and the aspect ratio increases, the interaction between the cavity and the shell 

plasmons is amplified producing an enhancement of the  EM field associated with the 

HGNs. 

          HGNs are also biocompatible, stable to photodegradation and can be easily 

functionalized for use in bio-targeting and bio-delivery.
53,60,78-80

 These particles also 

possess large surface to volume (S/V) ratios, tunable plasmon resonance, pinholes 

that act as hot spots to further intensify EM surface energy and, as hollow structures, 
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are known to be more sensitive to the refractive index of their surroundings than their 

solid counterparts.
15,66,81-84

 Additionally, their scattering and absorption cross-sections 

can be adjusted through synthesis to maximize efficiency for specific applications, 

and since the first hyperpolarizabilities (β) of hollow nanoparticles are much larger 

than those of solid NPs having the same size, HGNs are excellent candidates for any 

application involving non-linear optics.
85,86

 

          This chapter will focus on the current understanding of the plasmonic 

properties of HGNs and their various emerging applications. The synthetic 

development of HGNs will also be explored with an emphasis on how differences in 

synthetic parameters results in nanoparticles with various sizes, aspect ratios, surface 

morphologies and scattering and absorption efficiencies. Additionally, the expanding 

use of HGNs in a variety of bio-medical applications including photothermal 

therapies, drug delivery, imaging and sensing will be described. 

1.3 Synthesis of hollow gold nanospheres (HGNs) 

     1.3.1 Amorphous template mediated approaches to synthesis 

          Early hollow structures were typically made from amorphous materials like 

ceramics or polymeric substances where the sacrificial core was dissolved out 

chemically.
87-89

 However, dissolvable template mediated approaches typically 

produce structures that are larger than 100 nm, making them undesirable for most 

biological applications where particles should be in the 20-100 nm size regime.
72,74,80

 

Additionally, removal of templates generally involves the introduction of impurities 
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and adds an additional step in the synthetic process which increases both the 

difficulty of nanoparticle preparation and the time involved for synthesis.
90-92

 

           It has been reported that hollow gold nanospheres have been produced in this 

way.
93-95

 In one case HGNs were synthesized by deposition of gold on to a template 

that was then exposed to tetrahydrofuran as a chemical leaching agent.
94

 In another, 

an Si template that was functionalized with 3-aminopropyltrimethoxysilane (APTMS) 

to facilitate gold shell deposition was subjected to hydrofluoric acid (HF) etching in 

order to generate HGNs.
95

 Chah et al reported the synthesis of both 50 and 100 μm 

hollow gold microspheres from dissolvable ceramic hollow sphere templates.
93

 

     1.3.2 Galvanic replacement 

          A less complicated approach for synthesizing hollow structures is galvanic 

replacement. Galvanic replacement is an electrochemical redox reaction where the 

oxidation of one metal, the sacrificial template, is generated by contact in solution 

with another metal having a higher reduction potential.
96-99 

The template being 

oxidized, possessing the lower reduction potential and higher rate of diffusion, loses 

electrons and the metal being reduced gains electrons. Oxidation is initiated on the 

crystal lattice plane of the sacrificial template exhibiting the highest surface 

energy.
84,100-102

 Small pinholes, or Kirkendall voids, are formed as a result of this 

oxidation.
103,104

 It is the diffusion of the template through an increasing number of 

voids that generates the hollow structure.
105
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          In the mid-20
th

 century, Kirkendall established, in an alloying reaction, using 

copper and zinc in brass, that atomic diffusion between an interacting atomic pair 

occurs not through the direct interchange of atoms, but by vacancy exchange 

generated by the oxidation of one metal.
105

 Simple steady state diffusion governed by 

Fick’s first law and the Gibbs-Thomson effect, which states that diffusion is driven by 

differences in the chemical potential and equilibrium concentrations of interacting 

atoms, govern the thermodynamics of the reaction.
97,104,106,107

 

          Recently Goris et al. used high angle annular dark field scanning transmission 

electron microscopy (HAADF-STEM) tomography to investigate pinhole formation 

during a galvanic replacement reaction between Ag nanocubes and chloroauric acid 

(HAuCl4).
102

 As gold salt was added to the Ag nanocubes, circular holes appeared on 

the highest energy [111] plane. Previously Wu et al used TEM to demonstrate the 

formation of pinholes on the surface of Ag nanocubes involved in a galvanic 

replacement reaction with HAuCl4 and two of these images can be seen in Figure 

1.2.
84

 However, Gori’s work was the first experimental evidence that pinholes are 

initiated on only one facet of the crystal lattice and that the reduced metal in a 

galvanic replacement reaction is deposited first around these pinholes.
102
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Figure 1.2: TEM images of HGN synthesized after reacting the Ag NPs with (B) 

0.75 ml and (D) 1.45 ml of aqueous HAuCl4 solution. The arrow in B indicates the 

formation of holes on the surface and the hollow nanostructure in the interior. The 

arrows in D indicate the pinholes and the porous surface.
84

 

     1.3.3 Tuning the LSPR of HGNs 

          The first HGN produced through galvanic replacement were synthesized by Xia 

et al.
108

  In this work the authors utilized the fact that the reduction potential of the 

AuCl4
-
/Au pair is greater than that of the Ag

+
/Ag and that silver suspended in solution 

can be readily oxidized by HAuCl4 to produce a hollow gold nanostructure. The 

resultant HGNs had a 50 nm diameter, a 6.6 nm shell, an SPR of 634 nm and a full 

width half maximum (FWHM) of 227 nm.
108

 

          In 2005 Liang et al also used galvanic replacement to produce HGNs but 

instead of using silver as a sacrificial template used cobalt (Co
2+/

Co
0 

-0.377 V vs. 

SHE) and gold (AuCl4/Au
0
 -0.935 V vs. SHE) as the redox pair.

75
 In this case the 
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facet energies of the hexagonal close packed (HCP) structure of the cobalt template 

are known to increase 0001<10-10<10-11<11-20<10-12<11-21 with respective 

energies of 131, 140, 149, 155, 163 (meV/A
2
).

109
 This means that the oxidation and 

generation of Kirkendall voids were initiated on the [11-21] plane of the cobalt 

lattice. 

          By varying the stoichiometric ratio of HAuCl4 to cobalt, Liang et al was able to 

red shift the LSPR of the HGNs from ~520 nm, where solid gold absorbs, to ~628 

nm.
75

 The key to controlling the nucleation and growth of the cobalt template was 

through the use of excess reducing agent (sodium borohydride), which had been 

previously reported by Lisiecki et al.
110

 The red shift in absorption was attributed to 

differences in shell thickness which were controlled by the addition of varying 

stoichiometric ratios of gold to cobalt with smaller additions of gold resulting in 

thinner shells with enhanced absorption at longer wavelengths.
75

 

     1.3.4 Tuning LSPR to the NIR 

          Expanding on the work on Liang et al, Schwartzberg et al used the same redox 

pair (cobalt and gold) to tune the LSPR of HGNs across the entire visible spectrum 

and out to the NIR.
66

 It was recognized that control of the cobalt sacrificial template 

diameter was the key to producing larger HGNs with red shifted absorptions. This 

could be achieved by varying the stoichiometric ratio of the CoCl2 precursor and 

capping agent as described by Kobayashi et al who reported that as the concentration 

of the capping agent was reduced, the size of the cobalt nanoparticle diameter 
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increased.
111

 Since the concentration of capping agent not only stabilizes the cobalt 

nanoparticle seed-mediated growth but also affects the number of nucleations sites 

generated post-reduction, lower concentrations of capping agent lead to a smaller 

number of larger seed nuclei being formed.
112

 This resulted in cobalt nanoparticles, 

and therefore HGNs, with larger diameters.
66

 

          The kinetics related to the addition of the borohydride reducing agent was also 

investigated.
66

 In order to obtain monodispersed particles, it is necessary to increase 

the nucleation rate so that after the initial nucleation burst no more seeds are 

formed.
113

 When the reduction kinetics were slowed, seeds that formed initially had 

more time to grow, while those seeds formed later had less time to grow.
66

 This 

resulted in an undesirable polydisperse population. In contrast, increasing the rate at 

which the reducing agent was added to the reaction precursors resulted in an even 

reduction of the Co salt and an equal growth period for all the seeds.
66

 This enhanced 

the homogeneity of the size distribution of the ensemble. 

          The HGN synthetic reaction proceeds according to the following proposed 

mechanism:
75,114

 

2CoCl2+4NaBH4+9H2OCo2B+4NaCl+12.5H2+3B(OH)2          (1) 

4Co2B+3O28Co+2B2O3                                                               (2) 

3Co
0
+2AuCl4-3Co2++2Au

0
+8Cl

-
                                                 (3) 
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In the first step, a Co2B species is formed following the reduction of the CoCl2 salt by 

NaBH4. In the absence of oxygen only this species is formed.
114

 However, in the 

presence of oxygen, the boron atom is oxidized to B2O3 as the cobalt atom is reduced 

to elemental Co (step 2).
114

 In the process of reduction, the NaBH4 overcomes an 

energy barrier through supersaturation and creates a nucleation burst of cobalt 

seeds.
115

 Then through diffusional capture of atoms in solution, seeds coalesce in to 

primary clusters that then aggregate to form larger spherical particles.
115

 

          In general, particle growth kinetics are governed by differences in chemical 

equilibrium at the solid-liquid interface, the total free energy of the nanoparticle (sum 

of surface free energy and bulk free energy) and by the concentration of reagents 

available to the growing particle.
113,116,117

 In the case of HGNs, there needs to be 

some oxygen to facilitate the reduction of cobalt salt and growth of cobalt 

nanoparticles, but if too much oxygen is present the cobalt will oxidize to form cobalt 

oxide.
114

 Once the cobalt template has reached a fixed diameter, galvanic replacement 

(step 3) is initiated. In this step elemental cobalt is oxidized back to a salt and the 

HAuCl4 species is reduced to a polycrystalline shell.
66,75

 

          The LSPR of the HGNs can be tuned by changing the aspect ratio or the ratio 

between the core and shell diameter. As the aspect ratio increases, the HGNs will 

absorb longer wavelengths of light.
66,83,118,119

 For a fixed core diameter, decreasing 

the volume of the gold that is delivered produces a thinner shell and red-shifted 

absorption whereas a constant shell thickness and a decreasing core diameter produce 
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blue-shifted SPR.
66,83,120,121

 Figure 1.3 shows the UV-Vis absorption spectra of nine 

HGN samples with varying diameters and shell thicknesses. As the ratio of the core 

diameter to the shell thickness increases the extinction peak red shifts.
6 

 

Figure 1.3: UV-Vis absorption spectra of nine HGN samples with varying diameters 

and shell thicknesses.
66

 

     1.3.5 Tuning the LSPR with temperature 

          Another means of tuning the size and LSPR of HGNs is through temperature. 

Pu and Song et al found that by altering the temperature during the cobalt reduction 

step, control could be gained over the final template diameter which alters the optical 

extinction of the resulting HGN. It has been reported previously that HGNs 

synthesized by an alternative synthetic method have absorption wavelengths that blue 
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shift as the reaction temperature is increased.
122

 Pu and Song et al also observed this 

trend.
123

 

           In their work, Pu and Song et al found that as the reaction temperature was 

raised in ten degree increments from 10 degrees C to 80 degrees C, the overall 

diameter of the HGN decreased from 150 nm to 30 nm and the SPR was blue shifted 

from 855 nm to 565 nm. (Pu and Song ref) Figure 4 is a photograph of HGNs 

synthesized at various temperatures. Lower temperatures produce larger HGNs that 

scatter more light and appear blue or green, while higher temperatures produce HGns 

that appear purple or red. It was determined that temperature was directly 

proportional to the size of the cobalt sacrificial template produced, with higher 

temperatures producing smaller Co core. This is believed to be the result of the 

thermodynamic influence on nucleation which is controlled in part through the 

increase in surface free energy associated with the increase in reaction 

temperature.
124,125

  

      1.3.6 Optimizing reproducibility of NIR absorbing HGNs 

          The ability to tune the SPR of HGNs was significant allowed for their use in a 

variety of applications like photothermal ablation therapy (PTA), surface enhanced 

Raman scattering (SERS) and imaging that require nanoparticles with specific colors, 

sizes and absorption wavelengths. However, the ability to generate NIR absorbing 

HGNs for biological applications including photothermal therapies still needed to be 

improved. 
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     1.3.7 NIR reproducibility using poly(vinylpyrrolidone) (PVP) 

          The first to address enhancing HGN reproducibility in the NIR was Preciado-

Flores et al who employed the integration of poly(vinylpyrrolidone) (PVP) during the 

reduction step to generate large cobalt core diameters with thin Au shells.
76

 This 

strong interaction was determined to be the key in slowing down Au nucleation which 

resulted in thinner shell diameters, increased aspect ratio and redder wavelengths or 

absorption.
76

 

          However, the addition of PVP produced variation in both the core diameter and 

shell thickness. Additionally, shells had spikey, star-shaped morphologies believed to 

result from a lack of porosity caused by the presence of PVP which prevent efficient 

diffusion.
76

 It was also observed that the addition of PVP lead to organized backbone 

like structures in which the gold shell formed preferentially along the traverse axis of 

the particle chain due to the dense solvating shell of the polymer.
76

 

          These structures showed broadening of the total extinction indicative of a 

polydispersed ensemble.
56

 While these morphologies and extended spatial 

arrangements may benefit an application like SERS, where aggregation and particle 

alignment generate hot spots which enhance scattering, a more monodispersed 

population is desired for applications like photothermal therapies tht require enhanced 

resonance with incident laser light for greater efficiency of heat generation and 

transfer.
126

  

     1.3.8 Non-polymer NIR reproducibility 
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           Another effort focused on improving the synthetic reproducibility of NIR 

absorbing HGNs will be detailed in chapter 2.
 77

 Chapter 2 will describe the emphasis 

placed on not only gaining control of the cobalt NP growth in order to maximize the 

size of the template but also on separating the nucleation and growth phases of the 

growing Co NPs. This was achieved by optimizing reagent concentrations and 

evaluating the kinetics of the cobalt nanoparticle growth.
77 Figure

 1.4 shows electron 

microscopy images of HGNs synthesized with and without polymers. It can be seen 

that HGNs synthesized with PVP produce spikey, uneven surface morphologies and 

align themselves in chain like formations while HGNs prepared without the addition 

of polymers are more uniform in size and exhibit smooth surface morphologies.
77
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Figure 1.4: HGNs synthesized with PVP produce: (a) spikey star shaped surface 

morphologies
77 

and (b) backbone like chain structures.
77

 HGNs synthesized in the 

absence of polymers are: (c) more homogeneous with respect to size and surface 

morphology and (d) have smoother and more uniform shells. [(c) and (d) unpublished 

Adams/Zhang 2015] 

1.4 Surface enhanced Raman scattering (SERS) and electromagnetic (EM) field 

enhancement 

     1.4.1 Plasmon coupling in aggregates for SERS 

          Since its discovery in the late seventies SERS, which relies on a roughened 

noble metal substrate to enhance the sensitivity of Raman detection, has become a 

powerful tool in the early identification and diagnosis of disease.
129-139

 The highly 

localized EM field of the metal, due to LSPR, is known to enhance the Raman signal 

by 5-10 orders of magnitude.
140-143

 Aggregation of metal nanoparticles can also be 

employed to produce significant SERS enhancement through the generation of hot 

spots which result from EM coupling between particles in near field proximity to one 

another.
56,64,144-146

  

          The most common substrate used in SERS applications is Ag.
147-151

 However, 

Ag is considered unstable, degrades in vivo and is typically synthesized with 

cetrimonium bromide (CTAB) which is considered cytotoxic.
152-154

 Additionally, it 

has been demonstrated that the peak intensity ratios of the Raman signal change 
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significantly when silver aggregates are used leading to inconsistent results and poor 

reproducibility.
143,155-157

  

          It has been reported that HGNs show improved SERS activity when compared 

to Ag aggregates.
157-159

 When Schwartzberg et al compared HGNs to silver 

aggregates, the Rayleigh scattering intensity of HGNs showed nearly a 10-fold 

improvement over Ag.
158

 Figure 1.5 shows the SERS intensity spectra for both HGNs 

and Ag aggregates bound to the Raman reporter molecule 4-mercaptobenzoic acid 

(MBA). There is significant signal enhancement for the HGNs. Furthermore, all the 

peak intensity ratios for the HGNs fall within 0.9-1.1.
158

 This represents a statistical 

distribution of 5%. In contrast, the Ag NPs exhibit a 45% statistical distribution (0.5-

1.7) with respect to consistency. This inconsistency is due to the randomness of 

aggregation which, depending on size and shape, will produce variation in the EM 

field associated with the ensemble.
64-65,158, 160-161
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Figure 1.5: Single particle SERS spectrum comparing HGNs (red top trace) and Ag 

aggregates (blue bottom trace). The inset is a histogram o the relative intensity of the 

two most prominent peaks of the Raman reporter molecule 4-mercaptobenzoic acid 

(MBA) at 1070 and 1590 cm-1 of 150 HGNs (red bars) and 150 silver aggregates 

(blue bars).
158

   

          Lee et al also found that antibody conjugated HGNs targeting the HER2 breast 

cancer marker over-expressed in MCF7 cells had much better homogeneous 

scattering properties with more consistent intensity ratios than bioconjugated Ag 

aggregates targeting the same cells.
157

 For HGNs the intensity ratios ranged from 0.8 

to 1.4 compared to 0.9 to 3.1 for Ag. Both Schwartzberg and Lee attribute the 

enhancement of the Raman signal and consistency of intensity ratios to the uniform 

structure and narrow plasmon dispersity of HGNs.
157-158

  

     1.4.2 Plasmon coupling in aggregates for SERS 

           In order to optimize HGN use in SERS based applications it is critical to 

understand the effect of their structure, size and aggregation on EM field 

enhancement. In general, aggregation intensifies the second harmonic generation of 

HGNs in contact with one another, effectively combining their collective energy to 

generate new photons with twice the frequency and half the wavelength.
161-164

 HGN 

aggregates are also known to exhibit both hybridized plasmon modes, which are the 

result of surface plasmon interactions with cavity plasmon modes, and collective 

charge transfer resonances.
165-167

 However, even when not in direct contact with one 
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another there is an intensification of the dipole charge at the interparticle gap of 

nanoparticle aggregates in near field proximity.
8,168-170

 For example, Xu et al 

observed that the junction between two nanoparticles 1 nm apart exhibited an EM 

field enhancement of 10
10

 compared to an individual particle.
171

 The charge transfer 

between two HGNs in a dimer interacting with an EM field polarized parallel to the 

interparticle axis is shown in Figure 1.6. It can be seen that the two surfaces in contact 

with each other are polarized with opposite signs which contributes to the 

enhancement of charge-transfer between particles.
172

  

 

Figure 1.6: Schematic representation of stable charge-transfer plasmon configuration 

between a contact dimer. The incident EM field is polarized parallel to interparticle 

axis of the two HGNs. The combined interfacial shell thickness is given by D.
172 

 

          Chandra et al used thiol mediated aggregation to study the experimental impact 

of aspect ratio (3.5-11.7) on the plasmonic response of HGNs.
172

 Aggregation 

intitiated with ethanedithiol produced contact dimers with substantially blue-shifted 
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SPR, while those treated with cysteine produced large extended structures of spatially 

separated dimers having interparticle gaps ≥1 nm and red shifted SPR. While the 

authors found no direct correlation between aspect ratio and plasmonic response, they 

observed a trend correlating shell thickness and SPR shift. 

          As shell thickness decreased for contact dimers generated by ethanedithiol, the 

change in absorption shifted to shorter wavelengths.
172

 This blue shift is believed to 

be the result of delocalized electrons confined within the cluster and the interactions 

of antibonding or higher energy HGN modes.
173

 However, for contact dimers with 

shells ≥7 nm, no significant spectral shift was reported.
172

 In comparison all cysteine 

induced aggregates with interparticle gaps ≥1 nm showed red shifted absorption 

regardless of shell thickness. The red shifted SPR is attributed to the generation of 

symmetric coupling of the bonding modes between the surface SPR and the inner 

cavity plasmon modes which lowers the energy of the symmetric modes of the 

dimer.
170,174

  

          Xie et al reported that HGNs with thicker shells, which have enhanced 

scattering cross-sections, generated greater SERS intensity whether they were on 

resonance or aggregated.
44

 This is because thicker shelled HGNs are known to bear 

the majority of their EM field concentration at the conical region of the particles 

interface while thinner shelled HGNs have significant energy centered at their cavity 

walls.
172

  

     1.4.3 First hyperpolarizabilities (β) 
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          Raman scattering results from the induced dipole oscillations in a material as it 

interacts with an applied EM field. The greater the propensity of a molecule to 

generate a dipole, the more intense the plasmonic oscillations will be and the larger 

the signal enhancement.
137

 For this reason, evaluating the first hyperpolarizability (β) 

of a nanostructure is useful since β, which is a measure of how easily a dipole is 

induced in a molecule in the presence of an electric field, is correlated with Raman 

signal intensity.
175 

 

          When HGNs of different sizes were compared to solid Au using two-photon 

Rayleigh scattering (TPRS) to measure their 1
st
 hyperpolarizabilities it was found that 

the β values of the HGNs greatly exceeded those of the solid NPs.
176-177

 HGNs with 

overall diameters of ~30 and ~78 nm and shell ~8 and ~11 nm had β values of 5.4 

X10
5
 (x10

-30
 esu), 6.3X10

5
(x10

-30
 esu)while 20 nm solid Au NPs showed a β value of 

2.4X10
5
(x10

-30
 esu).

177
 This is not surprising since β is known to scale linearly with 

surface area.
175

 For comparison, the first hyperpolarizability of an HGN with ~80 nm 

diameter is 3 times that of a solid Au nanoparticle of the same size and ~1.5 times 

that of a solid Au nanoparticle with a 30 nm diameter.
86,178

  

1.5 Imaging 

          Non-invasive biological imaging has been used for decades to accurately 

visualize structures in vivo and to diagnose and help treat disease.
67,96.179-184

 Common 

techniques include near infrared fluorescence (NIRF), positron emission tomography 

(PET), optical acoustic tomography (OAT), photo acoustic tomography (PAT) and 
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magnetic resonance imaging (MRI).
183,185-188

 Typically QDs, fluorescent dyes and 

iodinated agents are used as contrast agents and some methods call for the use of 

radioactive isotopes.
188-194

 Unfortunately, each of these agents has its own drawbacks 

when used in biological applications. 

          QDs and dyes have issues related to biological incompatibility and lack of 

stability to photodegradation.
187,195-196

 Additionally, QDs have been shown to remain 

in major organs for months after injection producing immunogenic reactions in 

vivo.
197-200

 Iodinated agents are also less than ideal because of their biological toxicity 

and short circulation time in vivo.
201-203

 For example, Kim et al. reported that when 

Ultravist, an iodine based contrast agent, was used in a rat model the circulation time 

was less than 10 minutes compared to that of 30 nm spherical Au nanoparticles which 

circulated in vivo for over 4 hours.
201

  

          Gold nanostructures are often used to overcome the limitations found with 

standard contrast agents.
204-207

 In addition to their biocompatibility, Au nanoparticles 

have longer in vivo circulation times during the imaging process and  in some cases 

are faster. Additionally, since the atomic number of Au is higher than that of iodine, 

Au nanostructures have higher absorption efficiencies which means that in vivo 

contrast will be enhanced. 
201,209,211

  

          HGNs are a natural extension of Au nanoparticles used in imaging. As noble 

metal structures, they have enhanced EM field strength because of their plasmon 

resonance, and surfaces can be easily functionalized to target bio-molecules. They are 
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also resistant to photobleaching and have molar extinction coefficients (ε) that are 

larger than those of dyes and QDS.
177,212-213

  For instance, Lu et al. recently reported 

that a 40 nm HGN with a 2-3 nm shell and an SPR of 800 nm has a molar absorption 

coefficient of 1.4X10
11

 M
-1

 cm
-1

.
212

 In comparison, fluorophores have ε in the range 

of 5.0X10
3
 to 2.0X10

5
 M

-1
 cm

-1
 and QDs have molar absorption coefficients ~1X10

5
 

M
-1

 cm
-1

 making both far less effective as contrasting agents. 
214-216

  

          Photoacoustic imaging is a hybridized technique combining non-ionizing 

radiation and ultrasonic detection.
161,217-219

 The photoacoustic signal is considered 

inherently weak due to the low intrinsic absorption of oxyhemoglobin and 

deoxyhemoglobin in the NIR.
212,220-222

 However, high spatial resolution and enhanced 

sensitivity were found to accompany the use of HAuNS in the PAT experiment 

reported by Lu et al.
212 

In this work, the authors conjugated thiolated PEG to the 

surface of NIR absorbing HAuNS and used them to image living mouse brain 

vascular.
212

 One half of the mice subjects were injected with PEG-HAuNs and the 

other half with saline. The researchers were able to visualize brain blood vessels as 

small as ~100 μm for up to 2 hours post injection in the mice that had been treated 

with PEG-HAuNS at concentrations as low as ~20 pM.
212 

Furthermore when the 

researchers compared the photoacoustic brightness of HGNs to other common 

imaging agents, it can be seen in figure 1.7 that the use of HGNs produced significant 

optical enhancement. 
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Figure 1.7: Quantitative analysis of photoacoustic image brightness through cross 

section of blood (O.D. 1.6), CuSO4 (O.D. 2.0), India ink (O.D. 0.8) and PEG-HAuNS 

(O.D. 0.7).
212

   

          Hollow gold nanospheres have also been used instead of dyes to image the 

Primo Vascular system in a rat model. This work will be discussed in detail  in 

chapter 3. 

1.6 Conclusion  

          Over the last decade, significant advancements have been made in 

understanding how the plasmonic response of HGNs can be tuned through synthesis 

to produce particles that are useful for a wide variety of applications including bio-

diagnostics, bio-delivery and photothermal therapies. The study of plasmon coupling, 

collective charge transfer and the EM enhancement associated with aggregation, 

pinhole generation, surface morphology, size and aspect ratio have demonstrated that 
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HGNs exhibit a number of interesting plasmonic properties. However, many 

outstanding issues remain to be addressed including gaining a better understanding of 

the intricate interaction between HGNs and cells as well as bio-accumulation and bio-

clearance in vivo. While there has been some progress made in determining the ideal 

size and aspect ratio for optimal photothermal energy conversion, further research is 

clearly needed for a more complete understanding and full optimization. 
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Chapter Two 

Key Factors Affecting the Reproducibility of Synthesis and Growth Mechanism 

of Near Infrared Absorbing Hollow Gold Nanospheres 

2.1 Introduction  

          Noble metal nanoparticles are of great interest for the therapeutic treatment of 

cancer via photothermal ablation (PTA) therapy due to their small size and strong 

optical absorption.
223-233

 In PTA metal nanoparticles attached to cancerous cells are 

resonantly illuminated by light causing rapid particle heating, modifying the local 

cellular temperature significantly, and inducing cell death.
234-241

 Both cellular uptake 

and photothermal conversion are dependent on nanoparticle size and shape, with 

spherical nanostructures demonstrating the best performance to date.
242-245

 To 

generate highly efficient PTA candidate structures, it is important to take into account 

surface plasmon resonance (SPR) wavelength, which is largely determined by particle 

shape and, to a lesser degree, size.
246

  Particle size and shape also determine 

biological interaction, and therefore place a limitation on the type of structures that 

can be used.
242-245,247-250

  

          Solid spherical gold nanoparticles are of the correct form factor for optimal 

PTA use, however, the maximum SPR absorption lies between 520 - 540 nm 

depending on size (10 nm – 40 nm).
223,251

 This minimal variation in wavelength limits 
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their application in PTA where it is desirable to work in the region of 690-900 nm due 

to the high optical transmission of blood and tissue in this region.
225-226,246,252

  

          Although aggregated plasmonic particles present a significant red shift in SPR 

from their spherical constituents, making them spectrally ideal in ensemble for PTA, 

individually they lack spectral homogeneity and are generally too large to be 

effective.
253-255

 Nanorods are another interesting system with broad NIR absorbance, 

however, they are highly polarization sensitive, reducing absorption efficiency.
242,256

  

          Hollow gold nanospheres (HGNs) have emerged as an excellent candidate for 

cancer imaging and therapy.
251,256-265

 Their native surface chemistry is simple and can 

be easily functionalized for subsequent bioconjugation to target receptors in cancer 

cells. Formed through a galvanic replacement reaction between sacrificial cobalt 

templates and gold ions, HGNs are highly uniform structures that can be tuned from 

the visible to the NIR.
223,233,266

 Their shape ensures ease of cell penetration, due to 

spherical symmetry and uniform cellular interaction regardless of orientation. HGNs 

also have a single homogeneously broadened SPR which can be tuned to resonance 

with the excitation source, and will provide strong absorbance for every particle in the 

system. In addition, the thin shell diameter facilitates rapid electron-phonon coupling, 

allowing for more efficient conversion of absorbed photons to heat than solid gold 

particles.
267-268

  

          As discussed in chapter one our laboratory previously reported the synthesis of 

HGNs which could be tuned from the visible to the NIR.
66

 However, the synthesis of 
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NIR absorbing particles was unstable and produced particles of low homogeneity. 

Subsequently, we reported a more reproducible method for the synthesis of NIR 

absorbing HGNs based upon the use of Co nanoparticles prepared in the presence of 

poly(vinylpyrrolidone) (PVP).
269

 PVP was used to successfully passivate the unstable 

cobalt particles during the hydrolysis step of the synthesis, allowing for the 

generation of larger NIR absorbing particles. However, the presence of PVP 

introduced additional problems. First, HGNs prepared with PVP exhibit larger 

variations in core diameter and shell thickness. Second, they tend to form organized 

structures, including back-bone like chains in which the gold shell forms 

preferentially along the traverse axis of the particle chain. Both of these problems 

were associated with a significant and undesirable broadening of the SPR absorption 

spectrum. Additionally, it has been shown in preliminary studies that the use of PVP 

results in HGNs with decreased binding affinity for PEGylated linkers used to 

conjugate antibodies, which in turn reduces the number of HGNs that can effectively 

target specific receptors. 

          In this chapter we present a modified HGN synthesis that produces more stable 

and homogeneous particles with higher reproducibility NIR absorbance than those 

previously reported.
228,266,270

 Importantly, the high reproducibility is achieved without 

using a polymer.  We have found that it is possible to separate cobalt seed formation 

from stabilization by initiating the reaction with lower concentrations of sodium 

citrate. This ensures that fewer and larger seed particles will be formed when the 

cobalt salt is reduced by borohydride. The reduction of sodium borohydride 
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concentration in the synthesis, and the addition of citric acid, significantly shorten the 

hydrolysis reaction time and reduce the potential for particle oxidation, which 

compromises the integrity of the cobalt sacrificial templates used to form HGNs. This 

synthetic advance has led to the discovery of a greatly extended growth time for the 

cobalt template particles. The results help to shed new light on the mechanism of Co 

seed as well as HGN growth. 

2.2 Experimental  

     2.2.1 Materials 

          Cobalt chloride hexahydrate (99.99%), trisodium citrate dehydrate (>99%), 

sodium borohydride (99%), citric acid (99%) and chloroauric acid trihydrate (ACS 

reagent grade), were obtained from Fisher Scientific. All water used in the syntheses 

was 18 MΩ milli-Q filtered. 

     2.2.2 Cobalt Nanoparticle Synthesis and Gold Shell Growth 

          All glassware was cleaned with aqua regia and rinsed with high purity water 

prior to use to eliminate adsorbents. The cobalt particle synthesis was performed on a 

Schlenck line. 100 μl of aqueous 0.4 M cobalt chloride (CoCl2) and 100 μl of 0.1 M 

aqueous sodium citrate were added to 100 ml of water in a double neck round bottom 

flask. The clear solution was pumped down for 5 minutes then exposed to N2 to 

deoxygenate the solution. After ~2 minutes under N2 gas, 400 μl of freshly prepared 

0.25 M sodium borohydride (NaBH4) was added to the solution. The round bottom 
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flask was then swirled by hand until the color changed from clear to brown to gray, 

indicating the reduction of Co
2+

 ions in solution to Co
0 

nanoparticles. 175 µl of 0.1 M 

aqueous citric acid was then injected and the solution swirled for a few seconds to 

increase the rate of sodium borohydride hydrolysis and to prevent aggregation. After 

10 minutes of growth, 30 ml of cobalt template solution was quickly added to 10 ml 

of water containing 20 μl of 0.1 M aqueous chloroauric acid (HAuCl4) solution and 

swirled rapidly. After an immediate, slight color change from gray to blue-gray, the 

particles are exposed to air and swirled until the color change is complete to purple, 

blue, or green, depending on particle parameters. The gold shell forms within seconds 

onto the cobalt particle. If there is stoichiometrically less gold than cobalt a cobalt 

seed particle will remain within the gold shell. Upon exposure to oxygen, this cobalt 

core oxidizes and dissolves, revealing the true color of the HGN solution.  

     2.2.3 Characterization of HGNs 

          High-resolution transmission electron microscopy (HRTEM) was performed 

using a FEI Titan 80-300 with accelerating voltage set to 300 kV. EM characterization 

was performed on FEI F20 UT Tecnai HRTEM/STEM operated at 200 kV 

accelerating voltage located at National Center for electron Microscopy (NCEM) at 

Lawrence Berkeley National Laboratory. Low resolution electron microscopy was 

performed on an FEI Quanta 3-D dual bean microscope with accelerating voltages of 

5.00 kV and 30.00 kV at the Keck Center in the Electrical Engineering Department of 

the University of California Santa Cruz. 
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2.3 Results 

     2.3.1 Effect of growth parameters on HGN SPR properties 

          Figure 2.1a shows electronic absorption spectra of HGNs formed using the 

slow and fast addition of the cobalt nanoparticle solution to the gold salt solution. The 

slow addition was performed using a cannula and resulted in a nearly dropwise 

addition. In the fast method, the cobalt solution was poured into a secondary 

container where it could be rapidly added to the gold solution with manual stirring. 

The spectrum associated with the slow addition is centered ~640 nm and has a 

FWHM (full width at half maximum) of 675 meV. The spectrum of the HGNs 

prepared by the fast addition exhibits an SPR at ~ 790 nm with a FWHM of 443 meV. 

Slow addition resulted in both a broadening of the SPR and a spectral blue shift. This 

reflects the non-uniform mixing of the cobalt and gold solutions where some cobalt 

particles were in regions of higher gold concentration and form thicker shells, while 

other cobalt particles were in regions of low gold concentration and form thinner 

shells. Because the reaction of the cobalt particles with gold salt was extremely rapid 

the two solutions must mix at a similarly high rate in order to produce HGNs with 

homogeneous shell diameters.  

Figure 2.1b shows the result of modifying the ratio of cobalt chloride to sodium 

citrate. Previously, we had shown that sodium citrate and sodium borohydride could 

be used as a primary means of controlling the size of the cobalt nanoparticles. To 

produce HGNs with strong SPR in the NIR, larger diameters (>40 nm) are 

required.
266

 Modifying the cobalt chloride:sodium citrate molar ratio between 1:1 and 
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1:4, we were able to generate particles with SPR at 650 nm (FWHM – 306 meV, 1:1), 

725 nm (FWHM – 520 meV, 1:2), and 800 nm (FWHM – 557 meV, 1:4). 

 

Figure 2.1: Absorption spectra of HGNs prepared (a) by adding and mixing the 

Co nanoparticles to the HAuCl4 solution by slow (black curve) and fast addition 

(blue curve), and (b) with varying ratios of CoCl2:NaCitrate (1:1 - red, 1:2 – 

black and 1:4 - blue). 
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Figure 2.2: (a) Absorption spectra of HGNs prepared with (blue) and without 

PVP (black), and (b) TEM image of HGN prepared with PVP. 

     2.3.2 Effect of PVP on Co nanoparticles used as templates for gold shell growth 

          To examine the effect of PVP on the HGN synthesis, cobalt nanoparticles were 

prepared by borohydride reduction with and without PVP. Representative absorption 

spectra are shown in Figure 2.2a. Both samples show strong SPR in the NIR, 

however, those prepared with PVP are significantly red-shifted (peak at 

approximately 910 nm vs 795 nm). When PVP was used, there is significant 

broadening of the SPR FWHM.  

          Figure 2.2b shows a representative TEM image of an HGN prepared with PVP. 

The gold shell is non-uniform, reflecting a star-shaped patchwork-like formation of 

the gold layer. This irregular surface morphology and lack of core diameter and shell 
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thickness homogeneity is responsible for the observed broadening of the SPR 

spectrum. It is not clear why such particles show such a strong red shift as compared 

to the more homogeneous ones, however, the convoluted gold structure and 

nanoporous nature may be responsible, i.e. reminiscent of strong aggregates of gold 

nanoparticles that tend to have NIR SPR.
271

  

 

Figure 2.3: Absorption spectra of HGN solutions formed after various wait 

times after borohydride addition: 45 min (green), 20 min (red), 10 min (black) 

and 5 min (blue). Spectra are baseline shifted for clarity. 
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Figure 2.4: (a) histogram showing central HGN absorption wavelength (λmax) 

for fifty syntheses; (b) (c) and (d) HRTEM images of HGNs at various 

magnifications. 

     2.3.3 Effect of hydrolysis and growth time on SPR 

          We next investigate the optimal growth time of Co nanoparticles using fast 

addition. In earlier studies, there was a 45 minute delay between cobalt particle 

formation, and the addition of gold to allow for complete hydrolysis of the sodium 

borohydride. Having determined that we could significantly reduce this waiting 
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period by decreasing the concentration of sodium borohydride and adding citric acid 

to increase the hydrolysis rate, we carried out a time-course study to determine the 

optimal incubation period. 

          Figure 2.3 shows the absorption spectra of four syntheses with different 

reaction times following the addition of borohydride to the cobalt-citrate solution, but 

before the addition of gold to the cobalt nanoparticles. HGNs prepared after reaction 

times of 5, 10, 20 and 45 minutes generated SPR absorption maxima (and spectral 

widths) at 730 nm (FWHM – 143 meV), 800 nm (FWHM 266 – meV), 760 nm 

(FWHM – 186 meV), and 760 nm (FWHM – 338 meV) respectively.  

          To determine synthetic reproducibility, the HGN synthesis was carried out fifty 

times by the fast addition method using Co nanoparticles that reacted for 10 minutes 

at a cobalt chloride:sodium citrate molar ratio of 1:4. Figure 4a shows a histogram of 

these results as counts versus the maximum SPR absorption (λmax). A high percentage 

of the HGNs generated by this optimized synthesis are clustered around 800 nm, 

which is the desired wavelength.  

          Figure 2.4 b-d show representative HRTEM images at different magnifications 

of HGNs prepared under optimized conditions. These HGNs exhibit a uniform 

appearance with respect to both their core diameter (64.1 nm ± 6.4 nm) and shell 

thickness (6.4 nm ± 0.58).  

2.4 Discussion 
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          The primary goal of this investigation was to make highly reproducible HGN’s 

that absorb consistently in the NIR without the addition of polymers like PVP that can 

hinder applications like PTA. We reasoned that although PVP was effective in 

stabilizing Co nanoparticles during growth, that it might lack the porosity necessary 

for efficient diffusion of the gold and cobalt ions underlying the galvanic replacement 

process. This interference with oxidation and reduction prevents the formation of 

homogeneous spheres with uniform core diameters and shell thickness. It has been 

shown in this work (Figure 2.2b) that the integration of PVP during synthesis results 

in irregular, spikey, HGNs. Furthermore, HGNs prepared with PVP demonstrate a 

broadening of the absorption SPR. Both the star shaped morphology, which produces 

multiple resonances, and the broadened FWHM, which indicates a wide distribution 

of sizes within the population and/or aggregation, result in a smaller percentage of the 

ensemble being on resonance with the excitation wavelength used in PTA therapy and 

will diminish conversion to heat. We therefore, undertook a careful and systematic 

examination of the conditions involving the preparation of cobalt nanoparticles in the 

absence of PVP to see if we could achieve reproducible, homogeneous HGNs with 

SPR in the NIR having a more uniform core and shell. 

          One of the key findings demonstrated in our study is that it is possible to 

significantly shorten the reaction time between the borohydride reduction step and the 

galvanic replacement. This is essential because even after deoxygenation, the cobalt 

nanoparticles will oxidize from water contact over time, resulting in poorly formed 

HGNs. It is known that some oxygen is necessary for good cobalt particle formation, 
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but that the presence of too much oxygen causes the particles to degrade or form 

cobalt oxide.
266

  

          A critical step in the formation of HGNs is the elimination of any remaining 

sodium borohydride prior to the addition of the gold salt. Initial work.
266

 used a 

higher concentration of borohydride for reduction and therefore required 45 minutes, 

or longer, for this step. Since extended exposure to water results in oxidation of 

cobalt, the synthesis was difficult to control and particle stability was compromised 

leading to a lack of homogeneity, which is reflected as a broadening of the 

absorbance FWHM. To increase the rate of hydrolysis, a decreased borohydride 

concentration was used and citric acid was added post reduction to both increase the 

borohydride hydrolysis rate and prevent aggregation. It was found that the cobalt 

reaction step could be reduced to as short as 5 minutes, but that cobalt growth was not 

complete until 10 minutes. HGNs formed after 10 minutes of reaction have narrow 

line widths, which have previously
272

 been shown to be consistent with a 

homogeneous ensemble, can be produced.  

          The process of nucleation and growth, while two distinct and separate events in 

the formation of Co nanoparticles, are interconnected. Sodium citrate is believed to 

control the growth of the nascent cobalt nanotemplate by acting as a capping agent, 

and stabilizer. It is also correlated with the optimization of the nucleation sites 

available for particle growth once the reducing agent, sodium borohydride, is 

added.
273

 For this reason, the ratio of cobalt chloride to sodium citrate must be 

carefully controlled. High citrate concentrations will generate a larger number of 
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cobalt seeds, resulting in smaller cobalt particles, while low citrate concentrations 

will generate unstable particles which tend toward aggregation. We have found that it 

is possible to separate the process of cobalt seed formation from particle stability by 

decreasing the concentration of sodium citrate added prior to borohydride reduction 

and by adding an aliquot of citric acid afterwards. This reduction in sodium citrate 

concentration leads to the synthesis of more uniform, large cobalt nanoparticles that 

generate HGNs with SPR in the NIR and that have larger core diameters and thinner 

gold shells.
231

 
 

          Another factor influencing the uniformity of shell thickness was the manner in 

which the cobalt and gold solutions were mixed together. Previous work
 
employed 

the use of a cannula which transferred the cobalt nanoparticles to the gold ions at a 

sluggish rate resulting in inconsistent mixing.
269

 Since only a portion of the cobalt 

was in contact with the gold ions initially, they were exposed to a higher 

concentration of gold. This produced HGNs with thicker gold shells. The cobalt 

nanoparticles that came out of the cannula later were exposed to lower gold 

concentrations and had thinner shells. This variation in shell thickness was observed 

as an unwanted broadening of the FWHM, indicative of polydispersity within the 

sample. By implementing a fast addition, which relied on transferring the cobalt to a 

secondary container, and then quickly combining the two solutions and mixing 

manually, we could ensure that all the Co nanoparticles were in immediate contact 

with the HAuCl4 solution. The resulting particles maintained SPR with narrow line 

width indicating homogeneity of both core and shell diameters. 
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          We have shown here that the cobalt reaction time has a strong effect on the 

resulting HGN optical properties (Figure 2.3). The initial red shift in HGN 

absorbance between 5 and 10 minutes of reaction time is likely due to further cobalt 

particle growth during this period. This is an interesting result in itself as previous 

reports of this cobalt synthesis
273

 have considered the reaction complete within one 

minute, however, it is clear from this result that particle growth is not complete for 

over 5 minutes after the addition of the reductant. This may explain some of the 

difficultly in preparing reproducible HGNs. Cobalt nanoparticles that reacted for 

more than ten minutes show a blue shift in absorption.  We believe this may be due to 

the oxidation and etching of the cobalt surface but further studies will need to be 

employed to provide evidence to support this hypothesis.  

          The fabrication of HGNs from Co nanoparticles is a highly complex process 

that is only beginning to be understood. Figure 2.5 illustrates the proposed reactions 

leading to the formation of HGNs. In the first step, Co2B is the primary product that 

results from the addition of NaBH4 to the cobalt chloride/sodium citrate solution 

(Equation 1). NaBH4 is a strong reducing agent that surmounts an energy barrier 

through supersaturation to create a nucleation burst of the cobalt seed particles. These 

seeds are then able to grow into nano-sized clusters by diffusional capture of atoms in 

solution. Primary clusters are formed following aggregation of these nano-sized 

clusters, leading to large spherical particles. This process critically depends upon 

dissolved oxygen. In the absence of oxygen only Co2B is produced upon reduction, 

while in the presence of oxygen, the boron atom is oxidized to B2O3, with the 
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simultaneous reduction of the cobalt atom to elemental Co solid (Equation 2).
274

 The 

level of oxygenation is critical, and if too high, the cobalt atom may be oxidized, 

rather than reduced, to cobalt oxide (a clear and colorless solution).  

2 CoCl2 + 2NaBH4 + 9 H2O   Co2B + 4 NaCl + 12.5 H2 + 3 B(OH)2      (1) 

4 Co2B + 3O2  8 Co + 2 B2O3                                                             (2) 

 3Co
0
 + 2Au

3+
  3Co

2+
 + 2Au

0
                                                             (3) 

          When the diameter of the Co nanoparticle is fixed, a third step involving 

galvanic replacement is carried out (Equation 3). Here, cobalt is oxidized back to 

Co
2+

 and the Au
3+

 ions are reduced to elemental gold, depositing on to the cobalt 

template as hollow spheres. While this mechanism is not well understood, it is 

believed that during galvanic replacement, each of the materials displays a sufficient 

porosity allowing for diffusion of the cobalt ions outward and away from the transient 

cobalt template and diffusion of the gold ions inward and onto the transient cobalt 

template. Scheme 1 illustrates the synthetic process by which HGNs are formed. 
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Figure 2.5: Schematic illustration of the HGN synthesis and growth mechanism. 

Upon the addition of sodium borohydride to the cobalt salt/sodium citrate solution, 

Co
2+

 is reduced to Co
1+

 by BH4, and produces Co2B. Upon reaction with small 

amounts of oxygen, Co2B is converted to Co
0
. It is this species that coalesces to form 

cobalt seed clusters stabilized by citrate ions. At high citrate concentrations, and 

higher molarities of borohydride, a large number of seeds are formed, which then go 

on to generate small particles. At the same cobalt concentrations, a relatively lower 

concentration of citrate will produce fewer, larger seeds. At very low concentrations 

of citrate, which are desirable for large, NIR absorbing HGNs, the cobalt particles are 

unstable. To counter this, we have found that the addition of citric acid will aid 

directly after seed nucleation can stabilize the particles without generating additional 

seed clusters. In addition, citric acid decreases the pH of the growth solution, 

increasing the rate of hydrolysis of the sodium borohydride. This means that all seeds 

will experience growth uniformly. The reduction of the growth time from 45 m to 10 

m results in large cobalt nanoparticles which are free of oxidative damage. Finally, 

whereas slow addition of the gold solution and cobalt solution during the galvanic 

replacement step produce variation in the gold shell thickness, increasing the rate at 

which galvanic replacement takes place produces uniform gold shells. 

 

2.5 Conclusion  
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          We have demonstrated an improved and optimized synthesis for highly 

reproducible NIR absorbing HGNs with narrow line width that can be produced 

without the use of polymers. We have found that the reaction time of the cobalt 

particles has a significant effect on the resulting HGN properties, and that by reducing 

the amount of borohydride used, this time can be reduced to as little as 5 minutes, 

allowing for significantly more consistent results. Additionally, by decreasing the 

concentration of sodium citrate, and introducing a secondary addition of citric acid 

after cobalt seed formation, we have been able to generate large cobalt particles, 

while maintaining good stability.  
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Chapter Three 

Additional Studies and Applications of Hollow Gold 

Nanospheres (HGNs) 

3.1 Study of the Interaction of Citrate-Capped Hollow Gold Nanospheres 

with Cu
2+

 

     3.1.1 Introduction 

Since metal ions are common components of biological solutions, it is 

important to determine the factors affecting the interaction between various metal 

ions and gold nanostructures that can lead to differences in stability and aggregation. 

While aggregation resulting from the formation of coordination complexes between 

metal ions and ligands on the surface of gold nanostructures may be undesirable for 

certain applications like photo thermal therapies, metal ion induced aggregation may 

be useful in other applications. For example, the LSPR shift resulting from metal ion 

induced aggregation has been exploited for use in the colorimetric detection of metal 

ions.
275-277

 However, the possible effect of metal ions on the properties and stability 

of HGNs have not yet been explored or well understood. 

Citrate is a common ligand used in both the synthesis of gold nanostructures 

and as a capping agent to prevent aggregation.
66,278-279

 However, in the presence of 

metal ions, gold nanostructures capped with citrate
40

 or other chelating ligands such 

as amino acids
275-277 

tend to aggregate due to the coordination complexes formed 
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between the capping agent and metal ions. In fact, this metal ion induced nanoparticle 

aggregation has been explored to develop inexpensive metal ion detection methods 

using citrate and amino acid capped gold nanoparticles.
275-277,280

 In this study, citrate 

was employed as a stabilizing agent because of its enhanced negative charge when 

compared to amino acids, for example, cysteine at a neutral pH.
281-282

  

In this study, we have conducted a systematic study of interaction between the 

HGNs and Cu
2+

.  The strength of the interaction between the HGNs and Cu
2+

 was 

determined by the slope of the calibration curve that relates the extent of aggregation 

of HGNs with the concentrations of the Cu
2+

 in solution.  The extent of aggregation 

of HGNs was determined using the ratio of absorbance at the λmax of the non-

aggregated HGNs solution to the absorbance at the λmax of the aggregated HGNs 

solution.  We found that the extent of metal ion-induced aggregation depends on the 

nature and the concentration of the metal ion, as well as the concentration and the 

level of dispersion of the HGNs.  The results of this study provide information that 

may be used in the design of HGNs that are stable in electrolyte solutions and the 

development of HGNs based colorimetric methods of metal ion analysis.    

     3.1.2 Experimental 

The interaction of citrate-capped HGNs with Cu
2+

 was studied using UV/Vis 

absorption spectroscopy. a typical experiment, 900 µL of the HGNs solution was 

placed in a cuvette.  A spectrum was then collected across the visible region from 350 

nm – 800 nm.  The HGNs were then titrated with small increments of a 10 mM metal 
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ion solution.  A new spectrum was taken every 5 minutes after each addition of the 

metal ion solution until the SPR stabilized and no longer shifted. Usually, 5 - 20 min 

was needed to allow the reaction to reach equilibrium. The ratio of absorbance at the 

λmax of the non-aggregated HGNs solution to the absorbance at 750 nm or 700 nm 

(λmax of the aggregated HGNs solution) after each addition of metal ion was 

determined and graphed against the concentration of the metal ion.  The absorbance 

ratio was used instead of absorbance at one wavelength in order to eliminate the 

effect of the HGNs concentration on the slope of the calibration curve.  The slopes of 

the calibration curves were used to compare the strength of the interaction between 

the HGNs and Cu
2+

. 

     3.1.3 Results and Discussion 

          3.1.3.1 Interaction of Citrate-capped HGNs with Common Metal Ions 

The citrate-capped HGNs used in the study were characterized by scanning 

electron microscope (SEM).  Representative SEM images of HGNs before and after 

exposure to Cu
2+

 metal can be seen in Figure 3.1. Before exposure to Cu
2+

 salt the 

HGNs are relatively monodispersed with very little aggregation. The average particle 

size, including shell, is 17.6±2 nm. Once the particles have interacted with Cu
2+

 salt 

all the particles are aggregated in to one large, irregularly shaped body. These 

aggregates are up to several microns in diameter. 
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Figure 3.1: SEM image of HGN’s before and after exposure to Cu
2+

 metal ions. 

Image (a) shows HGNs suspended in water. The nanoparticles are monodispersed 

with an average diameter, including both core and shell, of 17.6±2.0 nm. Image b 

shows the aggregation of HGNs following titration with Cu
2+

 ions.   

          Typical changes in the absorption spectrum of the citrate-capped HGNs with 

increasing concentration of Cu
2+

 are shown in Figure 3.2 using Cu
2+

 as examples. As 

the metal ion concentration increases, the absorption maximum is shifted to a longer 

wavelength, which is consistent with the aggregation of the HGNs. It can be seen that 

when the HGNs are suspended in solution, without the addition of any metal ions, the 

absorption peak is centered at ~550 nm. This peak is symmetric in shape and has a 

narrow full width half maximum (FWHM), which is indicative of a homogeneously 

sized and monodispersed nanoparticle population in solution. Once the metal ions are 

added the spectrum both red shifts and broadens. In addition to a shoulder near the 

original absorption of ~550 nm, there is a new absorption peak at ~650 nm. This 
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indicates polydispersity of size among the HGNs in solution. Additionally, the 

absorption FWHM extends several hundred nanometers indicative of aggregation.    

 

Figure 3.2:  Plasmon resonance spectra of citrate-capped HGNs at the presence of 

various concentrations of Cu
2+

. 

          3.1.3.2 Effects of the properties of the HGNs on the calibration curve 

It was observed that the calibration curves were dependent on the 

concentration and the level of dispersion of the HGNs before the addition of metal 

ions.  The concentration of HGNs did not affect the slope of the calibration curve, but 

did affect the linear range of the calibration curve. The calibration curves are based 

on absorbance ratio instead of absorbance at a particular wavelength, which 

eliminates the dependence of the slope of the calibration curve on the concentration 

of the HGNs.  However, the detection limit and the linear concentration range of the 
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calibration curve did vary with the concentration of the HGNs used. It was found that 

the higher the concentration of the HGNs is, the higher both the lower and the upper 

limits of the linear concentration range are. The limits of the linear range increase 

because a higher concentration of HGNs requires a higher concentration of metal ions 

to reach the same level of aggregation. 

The slope of the calibration curve was independent of the concentration of the 

HGNs and was correlated to the level of HGN dispersion before the introduction of 

metal ions. The absorbance ratio of the HGNs in the absence of metal ions is a good 

indicator of the level of dispersion of the HGNs, with a higher absorbance ratio 

indicating greater dispersity.  

          3.1.3.3 Effects of the nature of the metal ions 

The calibration curves were determined for the binding of HGNs with Cu
2+

. It 

was observed that the slope of the calibration curve was dependent on the nature of 

the metal ions when HGNs of the similar size, level of dispersion and concentration 

were used.  The slope of the calibration curve indicates the sensitivity of HGNs 

aggregation to the change in metal ion concentration, which in turn indicates the 

binding strength between the HGNs and the metal ions.    

A calibration curve for Cu
2+

 is shown in Figure 3.3.  The slope of the linear 

portion of the graph for Cu
2+

 is -0.0623 µM
-1

.  
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Figure 3.3:  Calibration curves for the binding of citrate-capped HGNSs with Cu
2+ 

     3.1.4 Conclusion 

The results of this study indicate that the interaction between citrate-capped 

HGNs and Cu
2+

 depends on the nature and the concentration of the metal ions, as well 

as the concentration and the level of dispersion of HGNs before the addition of metal 

ions.  In general, the strength of interaction between the HGNs and Cu
2+

, represented 

by the slope of the calibration curve, correlates to the stability constant (logK1) of the 

metal–citrate complex. It was found that the larger the log K1 is, the stronger the 

interaction is, and the larger the slope of the calibration curve is.  This type of 

correlation could be used to predict and compare the relative strength of interaction 

between citrate-capped HGNs and different metal ions and to determine the stability 

of the HGNs in a solution with a particular metal ion composition.  In addition, lower 

HGNs concentration and higher level of dispersion of HGNs increase the sensitivity 

of the HGNs to metal ion induced aggregation. The results have important 
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implications in the use of HGNs or similar metal nanostructures for biomedical 

applications such as sensing, imaging, drug delivery, and cancer therapy.  In addition, 

the results provide some new insights for the development of colorimetric analysis of 

metal ions using HGNs. 

3.2. A Novel Technique for Visualizing Intra-Lymphatic Primo Vascular System 

Using Hollow Gold Nanospheres 

          3.2.1 Introduction 

The primo vascular system (PVS) network is present in mammals in solid 

organs, structures of the central nervous system, skin, and inside blood and lymphatic 

vessels (LVs).
283-289

 The potentially regenerative role of the PVS was initially 

described by Bonghan Kim
290-291

 and recent reports suggest that the PVS plays a role 

in non-marrow hematopoiesis and as a storage site for adult stem cells.
292-293

 The PVS 

network is small in diameter (20-50 m) and translucent, making it difficult to 

visualize even with the aid of a microscope.
 288,294-295

   However, one advantage to the 

translucence is that the LVs have been visualized with contrasting agents including 

fluorescent nanoparticles
296-298

 and various dyes including Janus Green B, and Alcian 

Blue.
288,299-302

 The use of contrasting agents with microscopy has allowed for the 

observation of IL-PVS in different species including rabbits, rats and mice.
283,288-

289,296-297,300 
However, the use of Alcian blue, the contrasting agent which has shown 

the best performance in literature,  is tedious, time consuming, toxic and 

unreliable.
288,301-302

  



54 

The main objective of this study is, therefore, to develop a new method for 

identifying the IL-PVS in a user-friendly way and with an acceptable reproducibility. 

A technique was designed after carefully studying the unique micro-anatomical 

structures of the PV and its sub-PVs inside an LV.
283,303

 One of the main 

characteristics of the PV is that it has pores on its external wall.
303-306

 Findings from a 

rabbit PV study using phase contrast X-ray microscopy described PV pores as  ~0.5 

mm apart along the PV wall and oval in shape.
303

 On average, the internal diameter of 

the pore was reported to be smaller (~1 m) than the external diameter (2-5 m).
303

  

We have designed a method to optically visualize the IL-PVS using a novel 

contrasting agent, hollow gold nanospheres (HGNs). HGNs are an excellent e choice 

because their observed color can be easily tuned through synthesis.   They are also 

non-toxic, biocompatible, chemically inert and in the correct size regime. 

Additionally, HGNs were found to disperse easily in bio-fluids and be non-reactive 

with biomolecules within the lymphatic fluid making them useful in the successful 

visualization of the IL-PVS. 

 

     3.2.2 Materials and Methods 

          HGN’s synthesized for this study were prepared as described in chapter 2 with 

modifications. The HGNs were turquoise and green in order to show maximum 

optical contrast to tissue and blood in vivo. The turquoise HGNs had a surface 

plasmon resonance (SPR) of 675 nm and diameters ranging from 50-70 nm, while the 
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green HGNs had an SPR of 800 nm and a diameter of 100-125 nm. The optical 

density of the HGNs varied from 0.35-5.0. HGNs were characterized by transmission 

electron microscopy (TEM). Figure 3.4 shows a representative HRTEM image of 

HGNs. The particles are spherical and monodispersed with a uniform gold shell 

surrounding a hollow interior. 

 

 

Figure 3.4: Representative HRTEM image of HGNs. 

Prior to use for IL-PVS visualization, HGNs were concentrated 30 times by 

centrifugation for 30 min at 400 g for the particles with a diameter range of 100-125 

nm, and at 1,125 g for the particles 50-70 nm.  After centrifugation the supernatant 

was carefully removed leaving an HGN pellet. The pellet was resuspended in PBS to 
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constitute a 400 L HGN suspension and it was drawn into a 1 mL syringe ready for 

infusion.  

     3.2.3 Visualization and Harvesting of the IL-PVS Using HGNs 

          Rats were divided into three study groups to determine the effect of HGN size 

on IL-PVS visualization and also to determine whether gender was important.  In 

Group 1 (n=11), LLNs of male rats were injected with HGNs in a size range from 

100-125 nm.  In Group 2 (n=4), LLNs of male rats were injected with HGNs in a size 

range from 50-70 nm.  In Group 3 (n=4), LLNs of female rats were injected with 

HGNs in a size range from 50-70 nm. The prepared HGN suspension (400 L) was 

injected slowly at a time span of approximately 15 seconds into the LLNs using a 30-

gage needle.  Within minutes following the infusion of the HGN suspension, 

abdominal fatty tissue surrounding LVs was carefully dissected to better visualize the 

lumen of vessels.  Figure 3.5 is an image of multiple LVs with IL-PVS (black arrows) 

and PNs (white arrows) in a rat model, contrasted by HGNs.  
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Figure 3.5: (A) Image of multiple LVs with IL-PVS (black arrows) and PNs (white 

arrows) in rat, contrasted by HGNs. (B) High magnification image (40x) of IL-PV 

(black arrow) with PN (white arrow) contrasted by HGNs. 

 

     3.2.4 Results and Discussion: 
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Table 1 summarizes our experimental study results. With the HGN method, 

the IL-PVS was confirmed in 18 out of 19 rats studied. HGNs for both size ranges 

tested, i.e., 50-70 nm and 100-125 nm, provided good optical contrast for the IL-

PVS. The method produced the same results in both genders. The average time 

between the HGN injection and the IL-PVS to be visible was less than 10 min. The 

only failure was experienced with one of the earlier cases, which appeared to be 

caused by a faulty HGN injection. Following the HGN injection, LVs did not darken 

as expected, indicating that HGNs were not flowing out from the LLN into the LVs.

Table 1: Summary of results of IL-PVS visualization in rats using HGNs. 

     3.2.5 Conclusion: 

Although many reports on the PVS have demonstrated that the system has an 

important role in normal physiological function, difficulties in identifying and 

harvesting its components has significantly delayed the advancement of PVS 

research.  Our approach to developing an IL-PVS visualization technique, based on 

the microstructure of the PV, which uses properly sized HGNs with ideal optical 
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contrast properties, provided a rapid and reliable method. Administration of HGNs to 

LLNs in a size range of 50-125 nm provided a turquoise to green color optical 

contrast that allowed us to identify the IL-PVS within 10 min at a 95% success rate in 

a rat model.   

3.3 Synthesis, Characterization and Surface Enhanced Raman Scattering 

(SERS) of Hollow Gold-Silica Double Shell Nanostructures 

     3.3.1 Introduction 

          Surface-enhanced Raman scattering (SERS) is a powerful spectroscopic 

technique that can provide non-destructive and ultrasensitive characterization of 

analytes down to the single-molecule level while simultaneously examining their 

chemical structure.
307-309 

Several studies have shown enhancement factors ranging 

from 10
5
 to as high as 10

15
, leading to Raman scattering cross-sections that are 

comparable to or even larger than those of fluorescent organic dyes.
310-312

 Because of 

their SPR, noble metal nanoclusters (e.g., gold or silver nanoparticles) are prime 

materials for observing enhanced Raman signals for molecules adsorbed to them.
313-

316
 Utilizing the benefits from the extremely high enhancement effect arising from the 

proximity of nanostructured metal surfaces, SERS has been exploited in many studies 

to detect trace amounts of biologically relevant molecules including bacteria and 

viruses.
317-320

  

A technique reported with high-quality SERS spectra is shell-isolated 

nanoparticle-enhanced Raman spectroscopy, in which the Raman signal amplification 
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is provided by gold nanoparticles (AuNPs) in conjunction with an ultrathin silica or 

alumina shell.
312,321-325

 Nanomaterials with silica shells grown around gold 

nanoparticles with adsorbed dye molecules have been shown to be effective SERS 

probes.
312,323

 Silanization of various metal and semiconductor nanoparticle systems 

has shown great success in protecting their surface characteristics and facilitating 

bioconjugation
326-327

  in several key manners, including enhancement of the colloidal 

stability of nanoparticles, providing tunable solubility in various solvents, and 

tailoring their size and shape-dependent optical properties.
323,328

 The numerous 

applications that are relevant to silica coating within the materials and biomaterials 

disciplines has been already reported, however in almost all cases the coatings are 

limited to a particular type of nanoparticle or surface capping agent.
329-333

 Some 

methods exist whereby highly controlled silica coating shells are deposited onto 

AuNPs by priming initially the gold surface with (3-aminopropyl)-trimethoxysilane 

(APTMS) or thiol-modified poly(ethylene glycol) (mPEG-SH) and in turn growing 

the shell in ethanol using a modified Stöber method, obtaining different sizes and 

shapes.
323,334

  

 In this work, we have carried out a systematic study of the structural and 

optical properties of two unique gold and silica nanostructures, hollow gold-silica 

double shell (HGSDS) and hollow gold-silica composite (HGSC), and demonstrated 

their applications in detection of R6G and glucose.   While gold serve to enhance the 

Raman signal, the silica surface affords strong interaction with β-glucose and R6G, 

which is highly desired for SERS.  Since SERS detection of glucose is generally 
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challenging, the successful detection of -glucose by SERS within a clinically 

relevant concentration range shows the promise of the HDSGS and HGSC as 

potential SERS substrates for detecting molecules that strongly interact with silica or 

gold.  

     3.3.2 Experimental 

          3.3.2.1 Hollow Gold Nanospheres (HGNs) synthesis 

 Hollow gold nanospheres (HGNs) were synthesized following protocols 

referred to in chapter 1 section 1.3.4 with some modifications. All glassware that was 

used was cleaned thoroughly with Alconox, aqua regia, and ultrapure water.  In a 500 

mL two-necked round-bottom flask, 100 mL of ultrapure (18 MΩ) water was 

combined with 100 μL of 0.4 M cobalt chloride hexahydrate (CoCl2·6H2O, Sigma) 

and 400 μL of 0.1 M sodium citrate trihydrate (Na3C6H5O7·3H2O, Fisher).  The 

solution was deaerated by bubbling with argon gas for 40 minutes without magnetic 

stirring to avoid cobalt nanotube formation. To that solution, 100 μL of 1.0 M sodium 

borohydride (NaBH4, Acros) was injected, turning the solution from a pale pink to 

brown color over the course of few seconds indicating the formation of cobalt 

nanoparticles.  The synthesis was carried out using air-free methods to inhibit 

premature oxidation of the cobalt particles. 

 The as-formed cobalt nanoparticle solution was further deaerated by passing 

argon through the reaction flask for a further 40 minutes until the evolution of H2 

bubbles ceased, indicating the complete hydrolysis of borohydride. Subsequently, 30 
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mL of the cobalt nanoparticles were transferred to a 100 mL beaker and immediately 

added to a stirring solution of 10 mL of ultrapure water and 15 μL of 0.1 M 

chloroauric acid trihydrate (HAuCl4·3H2O, Acros), causing the simultaneous 

oxidation of Co nanoparticles and the reduction of Au
3+

 into elemental gold.  The 

solution was allowed to stir for another five minutes under ambient conditions to 

allow the complete oxidation of any unreacted cobalt.   

          3.3.2.2 Hollow gold–silica double shell and composite 

 The formation of the silica shell was carried out using a modified Stöber 

method.
335

 Briefly, 4 mL of as-prepared HGNs were mixed with 100 μL of 3-

mercaptopropyltrimethoxysilane (MAPTS, HS(CH2)3Si(OCH3)3, Fluka), and 10 mL 

of isopropanol, and was stirred in a closed 20 mL vial for 2 hours. Varying amounts 

of ammonium hydroxide (NH4OH, 30%, Certified ACS Plus Fisher Chemical) were 

added, namely (a) 200 (sample name HGSDS-1), (b) 400 (HGSDS-2), and (c) 2000 

μL (HGSC).  Finally 300 μL of tetraethylorthosilicate (TEOS, Si(OC2H5)4, Fluka) 

were added to the vial and stirred for 24 hours.  Samples HGSDS-1 and HGSDS-2 

were washed by centrifugation (3000 rpm), rinsed twice with ultrapure water (18 

MΩ) and once with ethanol to ensure the removal of the organic residuals.  The 

collected nanoparticles were dispersed in 5 mL of ethanol (Gold Shield Chemical 

Company) or ultrapure water.  The HGSC samples were not washed due to the fact 

that the HGN-SiO2 complex had not precipitated following centrifugation at 19,000 

rpm.   
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           3.3.2.3 HGSDS and HGSC with R6G and β-glucose 

 The procedure for introducing R6G to the surface of the HGSDS consisted of 

mixing 1 mL of one of the HGSDS samples, dispersed in water, with 0.9 mM of R6G 

(C28H31N2O3Cl, Acros).  R6G solutions were prepared in 1 mL of water.  The β-

glucose was bonded to samples with low and high HGSDS-1 and HGSC 

concentrations, with a volume ratio (Vr) between nanoparticles and glucose of 1:50 

and 1:1, respectively.  HGSDS-1 and HGSC were mixed with 5, 10, 20 and 30 mM of 

anhydrous dextrose anhydrous, (C6H12O6, also known as β-glucose, Fisher).  β-

glucose solutions were prepared in 10 mL and 1 mL of ethanol for low and high 

concentrations, respectively. The solutions were allowed to stir for 24 hours.  

      3.3.3 Electron microscopy and optical characterization 

 The morphology and size of the HGSDS and HGSC nanospheres were 

characterized by scanning transmission electron microscopy (STEM) using an FEI 

Quanta 3D FEG Dual beam microscope with an accelerating voltage of 30 kV.  For 

improved contrast between the gold and SiO2, an SEM (FEI Nanosem 200) using 

STEM (scanning transmission electron microscopy) mode was used. High-resolution 

transmission electron microscopy (HRTEM) was performed using a FEI Titan 80-300 

with accelerating voltage set to 300 kV.  

 UV-Vis absorption measurements were carried out using an HP 8452A 

spectrometer with a spectral resolution of 2 nm. Samples were sonicated 10 minutes 

prior to obtaining the spectrum.  The Raman signals were collected using two Raman 
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Systems (A and B).  Raman System A is a Renishaw Raman System (Renishaw Inc., 

model RM2000) with a 20× objective lens in backscattering geometry. The excitation 

laser operated at 632.8 nm with a power of ~2 mW.  The integration time for each 

Raman measurement was 30 seconds.  For the bulk detection, the laser excitation 

light was directly focused onto the surface of the sample solution (350 μL) with the 

same laser power and integration time.   

     3.3.4 Results and Discussion   

          Figure 3.3(a) shows the HRTEM of the as-prepared HGNs, revealing a core 

diameter of 32 nm with a shell of ~7 nm in thickness, consistent with what has been 

reported previously (25).  Figure 3.3(b) is a micrograph of the HGSC particles which 

show a core diameter of ~35 nm and a 15 nm shell thickness.  The mixture of gold 

and silica was confirmed by HRTEM analysis, shown in Figure 3.3(c), which 

displays contrasting colorations, suggesting that gold and silica nanoparticles were 

mixing. 
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Figure 3.3: HRTEM images of (a) HGNs (b)HGSC and (c) mixture of gold and silica 

on HGSC. 

          3.3.4.1 Optical properties and SPR 

 Figure 3.7 displays the UV-Vis spectra of the various samples used in this 

study.  For the HGNs, a SPR is manifested at 580 nm with an accompanying FWHM 

of ~100 nm, as shown in Figure (a).  The 580 nm SPR, red-shifted from the normal 

520 nm absorbance of solid Au nanoparticles, is indicative of the hollow nature of the 

HGNs.
66

 This is consistent with the dimensional results gleaned from the HRTEM 

images of Figure 3.7  The relatively small FWHM is indicative of a fairly 
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monodisperse ensemble average of particle sizes.  The electronic absorption spectrum 

of the as-formed spherical silica nanoparticles is shown in Figure 3.7(b).  A 

monotonically decreasing absorption profile is evident, showing a weak absorption 

band at ~350 nm.  A long tail persists to red-shifted wavelengths, indicating strong 

scattering due to the large size of the particles.  The absorption spectrum of the 1 μm-

sized HGSDS-1 sample, Figure 3.7(c), shows strong scattering characteristics also, 

which is consistent with the overall large and approximately micron-sized 

nanoparticles.  There is an absorption peak near 300 nm followed by a long tail to red 

wavelengths.  The absorbance spectrum of the smaller 500 nm HGSDS-2 sample is 

shown in Figure 3.7(d).  Intriguingly, the spectrum of the HGSDS-2 shows an 

absorbance centered at 440 nm with a FWHM of ~105 nm.  The peak position is due 

to the sensitive interplay between the silica coating and the underlying HGN 

resonances.  The slightly increased FWHM, relative to the starting HGNs, indicates 

that particle size distribution likely became slightly broader upon silica coating.  

Finally, Figure 3.7(e) shows the absorption of the HGSC nanoparticles, which have a 

peak at 450 nm and a FWHM of ~110 nm.  As with the HGSDS-2 sample, the peak 

position of the HGSC is likely due to contributions from both silica and gold 

materials.  Additionally, the FWHM indicates some particle size inhomogeneity.   

 The close proximity of the HGNs to one another, coupled with the presence of 

the thick silica shell and additional gold layer on the silica surface, could account for 

the drastic spectral differences that were observed in the UV-Vis spectra shown in 

Figure 3.7.  The exact position of HGN SPR is extremely sensitive both to particle 
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size and wall thickness.
336

 It is known that the gold plasmon may be shifted from blue 

to near-IR wavelengths for certain geometries, such as nanoshells or high aspect ratio 

nanorods and the deposition of a second metal overlayer and thickness variations of 

the HGN may also drastically alter the SPR peak position.
336-340

 The blue-shift is 

likely due to a change in the HGN cavity sizes, which has been shown by the 

HRTEM in Figure 3.6 (b).  

 

Figure 3.7: UV-Vis absorption spectra for: (a) HGNs (b) SiO2 (c) HGSDS-1 (d) 

HGSDS-2 and (e) HGSC. 

 

          3.3.4.2 Surface-enhanced Raman scattering (SERS)  
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          Figure 3.8 shows the SERS spectra of 0.9 mM R6G using HGNs and HGSDS-1 

as the SERS substrate.  Characteristic Raman signals (45, 46) of R6G at 775, 953, 

1132, 1278, 1455 and 1646 cm
−1

 are shown in Figure 3.8 (a,b), where it is observed 

that band positions do not change with the presence of the silica coating.  As can be 

seen in Figure 3.8 (a), the HGN-R6G spectrum shows the lowest Raman signal 

intensity.  The signal increases ∼7× when HGSDS-1 were used instead of the HGNs, 

as seen in Figure 3.8 (b), indicating that the HGSDS-1 sample has a much higher 

SERS efficiency than the HGNs as a substrate material. 

 

Figure 3.8: SERS spectra of R6G dye using (a) HGNs and (b) HGSDS-1 as 

substrates. 
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          Figure 3.9 is a series of SERS spectra after the subtraction of the ethanol signal 

from that of the signal due to the β-glucose-HGSDS-1 sample.  In this manner, the 

presence of the β-glucose could be confirmed by subtraction of the ethanol peaks, 

resulting in a spectrum comprised solely of β-glucose molecules.  A linear 

relationship between the Raman intensity and the β-glucose concentration is evident 

at band positions of 880, 1040, 1062 and 1091 cm
-1

 which correspond to β-glucose.
341

 

The most intense peak was the 880 cm
-1

 band followed by the 1091 cm
-1

 peak.  The 

inset of Figure 3.9 shows the accompanying blue-shift of the band with increasing β-

glucose concentration. 

 



70 

Figure 3.9: SERS spectra of β-glucose using HGSDS-a as a substrate. 

   

 As can be seen in Figure 3.8 (b), the SERS signal increases ∼7× using 

HGSDS-1 as opposed to HGNs.  It is important to note from Figure 3.8 (b) that, given 

the overall maximum SERS signal intensity of ~800 corresponding to 0.9 mM, a 

much lower limit of detection is likely.  In other words, given the signal intensity, it is 

reasonable to assume that the limit of detection of R6G is much lower than 0.9 mM.  

Nevertheless, from Figure 3.8, it is reasonable to say that the silica surface is a good 

linker to the R6G; therefore, more R6G molecules adsorb onto the SiO2 surface and  

the signal is increased.  Additionally, the second gold layer on the surface of the 

HGSDS-1 serves to increase the zone of electromagnetic field enhancement lost by 

the thick coating and provides an increased density of Raman “hot spots.”  

     3.3.5 Conclusion 

 In summary, we have demonstrated that HGSDS and HGSC are highly active 

SERS substrates for quantitative β-glucose detection in the concentration range of 5-

30 mM.  Compared to HGNs, the SERS signal of β-glucose using HGSDS and HGSC 

is enhanced, which is attributed to the relatively strong interaction between the 

glucose and the SiO2 surface.  This is very significant because β-glucose has 

traditionally been challenging to detect by SERS due to its small Raman cross-section 

and weak interaction with bare metal surfaces.  Fundamentally, this adsorption 

problem has been overcome due to the chemical interplay between hydroxyls on the 
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silica surface and the glucose structure which facilitate the adsorption.  The 

developed gold-silica nanostructures are also potentially useful for biomedical 

imaging and therapy applications.  Imaging can be based on SERS or heat generated 

by photothermal conversion from light illumination.  Similarly, they can be used for 

photothermal ablation therapy of cancer.  Future research will explore such 

applications of the nanostructured studied in this work. 
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Chapter Four 

Fe3O4@SiO2 Nanoparticles Functionalized with Gold and 

Poly(vinylpyrrolidone) for Bio-Separation and Sensing 

Applications 

 

4.1 Magnetism Background 

 

4.1.1 Magnetism 

          Magnetism arises from both electronic orbital angular momentum and the 

intrinsic spin of an electron around its own axis. Orbital and spin motion each 

contribute to the magnetic dipole moment of a material which determines how a 

material will respond to an applied magnetic field (AMF) acting perpendicular to its 

magnetic axis. The magnetic moment of a material determines the torque it will 

experience in an applied field.  It can be considered as a vector with both magnitude 

and direction. The net magnetic moment of a material is the sum of contributions 

from both electronic spin and angular momentum. The magnetic field produced by a 

material is proportional to its magnetic moment. 

     4.1.2 Magnetic materials 

          Magnetic materials can be classified according to the susceptibility (χ) and 

permeability (μ) they experience when exposed to an AMF. Susceptibility is a 

dimensionless proportionality constant indicative of the degree of magnetism, M, a 

material experiences when interacting with external field H:
342
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M = χH                                                                                        (4)                   

          If susceptibility is positive the material is paramagnetic and the magnetic field 

is strengthened through attraction. If susceptibility is negative the material is 

diamagnetic and the field will be weakened through repulsion.
342

 Permeability 

describes how conductive a material is, with higher permeability being associated 

with lower resistance to an AMF.  Permeability, μ, describes how magnetic 

induction B changes with respect to the applied field H:
342

  

B = μH                                                                                           (5) 

          4.1.2.1 Diamagnetism and paramagnetism 

          When exposed to an AMF diamagnetics produce a weak magnetic field 

opposite to the applied field. The field is diminished because of this opposition. In 

diamagnetics all orbital shells are filled and there are no unpaired electrons.
343

 

Susceptibility is temperature independent, negative, and varies between 10
-3

 and 10
-

6
.
342

 Permeability is ≤ 1. When the external field is removed electronic spins relax to 

their initial positions. 

          Paramagnetic materials have unpaired electrons in their orbitals. In the absence 

of an applied field magnetic moments are randomly oriented producing a net 

magnetic moment of zero. Upon magnetic induction the magnetic moments align 

themselves in the direction of the applied field.
343

 (Producing weak magnetic field in 

direction of applied one). Susceptibility is positive, temperature dependent and varies 

between 10
-3

 and 10
-5

. Permeability is ≥ 1.
342
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          4.1.2.2 Ferromagnetism, Anti-ferromagnetism and Ferrimagnetism 

          Ferromagnetic materials are multi-domain structures having unpaired electrons. 

All the magnetic moments in one domain are aligned parallel to one another. Atomic 

moments in these materials exhibit strong interactions and exhibit large net 

magnetization even in the absence of an applied field. Under magnetic induction all 

the magnetic moments in all domains align themselves with the applied field.  

Susceptibility of the ferromagnetic materials is positive (>> 1) and permeability is 

>>1.
342

 All ferromagnetic materials have a temperature known as the Curie 

temperature (Tc). Above the Curie temperature the material loses its ferromagnetic 

properties and the magnetic moments are disordered. Below the Tc the magnetic 

moments are ordered.
344 

  

          Anti-ferromagnetism magnetic moments of different sublattices align with 

equal magnitude in opposite directions. Anti-ferromagnetic materials display non-

zero net magnetization in response to an applied field. Above the Neel temperature, 

TN, anti-ferromagnetic materials becomes paramagnetic. Magnetic susceptibility is 

maximal at the Neel temperature.
344

   

          Ferrimagnetism occurs mainly in magnetic oxide materials with more complex 

structures. Two sublattices, A and B, are separated by oxygens that mediate the 

exchange interactions.
342

 In ferrimagnetic materials, the magnetic moments of the A 

and B sublattices are opposite in direction but unequal in magnitude. This results in a 

net magnetic moment. Ferrimagnetics have high resistance and anisotropy which is 

directionally dependent and induced by an applied field. They exhibit spontaneous 
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magnetic behavior below the TC and show no magnetic ordering, or paramagnetic 

behavior, above TC.
344

  

     4.1.3 Superconducting quantum interference device (SQUID) 

          A superconducting quantum interference device (SQUID) is a superconducting 

ring with one or more Josephson Junctions. Cooper pairs of electrons can tunnel 

through Josephson Junctions without applied bias creating a resistanceless current 

which flows across the insulator.
345

  Josephson Junctions enable flux trapped in the 

ring to change by discrete amounts. Small quantized periodic changes in the magnetic 

flux of a superconducting ring are then able to be measured as physical quantities like 

current, voltage and magnetic susceptibility.  

          4.3.3.1 Josephson Junctions 

          The Josephson Effect describes the process of Cooper pairs of electrons 

tunneling through Josephson Junctions without excitation or applied bias. Josephson 

Junctions are thin insulating barriers (< 2nm) also known as weak links situated along 

the superconducting ring. Tunneling occurs because superconductors lose their 

resistance below their critical temperature TC.
346 

Cooper pairs are able to travel 

through the junction and flow as a supercurrent without resistance because their 

binding energy is large compared to thermal energy scattering and the overall system 

energy is reduced by their coupling.
346

 Energy phases become coherent and pairs can 

tunnel when the energy associated with electronic coupling exceeds thermal 

fluctuations.
347

 Long range quantum coherence occurs because the entire population 

of superconducting electrons can be described by the same wavefunction. Although 
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the wavefunction of electrons may vary in phase within the superconductor all 

Cooper pairs within the junction maintain the same phase.
345

 As Cooper pairs tunnel 

from one superconductor to another there is no energy loss. The supercurrent 

describing Cooper pair tunneling is given by: 

I=I0sinδ                                        (6) 

Where I0 is the critical current and δ is the difference between the two wave phases 

of the two superconductors.
348

  

          Another consequence of transitioning below critical temperature is the active 

exclusion of any magnetic field present in the superconducting loop due to the 

Meissner Effect. As a magnetic field is applied to the superconductor below the 

critical temperature the superconducting loop will oppose the magnetic field by 

generating a screening current that flows in an equal and opposite direction to the 

applied field.
346

 This causes the net flux in the ring to be cancelled. Under these 

conditions current can flow without applied voltage with the Cooper pairs carrying 

the current. The screening current is periodic with a period equal to one flux quantum. 

SQUID measures changes in the magnetic field associated with one flux quantum:
346
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When a constant bias current is perpetuated by Cooper pairs the oscillating voltage 

can be measured and used to evaluate the flux change down to 10
-15

 T.  

          4.1.3.2 Hysteresis loops 
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          The magnetic properties and heat generating capabilities of a material can be 

extracted from its hysteresis loop which characterizes the interaction between an 

ensemble and an applied field. Thermal energy production from hysteresis loss is 

governed by the first law of thermodynamics since energy, which is conserved, is 

made up of irreversible work and heat.
349

 The applied field supplies the energy 

responsible for magnetic moment fluctuations which are converted in to heat 

following reversal of the applied magnetic field (AMF) post magnetic saturation of an 

ensemble.
350

 The dipole response of an ensemble within a field and subsequent 

thermal energy production is determined by the size, shape, crystallinity, 

composition, volume and number of domain walls in a material.
351-352

 Intra and inter-

particle interactions and exchange mechanisms also contribute to the response of an 

ensemble to an AMF.  

          For magnetic induction to occur an ensemble must first overcome anisotropy 

and any exchange or dipole interactions.
349

 As the number of atomic magnetic 

moments aligning themselves with the AMF increases, entropy decreases until 

maximum magnetic saturation (MS) is obtained.
353

 Larger MS values are correlated to 

higher anisotropy and greater heat generation.
353

 Magnetic saturation is also generally 

known to decrease as particle size gets smaller and as the temperature of the applied 

field is increased.
354-355

 Coercivity, the ensembles resistance to demagnification, 

typically increases as particle size is reduced and decreases as the number of domain 

walls grows.
356

 Larger coercivity values are correlated to enhanced heat generation.
357
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Hysteresis losses are observed when the field exceeds coercivity and are proportional 

to the product of MR by HC or the area of the hysteresis loop.
358-359

  

4.2 Introduction  

          Composite materials are used in a wide range of applications including clinical 

diagnostics and therapeutics, the targeting of bioterrorism agents, waste water 

treatment and environmental remediation.
360-367 

In order to enhance performance in 

these fields, researchers have started to synthesize and study composite materials that 

take advantage of both magnetic and plasmonic properties.
368-373

 One combination 

attracting a great deal of attention is that of iron oxide and gold.
374-379

  

          Typically, iron oxide and gold composite materials are synthesized for use in 

bio-applications like imaging, cancer treatment, and drug delivery.
380-386

 In order to 

be compatible in vivo, particle diameters are generally kept between 10-100 nm.
387-

389
. For example, the trend in hyperthermia applications is to employ 

superparamagnetic particles that have a single domain and diameters < 20 nm in order 

to generate maximum heat.
390-393

 However, there remains a need to synthesize 

magnetic@plasmonic particles with much larger diameters in order to better address 

the requirements of applications involving bio-separation, sensing and the targeting of 

environmental pollutants.  

          Various efforts to produce gold and iron oxide composite materials >100 nm 

have been made in recent years. Esenturk et al. created gold nanostars decorated with 

iron oxide.
394

. While the star shape is advantageous in an application like SERS, the 
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iron oxide covering the particle surface dampens the plasmonic response of the gold 

and reduces viability as a sensing substrate. Zhou et al. and Bao et al. both created 

gold decorated iron oxide nanoparticles > 100 nm, however their syntheses involve 

multiple iterations of gold seeding, which is complex and time consuming.
395-396 

Another effort to produce large gold decorated particles involved the addition of a 

thick silica shell (~85 nm) over the magnetic core, which diminished the magnetic 

saturation of the material significantly and, when Lee et al. used concave gold coated 

iron oxide to detect rhodamine B using SERS, the surface of the nanoparticles had to 

be further functionalized with graphene quantum dots in order to detect the dye.
397-398

 

          Particles lacking uniform gold coverage have been shown to exhibit diminished 

plasmonic response. When polyethylenimine and gold modified MnFe2O4 substrates 

were synthesized for bacteria detection the particle surface had partially exposed 

polymer and magnetic components, resulting in a diminished SERS effect.
399

 A lack 

of continuous shell has also been found by others.
400-401

 Likewise, Paterson et al. 

synthesized 500 nm  superparamagnetic iron oxide nanoparticles (SPION)  clusters 

encapsulated in self assembled dextran strands and decorated sparsely with Au 

seeds.
402

 The clusters had low magnetic saturation (20 emu/g) and the dextran 

covered most of the nanostructure surface, which is not ideal for applications such as 

SERS sensing. 

          In this work, we have synthesized large (~200 nm) composite nanoparticles 

with a unique surface morphology comprised of gold and PVP 
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(Fe3O4@SiO2+Au+PVP).  Particles were characterized by a combination of 

spectroscopic techniques including ultra-violet visible (UV-Vis) spectroscopy, energy 

dispersive spectroscopy (EDS), powder X-ray diffraction (PXRD), Fourier transform 

infrared (FTIR) spectroscopy, electron microscopy (EM), superconducting quantum 

interference device (SQUID) magnetrometry, and surface enhanced Raman scattering 

(SERS) spectroscopy. The gold and PVP coatings render the particles resistant to 

oxidation and easy to functionalize. The gold roughened nodules are desired for 

generating hot spots for EM enhancement and are uniformly distributed across the 

entire surface.
403

 Furthermore, the polymer and noble metal coatings are ultra-thin so 

that the particles maintain a significant amount (68%) of their magnetic saturation 

values compared to bare magnetite.   To evaluate their applications, we performed 

proof-of-concept experiments demonstrating bio-separation and SERS sensing in 

which we targeted glucagon like peptide 1 (GLP-1), a large gastrointestinal hormone 

that stimulates insulin release from pancreas β-cells.
404

  We show a limit of detection 

(LOD) down to 10
-7

 M using SERS.  Our targeting and binding was performed 

rapidly (~30 m) with only a mild reducing agent, tris(2-carboxyethyl)phosphine 

(TCEP), our bio-separation took ~30 s and our sensing was performed without the 

need for reporter molecules.  

4.3 Experimental 

     4.3.1 Chemicals  
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          Analytical reagent chemicals and 18.2 MΩ·cm ultrapure milli-Q water were 

used for the preparation of all solutions. All reagents were used without further 

purification. Sodium citrate (C6H5O7
.2H2O) and sodium borohydride (NaBH4) were 

purchased from Fisher Scientific. Hydrogen-tetrachloroauric acid (HAuCl4) was 

purchased from STREM chemicals. Polyvinylpyrrolidone (PVP) (C6H9NO)x 

(MW=55000), tetraethylorthosilicate (TEOS) (Si(OC2H5)4), 4-phenyl-butaric acid 

(C10H12O2), polyethylene glycol (PEG) (MW=3350) (O-CH2-CH2)x-OH) and 3-

aminotetramethoxysilane (APTMS) (H2N(CH2)3Si(OCH3)3) were purchased from 

Sigma Aldrich. K-tertbutoxide (C4H9OK) was obtained from Spectrum Chemicals. 3-

mercaptopropionic acid (MPA) (HSCH2CH2CO2H) was purchased from Acros 

Chemicals. GLP-1 peptide (HGEGTFTSDVSSYLEEQAAKEFIAWLVKGRG-

[peg3]-C-NH2) was purchased from Ana Spec Inc. Tris(2-carboxyethyl)phosphine 

(TCEP) (C9H15O6P) was purchased from Thermo Scientific. All glassware was 

cleaned with aqua regia and milli-Q water before using. 

     4.3.2 Preparation of Fe3O4  

          Magnetite particles were synthesized as previously reported in literature.
405

  

Briefly, trivalent iron was reduced to a mixture of ferric (Fe
3+

)
 
and ferrous (Fe2

+
) 

ions. Under strong basic conditions a 1:2 molar ratio of ferric to ferrous ions 

coalesced to form Fe3O4.  The reactions are shown in equation 1.
406

 

Fe
2+

 + 2Fe
3+

 + 8OH
-
  Fe(OH)2 + 2Fe(OH)3  Fe3O4  + 4H2O  (1) 
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          To achieve uniform, monodispersed magnetite spheres, 1.35 g FeCl3
.6H2O, 

3.60 g sodium acetate, 0.10 g (3350 MW) polyethylene glycol (PEG) and 40 ml 

ethylene glycol were combined in a larger beaker and stirred at RT for ~ 30 minutes. 

During the course of the reaction the color changed from clear to mustard yellow-

brown. After 30 minutes the solution was transferred to autoclave containers and 

heated at 200∘ C for ~10 hours. After cooling to RT the particles were collected with a 

magnet and the black solid product was washed first with ethanol and then water for 6 

cycles each to remove impurities. The clean particles were then dried in an oven at 

~70∘ C and the black powder was stored in glass vials.  

          4.3.2.1 Silica shell addition  

          The addition of the silica shell was achieved by using the well-known Stӧber 

method (hydrolysis and condensation of tertaethoxyorthosilane (TEOS)) with 

modifications.
407 

First, monodispersity of Fe3O4 nanoparticles was achieved by 

sonicating 20 mg Fe3O4, 95 mg 4-phenylbutyric acid and 65 mg K-tertbutoxide in 15 

mL dichloromethane (DCM) and 10 mls toluene in a 250 mL pear-shaped flask. After 

20 min of sonication at room temperature, the particles were washed twice each with 

methanol, isopropanol, and ethanol. Then, the monodispersed magnetite nanoparticles 

were combined with 38 mL ethanol, 6 mL water, and 1 mL NH4OH at a 

concentration of 28% NH3 in water. This suspension was then sonicated at 70∘ C for a 

few minutes before adding dropwise, over a period of 15 minutes, a solution 

consisting of 2 mL ethanol, 25 µL TEOS, and 6 drops (via Pasteur pipet) 
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mercaptopropionic acid (MPA). The solution was then sonicated for 3 hours and the 

resulting sample was washed three times with ethanol. 

          4.3.2.2 Addition of APTMS  

          To add the 3-aminopropyltrimethoxysilane (APTMS) linker, the Fe3O4 

particles were resuspended in 30 mL ethanol and 1000 µL APTMS was added to the 

solution which was suspended in a boiling water bath. Stirring was performed 

manually for 1 h. The solution temperature was maintained at ~80∘C.  Additional 

ethanol was periodically added to maintain the initial volume. Following addition of 

the linker the sample was washed 3 times with ethanol and then water. 

          4.3.2.3 Gold and PVP deposition 

          The gold deposition synthesis was previously reported in literature and was 

carried out with modifications.
408

 Gold deposition was achieved through the reduction 

and hydrolysis of HAuCl4 gold salt. NaOH was used to raise the pH of the solution to 

~10 allowing for hydrolysis to occur and the HAuCl4
-
 salt to form a gold hydroxyl 

solution. HAuCl4
- 
forms six major species [Au(OH)xCl4-x] depending on the extent of 

hydrolysis of which only the Au(OH)3 species precipitates and binds to the surface of 

the particles.
49

  A round bottom flask was used as the reaction vessel for the gold 

deposition. A solution of 4.5 mL water and 1.5 mL 6.35 mM HAuCl4 was adjusted to 

a stable pH of 10.0 using 0.1 M NaOH. The solution turned from clear to red-purple. 

The Fe3O4 sample was then added to the solution and sonicated for 20 min at 70 ºC. 

The sample was then washed 3 times with ethanol and then water. 



84 

          To form a roughened surface morphology of gold nodules on the particles a 

seeded magnetite sample was suspended in a solution of 40 mL K-gold and 2 mL 

10mM sodium citrate. K-gold was prepared by adjusting a 0.375 M solution of 

chloroauric acid (HAuCl4) to pH 10 using potassium carbonate (K2CO3) and stirring 

in the dark for 24 h.  A 6.6 mM solution of NaBH4 solution (1 mL per 10 mLs K-

gold) was prepared to reduce complexed gold hydroxide anions in K-gold in to 

Au(OH)3 seeds. 4 mL NaBH4 and 200 µL 1 % (w/v) PVP was added simultaneously 

to the sonicating solution. The solution was sonicated for 30 min at 70 ºC, then 

washed 3 times with ethanol and then water followed by drying. 

          4.3.3 Bio-Separation  

          To demonstrate our composite materials ability to rapidly bind and separate 

GLP-1 from solution we added 20 μL of an 8mM tris(2-carboxyethyl)phosphine 

hydrochloride (TCEP) to 2 mL of Fe3O4@SiO2+Au+PVP nanoparticles containing 

GLP-1 at a concentration of 2.7 X 10
-7

 M. The solution was allowed to incubate for 

~30 minutes at which time the nanoparticles were collected under magnetic induction 

and resuspended in water. The resulting suspension was then characterized with UV-

Vis spectroscopy. 

          4.3.4 Instruments and Characterization 

UV-Vis spectroscopy was performed using an Agilent Cary 60 UV-Vis 

spectrometer with solvent baseline correction and a scan rate of 24,000 nm∙min
-1

. 

FTIR measurements were taken using a Perkin-Elmer Spectrum One with a resolution 

of 4 cm
-1 

using a scan range of 200-4000 cm
-1

 and a scan rate of 0.20 cm/s.  PXRD 
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was performed on a Rigaku Smart Lab X-ray diffractometer with Cu Kα (1.54 Å) 

radiation with all samples analyzed from 20° to 80° (2θ) with a step size of 0.01° and 

scan rate of 1°·min
−1

. STEM images were acquired using an FEI Quanta 3D dual 

beam microscope, operated at 10 kV. STEM-HAADF imaging and EDS elemental 

mapping were performed on a Philips F20 Tecnai TEM operated at 300 kV, fitted 

with a Bruker Quantax EDS detector.  Samples were prepared for SEM and TEM 

analysis by drying Fe3O4 in ethanol on copper-carbon mesh grids. Magnetic 

properties were investigated by SQUID magnetrometry with an external magnetic 

field ranging from -10000 Gauss to 10000 Gauss at 300K.  Raman and SERS data 

was collected using a Renishaw Invia Raman system with a 514 nm excitation 

wavelength, a laser power of 30 mW and a single 10 s accumulation. 

4.4 Results and Discussion 

      4.4.1 Particle Morphology and Composition 

           Electron microscopy was used to determine the size and surface 

morphology of particles in each sample. Representative scanning electron microscopy 

(SEM) images of magnetite with and without a silica shell are shown in Figure 4.1. 

The bare magnetite particles are solid, spherical and monodispersed. The particles 

were analyzed with Image J software and have an average diameter of ~175 nm. The 

addition of silica is known to protect the surface of Fe3O4 from oxidation and render 

the particles stable to oxidation and easy to functionalize. The surface of the silica 

coated particle is significantly smoother than that of the bare magnetite. Silane 
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functionalization produced a shell of ~15 nm resulting in an average particle diameter 

for the silica coated magnetite of ~190 nm. Particles functionalized with gold plus 

PVP had their diameters increase up to an average of ~200 nm. 

Figure 4.1:  SEM images of a) pristine magnetite particles and b) magnetite 

particles with a silica shell. 

     Figure 4.2 shows a representative scanning transmission high angle annular 

dark field (HAADF) of the a) gold decorated intermediate step and b) gold plus PVP 

decorated magnetite particles. The presence of gold can be seen in the images as 

bright white spots on the surface of the particles. The gold clusters decorating the 

surface are nodulated and irregularly shaped however, the coverage along the surface 

of each particle is uniform and complete. 



87 

Figure 4.2:  STEM-HAADF images of magnetite decorated with: a) gold 

intermediate and b) gold plus PVP 

     Figure 4.3a shows a STEM-HAADF image of gold decorated magnetite 

particles. Elemental analysis of the particles using energy dispersive x-ray 

spectroscopic (EDS) are shown in Figure 3,  revealing iron (b), silicon (c), oxygen (d) 

and gold (e) in the composite material. There is uniform coverage of the particles 

with each individual element, confirming the functionalization of the ensemble with 

silica and gold.   
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Figure 4.3: a) STEM-HAADF image of gold decorated magnetite.  Elemental 

analysis of functionalized particles using energy dispersive x-ray spectroscopic 

(EDX): b) (turquoise) iron; c) (green) silicon; d) (blue) oxygen and e) (red) gold. 
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          The XRD patterns for bare magnetite and magnetite decorated with silica and 

gold are shown in Figure 4.4. Magnetite has 2 theta peaks located at: 30.32∘, 35.10∘, 

43.31∘, 53.84∘, 57.36∘, 62.75∘, and 74.11∘ corresponding to the (220), (311), (400), 

(422), (511), (440) and (533) faces of the crystal structure. The presence of gold 

yields four additional 2 theta peaks at 38.20∘, 44.40∘, 64.60∘ and 77.50∘ corresponding 

to the (111), (200), (220) and (311) faces of the metal. The unit cell constant for gold 

was found to be a = 4.0573 Å. XRD analysis also indicates that the stoichiometric 

formula of the magnetite used in these experiments is Fe3O4 and that the space group 

is Fd-3m. 

Like other ferrimagnetic materials, Fe3O4, in the absence of a magnetic field, 

has a total non-zero magnetic moment made up of individual magnetic moments that 

are anti-parallel in orientation and unequal in magnitude. XRD analysis confirms that 

the magnetite used in this study has an inverse spinel structure with a unit cell 

constant of 8.3926 angstroms. There are 32 O
2-

 ions forming an fcc sublattice along 

the [111] direction within the lattice. Ferric Fe
3+

 cations fill all eight Td sites, along 

with half of the Oh sites, and ferrous Fe
2+

 cations reside in the other half of the Oh 

sites.  



90 

 

Figure 4.4: XRD spectra of a) Fe3O4 and b) Fe3O4@SiO2+Au 

     4.4.2 Plasmonic and Surface Properties of Functionalized Particles 

          The silica shell addition, APTMS functionalization and gold+PVP 

functionalization were characterized using Fourier transform infrared spectroscopy 

(FTIR). Figure 4.5 describes the addition of silica and APTMS to the pristine 

magnetite. The red spectrum represents pristine magnetite, in which the first peak at 
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566 cm
-1

 is indicative of an Fe-O-H surface bending mode. There are also several 

peaks associated with surface OH bending modes located at 1054, 1634 and 3417 cm
-

1
.  

          The blue spectrum in Figure 4.5 represents the magnetite after addition of the 

SiO2 shell. The appearance of a peak at 479 cm
-1

 is indicative of the Si-O-Si bending 

mode. The peak at 566 cm
-1

 for pristine magnetite shifts to 570 cm
-1

 indicative of Fe-

O-Si bonding. The peak decreases significantly in intensity with the addition of the 

silica shell. Two additional peaks appear at 794 cm
-1

 and 1084 cm
-1

 corresponding to 

Si-O-Si symmetric stretching and Si-O-Si asymmetric stretching modes. The peak at 

1641 cm
-1

 can be attributed to surface OH groups. The very broad peak centered ~ 

3000 cm
-1

 is correlated to the addition of the silane shell and the surface OH groups 

associated with it.  

The black spectrum in Figure 4.5 shows the addition of the APTMS linker to 

the silica coated magnetite. The disappearance of the peak at 479 cm-
1
 indicates 

surface coverage of the silane with APTMS linker. The peak at 590 cm
-1

, which is 

shifted 20 cm
-1

 from the Fe-O mode at 570 cm
-1

, indicates Fe-O-Si bending. There are 

two peaks corresponding to Si-O-Si symmetric and asymmetric stretch modes at 805 

cm
-1

 (shifted 9 cm
-1

) and 1075 cm
-1

 (shifted 9 cm
-1

), respectively. There are also two 

peaks at 1213 cm
-1

 and 1413 cm
-1

 indicative of CN stretch and CH2 bending modes. 

The peak at 1637 cm
-1

 is associated with the free NH2 of the APTMS.  The peak 
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centered at 3390 cm
-1

 is correlated to NH2 indicating the presence of the APTMS 

linker. 

 

Figure 4.5: FTIR spectra for (upper-black) Fe3O4@SiO2+APTMS; (middle-red) 

Fe3O4 and (lower-blue) Fe3O4@SiO2. 

The FTIR spectra of the magnetite nanoparticles with gold and gold plus PVP 

are shown in Figure 4.6. The spectrum for the APTMS functionalized ensemble is 

also included for reference. Once gold is added to the surface of the silica covered 

magnetite, the peaks associated with the APTMS sample are still observed. The 590 

cm
-1

 peak representative of the Fe-O-Si bending mode is present. A new peak at 665 

cm-1 is also present and can be attributed to surface OH groups due to oxidation. The 

two peaks associated with Si-O-Si symmetric and Si-O-Si asymmetric stretch at 799 
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cm
-1

 and 1071 cm
-1

 are also present, however, their intensities are reduced due to the 

surface coverage by gold. The peak at 1632 cm
-1

 indicative of the NH2 bending mode 

is also reduced in intensity due to the surface coverage by gold. Peaks in the 2800-

3000 cm
-1

 range are correlated to CH2 symmetric and asymmetric stretching 

vibrations. The broad peak at ~3400 cm
-1

 is correlated to the presence of the nitrogen 

atom in the PVP ring. 

           When PVP and Au are both present at the surface of the magnetite particles 

there are several distinct changes. First a peak at 484 cm
-1

 appears which corresponds 

to the CN vibrational mode of PVP.  The peak at 1465 cm
-1

 disappears while two new 

peaks at 1418 and 1576 cm
-1

 appear. The peak at 1418 cm
-1

 is correlated to CN 

vibrational mode of PVP. The peak at 1576 cm
-1

 is correlated to NH2 vibrational 

mode.  The peak at 1647 cm
-1

 represents the C=O vibrational mode associated with 

the pyrrolidone ring of PVP. The broad peak centered at ~3380 cm
-1 

is due OH 

groups at the surface of the particles. 
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Figure 4.6: FTIR spectra for: (upper-blue) Fe3O4@SiO2+Au+PVP; (middle-black) 

Fe3O4@SiO2+APTMS and (lower-red) Fe3O4@SiO2+Au. 

 

Extinction bands are determined by particle size, shape, composition, degree 

of crystallinity and polydispersity within an ensemble. Therefore, any 

functionalization of the pristine magnetite will lead to changes in the spectrum of the 

material. Figure 4.7 shows extinction spectra for all four steps in the synthesis using 

water as a solvent. The pristine magnetite has a major excitation band at ~490 nm 

with a full width half maximum (FWHM) of 340 nm. Once the magnetite was 

functionalized with silica, the absorption peak red shifted to 545 nm (FWHM 410 

nm). The ensemble functionalized with silica and the gold intermediate had an 
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extinction band centered at 615 nm (FWHM 555 nm) and the ensemble 

functionalized with gold plus PVP had a peak centered at 625 nm (FWHM 590 nm). 

The extinction peak for all three functionalized ensembles is red shifted from that of 

pristine magnetite. This red shift is attributed to the increase in particle diameter 

resulting from surface functionalization. The increase in FWHM for the 

functionalized ensembles, particularly the silica coated magnetite decorated with gold 

plus PVP, is due to the irregular distribution of material along the surface of the 

particles. It can be seen in the EM images that the surface morphology is rough and 

disordered. These differences between particles are known to increase the 

polydispersity within an ensemble which leads to a broadening of the extinction 

peak.
409 
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Figure 4.7: UV-Vis of (left to right): (black) bare Fe3O4, (blue) Fe3O4@SiO2 

intermediate, (red) Fe3O4@SiO2+Au intermediate, (green) Fe3O4@SiO2+Au + PVP. 

All spectra were taking using water as a solvent.  

     4.4.3 Magnetic Properties 

Hysteresis loops showing the relationship between the magnetization (M) and 

the magnetic field (H) at RT is evident in the hysteresis loops shown in Figure 4.8. 

Data were obtained up to 10
4
 Gauss but are shown only to ± 10000 Gauss, beyond 

which little change in M is observed. Magnetic saturation, corresponding to the 

alignment of all magnetic moments, was calculated for each ensemble and normalized 

to mass. Particles functionalized with SiO2, gold and PVP obtain 68% (59.7 emu/g) of 

the saturated magnetic moment expected for bare magnetite on a per gram basis (90 

emu/g), while the bare nanoparticles obtained 97% of the bare moment. Modified 

particles likely displayed a decrease in saturation due to the non-magnetic nature of 

the polymer and gold surface materials. This type of loss is correlated to the 

interruption of long range magnetic ordering induced by particle surface modification 

and can be observed in the EM images as the rough and disordered surface 
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morphology arising from the addition of the gold and polymer.

 

Figure 4.8: Hysteresis loops generated at RT for (upper) Fe3O4 and (lower) 

Fe3O4@SiO2+Au+PVP. 

          To test our composite materials ability to target, bind and separate a moiety of 

interest we employed UV-Vis spectroscopy to characterize GLP-1 peptide bound to 

the Fe3O4@SiO2+Au+PVP nanoparticles following reduction by TCEP and 

separation by magnetic induction. TCEP is a mild reducing agent which is known to 

reduce di-sulfide bonds over a wide range of pH conditions. Free thiols are then able 

to bind readily to gold through dative bonding. Once reduction and binding was 

complete (~30 m) the Fe3O4@SiO2+Au+PVP nanoparticles were separated via 
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magnetic induction (`30s) and resuspended in water. Representative spectra are 

shown in Figure 4.9. 

          Fe3O4@SiO2+Au+PVP nanoparticles, shown in the blue spectrum, display one 

broad peak centered at 700 nm. The peak is symmetric, indicative of relative 

homogeneity of particle size and shape within the ensemble, and has a full width half 

maximum (FWHM) of 395 nm. This broad FWHM is indication of the absorption of 

all wavelengths of light across the visible region. The GLP-1 peptide in aqueous 

solution, represented in the graph as the red spectrum, has one narrow peak centered 

at 275 nm. The black spectrum representing the GLP-1 peptide bound to the 

Fe3O4@SiO2+Au+PVP nanoparticles post magnetic separation has two peaks. The 

first is a broad symmetric peak centered at 720 nm with a FWHM of 500 nm and is 

correlated to the Fe3O4@SiO2+Au+PVP nanoparticles. The second peak is centered at 

280 nm and is correlated to the bound GLP-1 peptide. The increase in FWHM and the 

slight red shift in SPR associated with the Fe3O4@SiO2+Au+PVP peak is likely due 

to an increase in diameter resulting from the addition of the GLP-1 peptide to the 

surface of the nanoparticles. Additionally, there may be some aggregation resulting in 

polydispersity of the ensemble which is known to increase the FWHM.
409

 The red 

shift in SPR associated with the bound GLP-1 peak is indicative of the molecule 

being attached to the surface of the Fe3O4@SiO2+Au+PVP nanoparticles. The 

presence of the GLP-1 peak in this spectrum demonstrates that the nanoparticles are 

excellent in the rapid targeting and separating of a moiety of interest for bio-

detection. 
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Figure 4.9: UV-Vis spectra for: (black) Fe3O4@SiO2+Au+PVP nanoparticles bound 

to GLP-1; (blue) Fe3O4@SiO2+Au+PVP nanoparticles and (red) GLP-1 in aqueous 

solution. 

     4.4.4 Surface enhanced Raman scattering (SERS) sensing 

          Raman spectra for (black) bare Fe3O4 nanoparticles and (red) 

Fe3O4@SiO2+Au+PVP nanoparticles can be seen in Figure 4.10. Bare magnetite 

displays five peaks at 217, 282, 398, 489 and 595 cm
-1

. The peak at 217 cm
-1 

describes Fe-O stretching. The peaks at 282 cm
-1 

and 398 cm
-1 

are correlated to 

symmetric and asymmetric Fe-O stretching respectively. The peaks at 489 cm
-1

 and 

595 cm
-1

 represent Fe-O and Fe-O-Fe stretching. Once the magnetite nanoparticles 

have been functionalized with silica, gold and PVP two additional peaks appear at 

659 and 820 cm
-1

. The peak at 659 cm
-1

 corresponds to Si-O-Si bending modes and 

the peak at 820 cm
-1

 describes the C-C bond on the pyrrolidine ring in the PVP. 

1.05

1.00

0.95

0.90

0.85

0.80

0.75

0.70

E
x
ti
n

c
ti
o

n
 (

a
.u

.)

1000800600400200

Wavelength (nm)



100 

Additionally, the peak at 595 is shifted to 601 cm
-1

 and is correlated to Fe-O-Si 

stretching. It is also worth noting the effect of the SERS enhancement on the 

magnetite peaks which all show increased intensity due to the presence of gold. 

 

Figure 4.10: Raman spectra of bare Fe3O4 nanoparticles (black) and  

Fe3O4@SiO2+Au+PVP nanoparticles (red). 

          Figure 4.11 shows Raman spectra for the GLP-1 peptide in aqueous solution 

and the SERS spectra for GLP-1 plus Fe3O4@SiO2+Au+PVP nanoparticles. Even at 

the high concentration of 10
-1 

M, the aqueous GLP-1 solution shows poor peak 

resolution with only a hint of the dominant peak at ~878 cm
-1

 appearing. At lower 

concentrations (10
-5

 M) the spectrum is relatively flat without any peak definition. 

Representative SERS spectra for 10
-3

, 10
-5

 and 10
-7

 M are also shown. The peak at 

~878 cm
-1

 represents tryptophan. The doublet at ~1046 and 1085 is associated with 
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phenylalanine. The peak at ~1280 cm
-1

 is correlated to the amide III region and has 

been assigned to the alpha helix spanning the Ser
11

-Ser-Tyr-Leu-Glu-Gly-Gln
17

 

stretch of the peptide. CH deformation in the amide II region is described by the peak 

at ~1454 and its shoulder at ~1482 cm
-1

. The ability of the Fe3O4@SiO2+Au+PVP 

nanoparticles to resolve peaks at low concentrations and demonstrate a SERS 

enhancement factor of 2 X 10
6 

is evidence of their ability to perform as a SERS 

substrate. While some iron oxide and gold substrates have shown comparable results, 

they typically rely on the use of Raman reporters or lengthy bioconjugation processes 

in order to target a biomolecule of interest.
410-411

 Our bio-separation and bio-

identification was performed rapidly (~30 m) with only a mild reducing agent, TCEP, 

used to encourage binding and our sensing was performed without the need for 

reporter molecules.
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Figure 4.11: SERS spectra of GLP-1 at (black) 10
-3

 M; (red) 10
-5

 M and (blue) 10
-7

 

M and Raman spectra of GLP-1 at (gray) 10
-1

 M and (green) 10
-5

 M. 

4.5 Conclusion 

         Fe3O4@SiO2 nanoparticles decorated with gold and PVP were synthesized, 

characterized and utilized to demonstrate sensing and bio-separation applications. The 

unique surface morphology comprised of roughened gold nodules was shown to be 

complete and uniform over the entire particle when observed by electron microscopy 

and HAADF imaging. These nodules, which are known to intensify the EM field of a 

materials surface through the generation of hot spots, make the 

Fe3O4@SiO2+Au+PVP nanoparticles an excellent SERS substrate. When used to 

detect GLP-1 peptide we were able to resolve peaks of interest down to 10
-7

 M 

without the need for lengthy bioconjugation or Raman reporters. The ultra-thin nature 

of the coatings allowed for a large percentage (~68%) of the core magnetic saturation 

value to be maintained when compared to bare particles. The composite material was 

able to bind to the GLP-1 target within 30 minutes and separate the moiety from 

solution within 30 s under magnetic induction. The ability of this composite material 

to target, bind and separate a moiety of interest rapidly under magnetic induction 

along with being a strong plasmonic substrate for SERS makes them attractive 

candidates for both bio-separation and sensing applications. 
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Chapter Five 

The Effect of Polymer and Gold Functionalization on the Magnetic Properties of 

Magnetite Nanoparticles 

5.1 Introduction 

          Since the turn of the century a growing body of work has been published on 

chemically induced magnetism in noble metals particularly when they are embedded 

in a polymer matrix or capped with strong ligands.
411-418

 The first to report 

experimental magnetism in a noble metal was Taniyama et al.
419

 The authors 

compared Pd nanoparticles with varying diameters and found that magnetic saturation 

increased with decreasing particle size. They also reported a magnetic moment of 

0.23 μB per atom for the smallest particle. Soon after, it was shown that Au nps in a 

polyvinylpyrrolidone (PVP) matrix exhibited a magnetic moment of 22 μB per 

particle.
448

 This was attributed to a “special” spin correlation mechanism. Aside from 

one stand-alone paper
420

 which describes 3.5 nm bare Au clusters as possessing a 

magnetic moment of 16 μB per cluster, magnetism in gold is typically due to strong 

interactions between the metal and a capping agent, with ferrimagnetism generally 

being attributed to interfacial electronic exchange which results in unpaired electrons 

in the 5d band of gold and a net magnetic moment. 
412-413, 418-422 

          In addition to facilitating magnetic behavior, polymers have been shown to 

increase magnetic saturation and coercivity in materials that are normally diamagnetic 
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in bulk, especially when strong ligands or capping agents are involved.
 423,424-432 

 

Gold, for instance, is known to have acceptor-donor type interactions with polymers, 

which are correlated to enhanced magnetic saturation in ensembles.
433

  

Polyvinylpyrrolidone (PVP) is known to form charge transfer complexes with 

fullerene
434-435  

iodine
436 

 and metal nps including gold.
437-441  

Jalian et al. observed an 

increase in coercivity from 210 Oe to 430 Oe for poly(vinyl alcohol) (PVA) coated 

CoFe2O4 particles compared to bare ensembles.
442

  Thiolated sugars and monolayers 

of DNA have both been used to cap gold and promote magnetism via charge transfer 

mechanisms.
443-444 

 In addition to thiols other capping agents have been explored for 

their potential chemical inducement of magnetism in gold including amines and 

phosphines.
445-449 

 Enhancement is generally attributed to electronic interactions that 

result from changes in bonding, changes in coordination, and a lack of symmetry at 

particle surfaces.
424,450 

          In this work silica coated magnetite particles (Fe3O4@SiO2) functionalized with 

gold Fe3O4@SiO2+Au), or gold plus poly (vinylpyrrolidone) (PVP) 

(Fe3O4@SiO2+Au+PVP) were synthesized as in chapter 4. Their structural, 

plasmonic and magnetic properties were studied using scanning transmission electron 

microscopy (STEM), superconducting quantum interference device (SQUID) 

magnetrometry, and electron paramagnetic resonance (EPR) spectroscopy. The 

saturation magnetization (MS) of particles functionalized with gold and gold plus 

PVP were 67.24 emu/g and 65.78 emu/g respectively. Both functionalized particles 

maintained a large percentage (78-80%) of their MS values compared to pristine 



105 

magnetite. The coercivity (HC) for pristine magnetite was 227.25 Gauss compared to 

200.00 Gauss for Fe3O4@SiO2+Au and 228.57 Gauss for Fe3O4@SiO2+Au+PVP. 

Furthermore, these magnetic particles, being biologically compatible and resistant to 

oxidation, were functionalized with an antibody designed to target A431 oral cancer 

cells. The result demonstrated high specificity of binding compared to non-

functionalized particles, attributable to a favorable interaction between gold and the 

antibody. 

5.2 Experimental 

     5.2.1 Bioconjugation of antibody to magnetic particles  

          Fe3O4 particles decorated with gold plus PVP were prepared as outlined in 

chapter 4 and were bioconjugated through a two-step procedure as reported 

previously with some modifications.
40

 First particles were functionalized by the 

addition of 100 μl of 1mg/ml OPSS-PEG-SVA solution to 500 μl of particles (optical 

density = 5.0) The functionalized particles were stirred and incubated overnight. 

Pegylated ensembles were washed by centrifuging for 5 minutes at 13000 rpm. 100 μl 

of as purchased Anti-EGFR solution was added to the washed particles and incubated 

for an additional 12 hours while stirring at 4 ∘C. The antibody conjugated particles 

were washed again by centrifugation for 5 minutes at 13000 rpm until no free 

antibody was observed in the supernatant. The final product was re-dispersed in to 

HBSS buffer saline solution. 

     5.2.2 Cell Experiment  
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          Epidermal growth factor (EGF) overexpressing cell line (A-431) was cultured 

at the UCSC screening center in a 96 well plate. Cells were grown in Dulbecco’s 

Modified Eagle’s Medium (DMEM) supplemented with 10% Fetal Bovine Serum 

(FBS).  The cell nuclei were stained using Hoechst 33342 and incubated with 

bioconjugated nanoparticles for one hour. Incubated cells were washed three times 

using HBSS saline solution, and imaged to determine binding efficiency. 

     5.2.3 Instrumentations and Characterization  

          STEM images were acquired using an FEI Quanta 3D dual beam microscope, 

operated at 10 kV. Samples were prepared for SEM and TEM analysis by drying 

Fe3O4 in ethanol on copper-carbon mesh grids. Magnetic properties were investigated 

by SQUID magnetrometry with an external magnetic field ranging from -2000 Gauss 

to 2000 Gauss at 10K and 300K.  EPR spectroscopy was performed at 121K on a 

Bruker EMX spectrometer operating at an X-band frequency of 9.44 GHz using an 

ER 4122SHQE resonator with a 100 kHz modulation frequency, and a 5 Gauss 

modulation amplitude. Cell images were taken using a Leica EPI fluorescence 

microscope. 

5.3 Discussion  

           Fe3O4@SiO2+Au and Fe3O4@SiO2+Au+PVP were prepared as described in 

chapter 4.  Representative STEM images of both particle types are shown in Figure 

5.1. The particles are spherical, monodispersed and ~200 nm in diameter. The gold 

coverage along the surface can be seen as the bright white spots in both 5.1 (a) and 

(b). The addition of gold creates small nodules which are irregular in shape and size 
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but uniform across the entire surface. As shown in 5.1 (b) adding more gold along 

with PVP generates a much thicker surface coating with even more enhanced 

nodules. 

          

 

Figure 5.1: STEM images of (a) Fe3O4@SiO2+Au and (b) Fe3O4@SiO2+Au+PVP 

          Hysteresis loops showing the relationship between the magnetization (M) and 

the magnetic field (H) at a temperature of 10K is evident in the hysteresis loops 

shown in Figure 5.2. Data were obtained up to 10
4
 gauss but are shown only to ± 

2500 Gauss, beyond which little change in M is observed, in order to better resolve 

the coercive force. 

 Magnetic saturation, corresponding to the alignment of all atomic moments, 

was calculated for each ensemble and normalized to mass. All three functionalized 

ensembles maintained high magnetic saturation post functionalization (65.78-73.49 

emu/g). Losses ranged from 13-22% of pristine magnetite’s MS value of 84.18 emu/g. 
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Modified particles likely displayed a decrease in saturation due to the non-magnetic 

nature of the polymer and gold surface materials.  This type of loss is correlated to the 

interruption of long range magnetic ordering induced by particle surface modification 

and can be observed in the EM images as the rough and disordered surface 

morphology arising from the addition of gold and polymer.  

 In order to assess the magnetization of the core, we must estimate its mass 

from the mass of the entire nanoparticle. For the pristine Fe3O4 NPs, MS is consistent 

with the bulk value.  For Fe3O4@SiO2, MS slightly exceeds the bulk value at 10
4
 

Gauss by a few percent, which is likely due to uncertainty in the SiO2 thickness. For 

the two ensembles with gold coatings we consider three different possible amounts of 

Au in the coating. For Fe3O4@SiO2+Au, we consider 10 nm, 5 nm, 1.2, and 0 nm 

thick shells and for Fe3O4@SiO2+Au+PVP we consider 10 nm, 5 nm, 2.3, and 0 nm 

thick shells. For a given sample mass, an assumption of a thick Au coating (10 nm) 

means a smaller fraction of the sample mass is in the core; hence the magnetization is 

produced by a smaller mass of Fe3O4 than if we assume a thinner effective Au 

coating. Since it is not possible that the Fe3O4 possesses a magnetization greater than 

the bulk MS value, this measurement can be used to place an upper bound on the 

effective Au layer thickness. A thickness of 1.2 nm for the Fe3O4@SiO2+Au sample 

and a thickness of 2.3 for the Fe3O4@SiO2+Au+PVP sample yields a value of MS 

consistent with the bulk MS of Fe3O4 Since the Fe3O4@SiO2 nanoparticles possessed 

an MS of approximately 0.85 MS at the same field, the thickness of the Au layer is 

likely less than 1.2 nm and 2.3 nm for Fe3O4@SiO2+Au and Fe3O4@SiO2+Au+PVP 
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respectively. We have also indicated the magnetization that would be obtained 

assuming no Au were present, which is a substantial fraction of the bulk MS, showing 

that additional layers outside the SiO2 have little, if any, effect on the moment in the 

core.  Thus, we have succeeded in retaining a large, nearly bulk, magnetization while 

coating the nanoparticles with Au and Au plus PVP.   

 Remnant magnetization, the amount of magnetism retained after the applied 

field is removed, was evaluated for each ensemble. Pristine magnetite had a 

remanence of 0.136 emu compared to the silica coated particles of 0.045 emu. For a 1 

nm thick shell, the lower bound, gold decorated silica coated magnetite had a 

remanence of 0.129, while ensembles functionalized with silica, gold plus PVP had a 

magnetic remanence of 0.114 emu. 

 We found that the coercive field, the amount of energy required to return the 

field to zero, was 227.27 Gauss for the pristine magnetite, 136.36 Gauss for the 

Fe3O4@SiO2, 200.00 Gauss for the gold decorated silica coated magnetite and 228.57 

Gauss for Fe3O4@SiO2 plus gold and PVP ensemble. The enhancement found in the 

functionalized ensembles may be due to a reduction in dipole interactions caused by 

the dispersion of particles in a polymer matrix. It has been reported that when 

magnetic particles are embedded in non-magnetic matrixes, anisotropy and coercivity 

are increased.
434-436

 Enhanced coercivity has also been correlated to donor acceptor 

relationships between Au and the free electrons associated with the pyrrolidone ring 

in PVP.
437-438
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Figure 5.2: Hysteresis loops generated at 10K for: (a) Fe3O4; (b) Fe3O4@SiO2; (c) 

Fe3O4@SiO2+Au and (d) Fe3O4@SiO2+Au+PVP. The data in (c) and (d) are 

calculated assuming a 10 nm Au layer and additional lines show the effect of different 

Au layer thicknesses. 

Electron paramagnetic resonance (EPR) spectroscopy was employed to further 

investigate the magnetic properties of our particles.  All samples were diluted to an 

optical density of 1.0 and then analyzed on a Bruker EMX spectrometer using an X-

band frequency of 9.44 GHz at 121 K.  EPR resonance occurs when the incident 

microwave radiation is equal to the energy difference between electronic spin states 

as they precess around the applied field and is proportional to the imaginary part of 

the susceptibility.
439

 Resonance linewidths and height are known to depend on the 

magnetic free energy of the spin ensemble with the number of unpaired electronic 

spins being proportional to the area under the absorption curve.   
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Figure 5.3 shows the EPR spectra associated with the four ensembles. The peak to 

peak widths for each ensemble were: magnetite 1108.3 Gauss; Fe3O4@SiO2 1031.9 

Gauss; Fe3O4@SiO2+Au 1172.7 Gauss and Fe3O4@SiO2+Au+PVP 1235.5 Gauss. 

Maximum intensities for each sample were: magnetite 1.72 X 10
6
; Fe3O4@SiO2 0.94 

X 10
6
; Fe3O4@SiO2+Au 0.92 X 10

6
 and Fe3O4@SiO2+Au+PVP 0.75 X 10

6
. 

All four samples produced the single broad spectrum associated with 

magnetite in literature
440

 indicating that each ensemble is magnetic. However, the 

individual spectrums showed variation in height and width indicative of differences in 

the number of spin states associated with it. Line shape changes are attributed to 

changes in the chemical environment associated with each sample and the broadening 

found in each of the functionalized ensembles may be an indication that some of the 

magnetism is being carried by the coatings themselves. Line broadening in 

functionalized magnetite has also been reported to be due to the presence of surface 

oxyhydroxides and differences in Fe
2+

 and Fe
3+

 cations in the structural lattice.
441
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Figure 5.3: Electron paramagnetic resonance (EPR) spectra of: (black) pristine 

Fe3O4; (blue) Fe3O4@SiO2; (green) Fe3O4@SiO2+Au and (red) 

Fe3O4@SiO2+Au+PVP. 

Finally, in order to show that these particles are capable of binding to a 

specific biological moiety we performed cell experiments using the functionalized 

ensembles. The selective binding of functionalized magnetite ensembles is shown in 

Figure 5.4. 

A-431 oral cancer cells are known to overexpress epidermal growth factor 

EGF) receptors on their surface, which can be targeted using an anti-EGFR antibody. 

Magnetite particles decorated with gold and gold plus PVP were conjugated with 

anti-EGFR targeting ligand through heterobifunctionalized PEG molecule as 
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described previously.
442

  The cell nuclei were stained with 4',6-diamidino-2-

phenylindole (Dapi), emitting at 461 nm (blue), and imaged using fluorescence 

microscopy as shown in Figure 5.4 (a). Strong binding to the cell receptors was 

observed after incubating Anti-EGFR conjugated Fe3O4@SiO2+Au particles with the 

cells for 1 hour. Anti-EGFR targeting ligand was stained with Fluorescein 

isothiocyanate (FITC), emitting at 519 nm (green) for imaging purpose. The overlaid 

images of the cell nuclei and conjugated Fe3O4@SiO2+Au particles are shown in 

Figure 5.4 (c). The same procedure was followed for Fe3O4@SiO2+Au+PVP 

conjugated with anti-EGFR, However, the efficiency of bioconjugation was 

significantly lower due to presence of PVP on the surface of particles as shown in 

Figure 5.4 (d) On the other hand, non-conjugated Fe3O4@SiO2+Au and 

Fe3O4@SiO2+Au+PVP particles were completely washed away from the cells after 

incubation and showed no binding to the cells (Figure 5.4 b), indicating selective 

binding of targeting ligand to the receptors. These results suggest that magnetite 

functionalized with SiO2, Au and PVP can be selectively and efficiently delivered to 

the tumor cells using specific targeting ligand. 
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Figure 5.4: Cell images showing: a) A431 cell line stained with DAPI; b) A431 cell 

line plus pristine particles (no antibody); c) A431 cells (blue) and Fe3O4@SiO2+Au 

(green) stained with FITC); d) A431 cells (blue) and Fe3O4@SiO2+Au+PVP (green). 

5.4 Conclusion 

 Magnetite particles functionalized with different combinations of silica, gold 

and PVP have been synthesized and characterized, with the goal to understand the 

effect of surface functionalization on their magnetic properties.  In particular, SQUID 

magnetrometry measurements showed that all ensembles maintained high saturation 

compared to pristine magnetite. Particles functionalized with silica, gold and PVP 

retained 78% of the pristine Fe3O4 MS while Fe3O4@SiO2 and Fe3O4@SiO2 +Au 

retained 80% and 87% respectively. Coercivity increased for the Fe3O4@SiO2 +Au + 

PVP particles (228.57 Gauss) compared to pristine Fe3O4 (227.25 Gauss) and the 

Fe3O4@SiO2+Au particles maintained 88% of pristine magnetite’s coercivity, making 

both ensembles capable of generating thermal energy comparable to that of pristine 

magnetite. Additionally, the particles were shown to be effective at targeting and 
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binding to a biological moiety of interest making them useful in applications like bio-

separation and imaging. 

5.5 Future Work 

           The work in chapter two relied almost exclusively on the indirect evidence 

obtained by the characterization of the hollow gold nanospheres that were produced 

from the cobalt nanoparticle scaffold as opposed to direct evidence from the growth 

of the scaffold itself. For this reason there are some future experiments that could be 

performed to gain more quantitative information related to the hypotheses we 

provide. One strategy would involve in situ monitoring of the cobalt nanoparticle 

ensemble during the nucleation, coalescence and growth phases. This type of 

monitoring has been done to investigate the mechanism of growth for gold 

nanoparticles, particularly during coalescence.
451-452

 In these investigations the 

authors use continuous flow small angle x-ray scattering (SAXS) with millisecond 

time resolution to monitor a flow cell containing their reaction fluid. They are then 

able to evaluate differences in nuclei formation (0.8-2 nm) during fast and slow 

reactions. This type of flow cell would need to be modified to prevent oxidation of 

the cobalt nanoparticles during the course of the reaction but would be helpful in 

allowing us to determine if fewer, larger seeds were being produced post reduction 

during nucleation as a result of the decrease in reagent concentration. Additionally, 

we could gain some direct evidence related to the kinetics of the nucleation period, 
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specifically the length of time involved in seed coalescence once citric acid is added 

to the reduced cobalt salt.  

          Other techniques that could be used to quantify the growth of cobalt 

nanoparticles are UV-Vis and dynamic light scattering. Although we did make efforts 

to use both characterization techniques in our research, cobalt is highly sensitive to 

oxidation and the particles would often oxidize within minutes to CoO before any 

data could be acquired. Again, the construction of a vessel that would prevent 

oxidation would be helpful in maintaining the integrity of the cobalt nanoparticles for 

the length of time required to take measurements on either instrument. 

          In the work described in chapter 4 although we bound our target analyte, GLP-

1, to our substrate in order to demonstrate our ability to separate a moiety of interest 

from solution, we did not bind the analyte to our substrate prior to performing SERS 

spectroscopy. Doing so would have resulted in a larger percent of the ensemble 

population being in the near field of the substrate surface and would have enhanced 

the Raman signal significantly. A future experiment would involve targeting, binding 

and separating a moiety of interest and then immediately characterizing the analyte 

using SERS. This would likely enhance the SERS signal by at least two orders of 

magnitude. 

          In chapter five the initial purpose of functionalizing Fe3O4@SiO2 with PVP and 

Au was to take advantage of both the magnetic and plasmonic properties of the 

magnetite and noble metal. We also wanted to determine if the interaction between 
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the gold and polymers facilitated the enhancement of magnetic properties associated 

with the material. While we were able to see encouraging results from the SQUID 

and EPR data, we were unfortunately not able to sufficiently determine 

experimentally where the magnetic enhancement in our material was coming from. 

The use of X-ray absorption near edge structure (XANES) spectroscopy would be 

helpful in allowing us to evaluate changes in the hole density of the 5d band of gold 

resulting from exchange mechanisms between the metal and the polymers.
421,445,453-454

  

We feel this final experiment would allow us to tell a more complete story with 

respect to this uniquely synthesized material. 
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