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the Influence on Functional Properties 
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This dissertation presents three different projects aimed at understanding how fabrication, 

functionalization, and arrangement of nanostructures relates to their resulting properties. The 

composition, dimensions, and arrangement of nanoparticles and nanostructures are particularly 

significant for controlling the properties of magnetic nanoparticles, optical nanostructures, and 

directed assemblies of gold nanoparticles. Chapter 2 of this thesis demonstrates how the size and 

composition of ferrite nanoparticles are directly linked to the unique magnetic properties they 

exhibit, and how with further functionalization, these nanoparticles can be modified for future 

biological applications. Magnetic ferrite nanoparticles were synthesized at various sizes, 10 and 

40 nm, and then post-synthetically modified with a hydrophilic polyacrylic acid coating before 

further incorporation of these nanoparticles into biologically relevant systems such as poly-lysine 

and polyacrylic acid hydrogels. In Chapter 3, we look at the reduction of electrochromic WO3 

and its arrangement within highly patterned nanostructured arrays, which we anticipate will 

exhibit localized surface plasmon resonance (LSPR) in an effort to develop powerful new 

surfaces for light-based sensing applications in the near infrared. Several post-fabrication 
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modification techniques, including furnace reduction and MoO3 doping, were explored to create 

permanent reduced states within the WO3 crystal lattice. Finally, Chapter 4 presents our progress 

in developing improved methodologies to structurally characterize DNA-gold interactions of 

smaller masses. 1.4 nm nanogold was bound to 60 base-pair thiol-modified DNA strands, 

purified, and then analyzed through cryo-electron microscopy. 
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Chapter 1 

Introduction 
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1.1 Overview of Dissertation  

Nanoparticles and nanostructured materials are an enduring area of research due to their 

fascinating behaviors and wide use in a plethora of applications. Nanoparticles and 

nanostructures can have dramatically enhanced properties from their bulk counterparts despite 

having the same material composition.1,2 Properties such as shape, size, and composition can be 

tuned for optimal use in applications such as optics,3,4 cancer therapeutics,5–7 electronics,8,9 

sensors,10–12 energy storage,13–15 and data storage.16,17 Functionalization of the particle or 

structure surface widens the range of applications even further to include targeted drug 

delivery18–20 and biosensors.21,22 The composition, dimensions, and arrangement of nanoparticles 

and nanostructures significantly influence their capabilities, particularly for magnetic 

nanoparticles,23–26 optical nanostructures,27–29 and the directed assembly of gold 

nanoparticles.1,30,31 Therefore, understanding how fabrication, functionalization, and arrangement 

of nanostructures is important in controlling the resulting properties and critical in developing 

the next generation of nanomaterials.  

This dissertation presents three different projects, each based within the idea that 

nanoscale materials can be designed for specific applications best when their shape, size, 

composition and arrangement are understood, as well as how these parameters relate to their 

exhibited properties. Chapter 2 of this thesis demonstrates how the size and composition of 

ferrite nanoparticles are directly linked to the unique magnetic properties they exhibit, and how 

with further functionalization, these nanoparticles can be modified for future biological 

applications. In Chapter 3, we look at the reduction of electrochromic metal oxides and their 

arrangement within highly patterned nanostructured arrays, which we anticipate will exhibit 

localized surface plasmon resonance (LSPR) in an effort to develop powerful new surfaces for 
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light-based sensing applications in the near infrared. Finally, Chapter 4 describes the 

development of improved methodologies to probe the structure of nanogold bound DNA by 

cryo-electron microscopy for improved control over DNA directed assemblies of nanogold. 

 

1.2 Magnetic Nanoparticles 

Application of magnetic materials is increasing in biological and medicinal fields, where 

novel magnetic nanoparticles serve as image contrast agents, drug targeting and delivery 

methods, and biosensors.18,32–36 For magnets to be effective in a biological system, they need to 

be highly responsive to a magnetic field, non-aggregating, and hydrophilic as biological systems 

are aqueous.24,37 Ferrite nanoparticles, which can be tuned to have a high magnetic 

susceptibility,24,34,38 are superparamagnetic at small diameters below 20 nm,24,37 and can be 

further functionalized such that they are hydrophilic,39 are well suited to meet these conditions 

and for use in biological systems. Chapter 2 of this dissertation presents a new procedure to post-

synthetically modify magnetic ferrite nanoparticles of various sizes, 10 and 40 nm, with a 

hydrophilic polyacrylic acid coating and then further incorporates these nanoparticles into 

biologically relevant systems such as poly-lysine and polyacrylic acid hydrogels. 

1.2.1 Magnetic Behaviors 

Magnetic behavior is the response to an externally applied magnetic field that results 

from the perturbation of spin and orbital motion of electrons. Spin and orbital motions dictate the 

magnetic moment, the magnetic strength and orientation of a magnetic object.40 All materials can 

be classified into at least one of five basic types of magnetic behaviors (Figure 1.1) based on 

their response to an externally applied magnetic field: diamagnetism, paramagnetism, 

ferromagnetism, antiferromagnetism, and ferrimagnetism.25,40   
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Figure 1.1. Depictions of the types of magnetism: Diamagnetism is the alignment of orbital 

motion opposite an applied magnetic field. Paramagnets have randomized spins at no field but 

will weakly align with an applied magnetic field. Ferromagnetism is when the spins are aligned, 

even at zero field, creating a permanent magnetic effect. Antiferromagnetism has antiparallel, 

generating a net zero magnetization. Ferrimagnetism has the spin ordering of 

antiferromagnetism, but with unequal magnitudes, resulting in a net overall magnetic moment. 

 

All materials are diamagnetic in that the orbital motion of electrons will align opposite a 

magnetic field. This response however, is weakly repulsive and will be overpowered by other 

magnetic behaviors present.25 Purely diamagnetic materials have fully paired electrons, resulting 

in a net cancellation of magnetic moments due to spin motion.25 The four other magnetic 

behaviors are the result of unpaired valence electrons and are therefore most commonly observed 

in metal cations.40 The electron spins in paramagnets have no long-range ordering, but will 

weakly align in the presence of a magnetic field.25 In ferromagnets, the magnetic moments of 

each atom are of equal strength and are all aligned in parallel.25 Furthermore, this alignment 

remains in the absence of a magnetic field, creating permanent magnetization. 

Antiferromagnetism is observed in materials with atomic magnetic moments of equal magnitude 
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but in opposing directions, generating a net zero magnetization.25 Ferrimagnetism is similar to 

antiferromagnetism in that the magnetic moments of atoms are in opposing directions, but the 

magnitudes in a ferrimagnet are not the same.25 These unequal magnitudes of spin result in an 

observed overall magnetic effect akin to ferromagnetism. Prominent examples of ferrimagnets 

featured in this dissertation include magnetite and ferrites. 

 

Figure 1.2. Magnetic hysteresis loop showing a) saturation, b) retentivity, and c) coercivity. 

 

Magnetic material are evaluated by a variety of different terms and symbols which can 

best be understood by looking at a magnetic hysteresis loop.  A magnetic hysteresis loop (Figure 

1.2) plots the magnetic flux density (B) against magnetic field (H). Magnetic flux density is 
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defined as the density of lines of force and object experiences when placed in a magnetic field, 

and it is related to H by the permeability (μ), as seen in Equation 1.40  

(1) B = μH 

As mentioned previously, the magnetic moment is the strength and orientation of a magnetic 

object. The saturation magnetization is the maximum magnetization (M), which is the density of 

a magnetic moment per unit volume, achievable in an applied field. Magnetic susceptibility (χ) is 

defined as magnetization per field strength (M/H); it is a measure of the response a sample has to 

an applied magnetic field.40 Magnetic permeability is the magnetic flux density per field strength 

(B/H) and is demonstrated by the slope at zero field. Coercivity is the magnetic field required to 

remove remnant magnetization from a magnetic and retentivity is flux density retained. The 

hysteresis loop shown in Figure 1.2 is representative of a typical ferromagnetic or ferrimagnetic 

material as there is a retained magnetization due to the permanent magnetic moment. The 

magnetic nanoparticles discussed in Chapter 2 are designed to be superparamagnetic manganese-

zinc ferrite nanoparticles, meaning they should have no coercivity, high magnetic susceptibility, 

and high magnetic saturation. 

As mentioned previously, nanomaterials often have enhanced properties compared to 

their bulk counterpart.1,2 Superparamagnetism is a magnetic phenomenon observed at the 

nanoscale; particles below 20 nm have no coercivity but high magnetic moments.25 When 

magnetic nanoparticles are below 20 nm, only a single magnetic domain is observed.25,41 

Particles now behave as a single paramagnetic atom, as there is no longer any coercivity, but 

with an enormous magnetic moment, as the magnetic ordering is still well-defined.25 Because 

they respond so strongly to an external magnetic field but do not retain any remnant 

magnetization that could lead to aggregation, superparamagnetic nanoparticles are an ideal 



7 
 

material for biological applications.24,37 In Chapter 2, ferrite nanoparticles with an observed 

superparamagnetic response are synthesized by reducing their diameter to 10 nm. 

1.2.2 Magnetic Ferrite Nanoparticles  

The magnetic behavior of ferrite nanoparticles is controlled not only by their diameter, 

but by the arrangement of the ions within its crystal lattice as well. Ferrites exhibit 

ferrimagnetism because of their mixed spinel structure. Spinels are a cubic close-packed 

arrangement of the formula MFe2O4 where M is a II cation and Fe is a III cation.25,40 A general 

spinel crystal lattice can be seen in Figure 1.3, however, the way cations arrange themselves 

within this lattice determines what kind of spinel the material is. All spinels have eight 

tetrahedral (A site; binds to four oxygen atoms) and sixteen octahedral (B site; binds to six 

oxygen atoms). In a normal spinel, all eight of the A sites filled with II cations and all sixteen B 

sites are filled with III cations. Inverse spinels have their A sites filled with III cations and the 

remaining eight III cations and all II cations fill the B sites. Finally, in mixed spinels, II and III 

cations are dispersed equally among the A and B sites. Magnetically, the A and B sites create 

two separate sublattices that are aligned antiparallel from one another. As there are twice as 

many atoms within the B sublattice, there is an overall magnetic moment favoring the B 

sites.25,41 In Chapter 2, we specifically designed a ferrite doped with both manganese and zinc 

cations. Manganese ferrites have higher magnetic susceptibilities than most ferrites,34,42 and 

diamagnetic zinc favor tetrahedral A sites, reducing the antiferromagnetic coupling between the 

two lattices and increasing the overall magnetic moment.25,43  
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Figure 1.3. A spinel structure showing the ions in tetrahedral holes (orange) with the tetrahedral 

shape filled in, the ions in octahedral holes (blue), and the oxygen ions (red). Modeled in Crystal 

Maker. 

 

 

1.3 LSPR in Metal Oxide Nanostructures 

Because of their strong spectral properties, materials that exhibit localized surface 

plasmon resonance (LSPR) have found applications in biological sensors,27,44–46 immunoassay 

labels,47–49 optical switches,50–52 and waveguides.53,54 Fabricating LSPR nanostructures out of 

metal oxide materials offers more flexibility as the resonance can be tuned to meet specific 

application needs by composition, independent of the size and arrangement.55 Additionally, these 

resonances occur in the near infrared (NIR), allowing plasmonic metal oxide nanostructures to 

have applications as energy efficient smart windows or in solar energy collection.55,56 Chapter 3 

explores the fabrication and modification of different WO3 nanostructures to explore tunable 

LSPR in the NIR for improved light-based sensing devices. Several nanostructured arrays 

including nanowire, nanoring, and diffraction gratings were successfully fabricated using WO3. 

Although the nanostructures presented do not possess strong resonances, the methods developed 



9 
 

were successfully incorporated into diffraction gratings with enhanced electrodiffraction from 

nanostructured ZnO.57 

1.3.1 Localized Surface Plasmon Resonance Theory 

LSPR is a spectroscopic phenomenon characterized by sharp absorbance or scattering 

peaks.27 The phenomenon occurs when a plasmon, defined as the collective oscillations of 

delocalized electrons, is excited by electromagnetic radiation.27,55 The plasmon is often 

visualized as an electric field causing mechanical oscillations of the electron cloud around a 

fixed metal core (Figure 1.4).  

 

Figure 1.4. Graphic representation demonstrating localized surface plasmon resonance of a 

nanoparticle. 

 

 

 

As this plasmon response is confined to particles or structures of subwavelength dimensions, it is 

termed a localized surface plasmon (LSP).27 When a nanoparticle exhibits LSP behavior, the 

optical extinction is maximum at the plasmon resonant frequency,44 making LSPR materials the 
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powerful spectral tool they are today. A localized surface plasmon resonant nanoparticle scatters 

and absorbs light so strongly, a single nanoparticle can be visualized using dark-field44 or near-

infrared58 microscopy. As LSPR is a nanoscale phenomenon, the frequency at which a plasmon 

resonates is highly dependent on the structure’s size and shape.44 For example, the resonant 

frequency of a gold nanosphere can be tuned over 60 nm through changes in its diameter 

between 10 and 100 nm.59 In another study by Mock et al, silver nanoparticles of the same 

volume but different shapes were demonstrated to have a wide range of resonances throughout 

the visible spectrum depending if they were spheres (blue), pentagons (green), or triangles 

(red).60 Composition also plays an important role as this phenomenon is most commonly 

observed in nobel metals due to their large densities of free carriers and appears mostly in the 

visible region.27 However, LSPR can also be observed in the NIR by doping metal oxides, such 

as electrochromic WO3. 

Metal oxides like tungsten oxide (WO3) can be tuned to produce localized surface 

plasmon resonance (LSPR) by doping in charge carriers.44,55 The main method for controlling 

plasmonic resonance within WO3 nanostructures is through oxygen deficiencies within the 

crystal lattice.28,61 Oxygen deficient tungsten trioxide (WO3-δ, where δ is > 0.1) undergoes a 

metal-insulator transition when δ = 0.1, and takes on a more metallic character.28,62 By altering δ, 

different resonances can be observed and tuned to give NIR signal. In Chapter 3, we tested 

several post-fabrication modification techniques, including furnace reduction and MoO3 doping, 

to create permanent reduced states within the WO3 crystal lattice. 
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1.3.2 Electrochromic Metal Oxides 

The optical properties of electrochromic materials can be reversibly tuned through the 

application of an electrical potential.56,63 This unique control over absorbance, transmittance, and 

reflectivity has made electrochromic materials have shown promise as optical energy saving 

devices,64,65 sensors,66 batteries,67,68 and display materials.69–71 Tungsten oxide (WO3), has been 

one of the most prominently researched metal oxides because of its ideal electrochromic 

properties – high coloration efficiencies, stability, good electron transport efficiencies, and 

stability in aqueous solutions.56,72–74 As illustrated in Figure 1.5 and Equation 2, insertion of 

electrons and charge balancing cations, M+, causes a WO3 film, electrodeposited on ITO glass, to 

change from transparent to a deep blue.74,75 The M+ ion is most commonly H+ or Li+ ions, but in 

fact can be any cation that will intercalate within the WO3 lattice. 

(2)  WVIO3 + xM+ + xe- ↔ MxW(1-x)
VIWx

VO3  

 

Figure 1.5 Images demonstrating the electrochromic behavior of a WO3 thin film. The film is 

observed to change from transparent in its fully oxidized to colored, blue in this case, when 

reduced. Lithium intercalation is a common reduction technique, but reduction can occur through 

oxygen vacancies. 
 

 

 

Fully oxidized WO3 has a full O2p band and empty d band wide enough apart such that it 

appears transparent. The smallest addition of M+ ions and charge balancing electrons will reduce 

tungsten ions from VI to V and partially fill the d band, resulting in an optical absorption such 

that WO3 appears blue.76–78  
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1.4 DNA-Nanogold Conjugates 

Just as nanoparticles display fascinating properties different from bulk materials, 

nanoparticles assembled into 2D arrays and 3D shapes can display new electronic, magnetic, and 

optical properties different from individual samples and bulk materials.1 With these new 

properties come new applications for ensembles of nanoparticles in electronic, memory, and 

optical devices.31,79,80 A recent development in achieving absolute control over ensemble design 

is the use of sequence-specific DNA bonds to direct the placement of each nanoparticle 

component within a structure.81,82 The DNA nucleobases’ have sufficient affinity for a gold 

surface for oligonucleotides to wrap themselves around gold nanoparticles in a random 

fashion.83,84 However, attaching a thiol moiety to the end of a DNA strand will orient the 

nucleotide perpendicular to the nanoparticle surface, which is a more flexible configuration for 

further hybridization over random attachment.83 The resulting motif of these “programmable 

materials” can reliably be predicted through the specific design of DNA hybridization.31,83 DNA 

directed nanoparticle designs include linear arrays,85,86 2D arrays,31,87 3D lattices,88–90 and 

tripods.91 To better understand how to control and take advantage of DNA-mediated assemblies 

of gold nanoparticles, it is of the utmost importance to understand the structure of the DNA-gold 

interaction.79 Structural information of flexible heterogeneous samples like DNA-gold 

conjugates is difficult to obtain from characterization techniques like X-ray crystallography.79 

The final portion of this thesis, Chapter 4, presents our progress in developing improved 

methodologies to structurally characterize DNA-gold interactions of smaller masses. In Chapter 

4, 1.4 nm nanogold was bound to 60 base-pair thiol-modified DNA strands, purified, and then 

analyzed through cryo-electron microscopy. 
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1.5 Cryo-Electron Microscopy  

Cryo-electron microscopy (EM) has revolutionized biological and chemical fields with its 

ability to visualize biological samples with a resolution as far down as 2 Å.92 Although X-ray 

crystallography is, and will continue to be, an effective tool to produce atomic models, it comes 

with limitations.93 Samples that cannot be isolated in sufficient quantity or do not readily 

produce crystals, such as membrane proteins or polymers, cannot be analyzed by 

crystallographic methods.93,94 With the development of cryo-EM, a variety of biological samples 

including viruses,95,96 ribosomes,97 enzymes,98,99 and most importantly for the purpose of this 

dissertation, DNA.79,100 In particular, cyro-EM has been used to reconstruct the structures of 

DNA arrangements of 10 nm gold particles.101,102 Additionally, the 3D structure of hybridized 

DNA-nanogold conjugates have been successfully reconstructed using a combination of 

negative-staining, individual-particle electron tomography, and cryo-EM.79  

Electron microscopes have been imaging inorganic samples since the 1930s, but it has 

taken decades of design modification and technological improvement for biological samples to 

be images by electron microscopes and then reconstructed.103 The electron microscope operates 

similar to the traditional light microscope but is able to bypass the diffraction limit of light 

microscopy using an electron source to image subwavelength objects.104 The EM apparatus and 

sample must be under vacuum to circumvent strong electron scattering that occurs in air and can 

disrupt imaging quality.103 This is problematic for biological samples like oligonucleotides and 

proteins, whose structure is only accurate in an aqueous environment and cannot be put under 

vacuum.94 Furthermore, many biological samples are beam sensitive materials that are easily 

damaged upon irradiation by the electron beam.92,105 High vacuum and radiation damage of 

electron microscopes significantly reduce the quality of imaging oligonucleotides accurately, 
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however biological samples that are frozen in vitreous ice before imaging address these 

issues.106,107 The vitrification process, developed by Dubochet and colleagues begins with a small 

amount of sample applied to an EM grid covered in a holey carbon film.108 Next, the grid is 

blotted with filter paper to remove excess solution so that only a thin liquid layer remains across 

the holes in the carbon film.92 Finally, the sample is plunged into a liquid nitrogen-cooled pool of 

liquid ethane or propane, which with today’s technological advances, can now be performed 

using an automatic “plunge-freezer” machine to produce a faster plunge and results in a better 

ice layer which is critical for imaging in cryo-EM.92 Although trapped in a vitrified layer of ice, 

multiple samples have been demonstrated to preserve their native structure and have been 

imaged accurately at low doses (~400 e-/Å2) without fear of dehydration from vacuum or 

radiation damage.92,107,109 The image generated by the detector is a 2D projection that 

corresponds to the structure in the path of the electron beam.94 To generate a 3D structure of the 

sample with atomic level resolution, large ensembles of sample must imaged such that all 

possible orientations are found.92,103,110,111 By classifying the images into groups based on 

orientation, aligning, and then refining them, a Coulomb potential density map is slowly 

assembled, revealing structural details about the sample.92 
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2.1 Introduction 

Current magnetic nanoparticles studies exist for both the continual development of novel 

particles in conjunction with implementation of said particles as an aid to the advancement of 

other scientific research areas.1–4 For example, magnetic nanoparticles see great use in biological 

and medicinal fields as purification tools, image contrast agents, or drug targeting and delivery 

methods.5–9 Meanwhile, many groups still investigate the intrinsic properties of magnetic 

nanoparticles for their potential as ferrofluids,10 energy and data storage materials,11,12 or other 

magnetic devices.13,14 Common among these varied applications is the challenge of stabilizing 

nanoparticles in solution such that they will not uncontrollably aggregate or self-assemble. One 

solution to this is to synthesize a superparamagnetic nanoparticle. Magnetic nanoparticles below 

a certain diameter can only host a single magnetic domain and become superparamagnetic.1,2 

They are disorganized outside of a magnetic field but will then cooperate and act as a “single” 

magnet with a greater response when introduced to a magnetic field.2 Therefore, in order to 

avoid aggregation issues, it is desirable for magnetic nanoparticles to be superparamagnetic with 

small diameters below 20 nm and narrow size distributions.11,15 

Of note are ferrite nanoparticles, which can be synthesized with improved magnetic 

properties – higher magnetic permeability, greater susceptibility, higher saturation 

magnetization, lower coercivity, and lower conductivity losses7,15,16 than the baseline magnetite 

(Fe3O4) scaffold. Ferrites have been made with a range of metal cations including cobalt,8,17 

nickel,18 manganese,19 zinc,13 or a mixture of two of these cations.20 We aim to synthesize 

MnxZn1-xFe2O4, a ferrite known for its high saturation magnetization and high magnetic 

susceptibility.7 Manganese was selected because the Mn2+ ion has the highest magnetic spin (5 

µB) compared to other first-row transition metals.21 Therefore, it is expected that manganese 
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ferrites will have higher magnetic susceptibilities than Fe3O4, CoFe2O4, and NiFe2O4.
7,21 In order 

to reduce the antiferromagnetic coupling between the tetrahedral A-sublattice and octahedral B-

sublattice within the ferrite’s spinel structure, small amounts of Zn2+ will also be added.1,20 

Diamagnetic Zn2+ favors the tetrahedral spaces within the A-sublattice, thereby decreasing the 

sublattice’s magnetic moment and increasing the overall magnetic properties.1,20 However, at 

higher zinc concentrations (x < 0.6), the ferrite changes from a mixed spinel to a normal spinel, 

changing the interactions of the sublattices, and resulting in an overall decrease of the magnetic 

moment.1 With these conditions in mind, we have selected the following ratio of starting 

materials for our study: 2:0.7:0.5 Fe:Mn:Zn.  

For these nanoparticles to be relevant to biological applications, they must be hydrophilic 

in nature and easily biofunctionalized. Most nanoparticle procedures result in a product coated in 

an oily surfactant; however, several post-synthetic modification methods exist in order to make 

ferrites water compatible.6 For example, a ligand exchange can be applied to nanoparticles to 

exchange the oily surfactant with a hydrophilic coating.22,23 Another method is to embed 

nanoparticles into amphiphilic polymer shells22 or assemble them into micelles.24 Alternatively, 

some magnetic nanoparticles were made water-soluble through a one-pot approach by replacing 

high-boiling-point solvents with water-soluble ones.6,25 For this study, we take inspiration from 

Zhang et. al. and perform a similar ligand exchange on ferrite nanoparticles that replaces the 

oleic acid surfactant with hydrophilic polyelectrolyte molecules.23 

As a final step, these ferrite nanoparticles were either wrapped in poly-lysine or 

incorporated into hydrogel nanoparticles to demonstrate their biofunctionalization capabilities. 

Poly-lysine coated surfaces can be modified for controlled protein adsorption,26 DNA 

immobilization,27,28 and stem cell labels.29 On the other hand, hydrogel nanoparticles have been 
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incorporated in a variety of biological processes. Their flexible structure allows them to be tuned 

to specific cargo uptake and release,30–32 or designed to detect chemical or biological targets.33–35 

Furthermore, existing examples combine hydrogel nanoparticles with inorganic nanoparticles for 

improved application, whether it is to aid in drug delivery through magnetic manipulation,36,37 or 

provide advanced signal enhancement, thereby improving the sensitivity within a biosensor.38–40 

We believe successful combination of our ferrite nanoparticles with either poly-lysine or within a 

hydrogel will demonstrate the feasibility of these nanoparticles for future use in a variety of 

biological applications. 

 

2.2 Methods and Materials 

2.2.1 List of Materials 

Iron (III) acetylacetonate (97%) (Fe-(acac)3), manganese (II) acetylacetonate (Mn-

(acac)2), zinc (II) acetylacetonate (99.995%) (Zn-(acac)2), and benzyl ether were purchased from 

Aldrich. Oleic acid, toluene, hexanes, and chloroform were purchased from Fisher Chemical. 

Argon (Ar) gas was acquired from Air Gas. Polyacrylic acid (63% solution in water) was 

received from Polysciences. Diethylene glycol, N-isopropylacrylamide (NIPAm), acrylic acid 

(AAc), sodium dodecyl sulfate (SDS), and ammonium persulfate (APS) was purchased from 

Sigma-Aldrich. 1-octcadecene (90% technical grade) and 0.5 M TRIS buffering solution (pH 

8.5) was purchased from Alfa Aesar. Poly(L-lysine hydrobromide) (10 units) was purchased 

from Alamanda Polymers. N,N-methylenebis(acrylamide) (BIS) was obtained from Fluka. N-

tert-butylacrylamide (TBAm) was obtained from Acros Organics. NIPAm was recrystallized 

from hexane before use. 11-mercaptoundecylamine (MUAM) was obtained from Dojindo. Ethyl 

alcohol (200 proof) was received from Gold Shield Distributors. Nanopure water was filtered 
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using a Milli-Q water purification system (Millipore) Concentrated sodium hydroxide was made 

by dissolving pellets from Macron Chemicals in nanopure water. 5.0 N hydrochloric acid was 

received from BDH.  FTIR spectrum were taken on Fisher Scientific premium microscope slides 

that were vapor deposited with 1 nm chromium and 100 nm of gold from Kurt J. Lesker. SPRI 

microscopy substrates, borosilicate No. 1.5 coverslips, were purchased from Fisherbrand and 

coated by thermal vapor deposition of a 1 nm Cr adhesion layer and 45 nm Au. TEM grids 

(copper grids with formvar, stabilized with carbon, 400 mesh) were received from Ted Pella. All 

chemicals were used as received unless otherwise noted. 

2.2.3 Synthesis of 10 nm MnxZn1-xFe2O4 Nanoparticles 

Using a method inspired by a magnetite synthesis previously performed in this lab by 

Szyndler et. al., iron (III) acetylacetonate (0.478 g; 1.33 mmol), manganese (II) acetylacetonate 

(0.117 g; 0.465 mmol), and zinc (II) acetylacetonate (0.088 g; 0.334 mmol) were added to a 

round bottom flask.41 To this was added oleic acid (2536 µL; 8.04 mmol) before dissolving 

everything in 1-octadecene (15 mL). Next, a stir bar was added, and the round bottom was 

hooked into a Schlenk line and vacuumed purged until the entire system was under Ar (g). The 

mixture was heated to 110 ºC and held for 30 minutes in order to remove oxygen dissolved in the 

solvents before continuing to heat the mixture to reflux at 290 ºC. The mixture was allowed to 

reflux for one half hour, during which it was observed to turn from reddish orange to black. After 

a half hour the mixture was allowed to cool and was washed with excess ethanol. Nanoparticles 

were collected through centrifugation (6000 rpm for 15 minutes) to first separate any 

undispersed residue, and then washed two more times in ethanol. 
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2.2.3 Synthesis of 40 nm MnxZn1-xFe2O4 Nanoparticles 

40 nm ferrite nanoparticles were synthesized by first combining Fe-(acac)3 (0.478 g; 1.33 

mmol), Mn-(acac)2 (0.117 g; 0.465 mmol), Zn-(acac)2 (0.088 g; 0.334 mmol), and oleic acid 

(2536 µL; 8.04 mmol) in a round bottom flask. The contents of the round bottom flask were then 

dissolved in benzyl ether (15 mL). Next, a stir bar was added, and the round bottom was hooked 

into a Schlenk line and vacuumed purged until the entire system was under Ar (g). The mixture 

was heated to 290 ºC and allowed to reflux for one half hour. During this time the mixture was 

observed to turn from reddish orange to black. After a half hour the mixture was allowed to cool 

and was washed with 4:1 toluene:hexanes. Nanoparticles were collected through centrifugation 

(6000 rpm for 15 minutes) and washed three more times in chloroform. 

2.2.4 Ligand Exchange of Ferrite Nanoparticles 

Ferrite nanoparticles underwent a ligand exchange using a procedure inspired by Zhang 

et al. Polyacrylic acid solution (0.793 g) was measured out and added to a 3-neck round bottom 

flask. It was then dissolved in diethylene glycol (8 mL). A stir bar was added before hooking the 

flask into a Schlenk line. The flask was vacuum purged until its contents were under argon gas. 

The solution was heated and stirred to 110 °C before injecting about 1 mL of ferrite nanoparticle 

(32 mg) suspended in toluene. Then the solution heated to 240 ºC and allowed to reflux for 1 

hour during which it was observed to turn brownish. The solution was then allowed to cool and 

was washed in excess dilute hydrochloric acid (0.1 M). The nanoparticles were collected through 

centrifugation (6000 rpm for 15 minutes) and wash with nanopure water three times. The 

nanoparticles were then ionized by suspending them in dilute NaOH (0.1 M).23   
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2.2.5 poly-Lysine Coating of Ferrite Nanoparticles 

The polyacrylic acid capped nanoparticles were electrostatically wrapped in a poly-

Lysine coating. First, the hydrophilic ferrite nanoparticles were transferred from dilute NaOH 

solution into Tris buffer (pH 8.5) using magnetic separation. A neodymium magnet was used to 

secure the magnetic nanoparticles in place while the NaOH was removed and replaced with Tris 

buffer. Next, an excess of short 10-unit chains of poly-lysine (pLys) was measured out (2 

mg/mL) and added to solution. The nanoparticles were allowed to mix with the pLys for 4 hours, 

sonicating periodically. As a final step, excess pLys was washed away using magnetic separation 

similar to what was described above. 

2.2.6 Incorporation of Ferrite Nanoparticles into Hydrogels 

Hydrogel nanoparticle synthesis was adapted from the procedure detailed in Matthews. 

The monomers NIPAm (53 mol %), TBAm (38 mol %), AAc (5 mol %), and BIS (2 mol %) 

were dissolved in 1.7 mL of nanopure water in a round-bottom flask for a total monomer 

concentration of 21 mM. TBAm was dissolved in 50 μL of ethanol before addition to the 

monomer solution and the surfactant SDS (0.25 mg) was also added to the monomer solution. 

Nitrogen gas was bubbled through the solution for 30 minutes. Following the addition of a 100 

μL aqueous solution containing 1 mg of APS, the polymerization reaction was carried out in an 

oil bath preset to 60 °C. For ferrite-encapsulation HNP synthesis, 100 μL of the diluted 

polyacrylic acid wrapped ferrite nanoparticle solution was added to the aqueous solution after 

thirty minutes of reaction time. From there, the reaction was permitted to continue for an 

additional 2.5 hours under nitrogen atmosphere. The resulting solution was purified by dialysis 

using a 12-14 kDa molecular weight cut off dialysis membrane against an excess amount of 

nanopure water (changed three times a day) for 3 days.42 
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2.2.6 Characterization of Nanoparticles 

The high-angle annular dark field (HAADF) and bright field (BF) images of ferrite 

samples were acquired using JEOL Grand ARM TEM/STEM operated at 300 kV STEM mode. 

Simultaneously, the elemental mapping via energy dispersive X-ray spectroscopy (EDS) was 

collected by the large angle dual dry solid-state 100 mm2 detectors. Diffraction patterns were 

obtained on a JEOL-2100F Cryo-TEM using a JEOL double tilt holder and recorded on a 

OneView camera (Gatan, Inc.). For X-ray diffraction measurements, ferrite samples were baked 

for 5 hours at 500 ºC to remove their oleic acid coating. The collected powder was analyzed on a 

Rigaku Smartlab X-ray Diffractometer with Cu kα radiation and analyzed using PDXL: 

Integrated X-ray Powder Diffraction software. 

FTIR measurements were acquired using a Jasco FT/IR-4100 with a Harrick Refractor 2 

reflectance attachment and a liquid nitrogen cooled MCT detector (Jasco). Zeta potential 

measurements were taken on a Malvern Zetasizer ZS Nano DLS (Malvern) using Zetasizer Nano 

Series disposable folded capillary cells (Malvern). 

Hydrogel nanoparticle images were obtained on a Cryo-TEM image using 3μL of 

concentrated sample solution applied on a glow-discharged Quantifoil grid (Quantifoild, R2/2) 

and then loaded on Leica EMGP plunger (Leica Biosystem). The grid was quickly plunged into 

liquid propane after blotting away the excess liquid and the hydrogel particles were then 

embedded in a thin layer of vitrified ice on the grid. The cryo-grid was then transferred into a 

JEM-2100F electron microscope using a Gatan cryo-transfer holder (Gatan, Inc). The electron 

microscope was operated at 200KV with a field emission gun and specimen was examined under 

minimum dose system. The images were recorded on a OneView camera (Gatan, Inc.) at 

40,000X magnification, corresponding to 0.28 nm per pixel at specimen space. 
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2.3 Results and Discussion 

2.3.1 Synthesis of Ferrite Nanoparticles 

MnxZn1-xFe2O4 nanoparticles were successfully synthesized through the reaction of Fe-

(acac)3, Mn-(acac)2, and Zn-(acac)2 with a surfactant at high temperatures. The mechanism 

behind thermal decomposition methods is reported as follows: precursor materials (Fe-(acac)3, 

Mn-(acac)2, and Zn-(acac)2) dissolve, upon heating they decompose and form monomeric 

building units, which accumulate and nucleate into nanoparticles.43,44 If the precursors were 

heated in the solvent 1-octadecene, highly mono-disperse nanoparticles averaging 10 nm in 

diameter were produced. These nanoparticles were magnetized in the presence of a neodymium 

magnet and were observed to return to an unaggregated powder when the magnet was removed, 

suggesting they have superparamagnetic characteristics. If the solvent is switched to benzyl 

ether, the resulting polydisperse nanoparticles were observed to be 40 nm in diameter. Though 

both solvents are thought of as “non-coordinating” solvents, benzyl ether shows a slightly 

stronger affinity for the nanoparticle’s monomeric building units. Qiao et. al. reasoned that 

solvents with higher polarity, will result in an increase of average magnetite nanoparticle size.44 

Therefore we can expect to observe larger nanoparticles when using benzyl ether compared to 

the less polar alkenes from 1-octadecene. The 40 nm nanoparticles were also magnetized in the 

presence of a neodymium magnet; however, they would remain aggregated in the absence of the 

magnet, suggesting they are not completely superparamagnetic. 
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2.3.2 TEM Analysis of Ferrite Nanoparticles 

2.3.2.1 Analysis of 10 nm Nanoparticles 

TEM analysis of the smaller ferrite nanoparticles confirmed these nanoparticles average 

10 ± 1 nm in diameter and are highly monodisperse (Figure 2.1 a). A higher magnification TEM 

image in Figure 2.1 c shows the distance between two adjacent planes to be 2.11 Å, which 

corresponds to (400) lattice planes in spinel-structured ferrites and a unit cell of 8.44 Å. An 

electron diffraction pattern of these nanoparticles (Figure 2.1 d) shows that the nanoparticles are 

single crystal in structure. Table 2.1 displays the measured lattice spacings based on the points in 

the diffraction pattern, or in one case based on an FFT performed on a TEM micrograph of 

ferrite nanoparticles (Figure A.1), and compares them to known lattice spacings for magnetite 

(Fe3O4) along with their hkl indexes from literature values.15 The values are well matched and 

the lack of any secondary diffraction patterns lead us to believe our nanoparticles are single 

crystal with a spinel structure similar to Fe3O4. The undispersed residue from the synthesis was 

observed using TEM to be aggregations of 10 nm nanoparticles. 

 

Table 2.1. Measured lattice spacings, d (Å), based on diffraction points in Figure 2.1 d compared 

to the d-spacings calculated from the XRD peak measurements and the standard lattice spacing 

for Fe3O4 and the respective hkl indexes. 

 
*value obtained from the resulting FFT performed on a TEM micrograph of ferrite nanoparticles (Figure A.1). 
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Figure 2.1. TEM images of ferrite nanoparticles taken on a Grand Arm JEOL Grand ARM TEM 

with scale bars representing a) 100 nm and b) 5 nm. c) A zoomed in TEM micrograph of a ferrite 

nanoparticle showing the 400 plane. Scale bar represents 2 nm. d) Diffraction pattern of ferrite 

nanoparticles taken on JEOL 2100F Cryo-TEM. Diffraction points have been labelled with their 

corresponding hkl indexes. 

 

 

 

2.3.2.2 Analysis of 40 nm Nanoparticles 

TEM was also used to confirm the size and shape of larger ferrite nanoparticles. 

Nanoparticles averaged around 40 nm in size but were not observed from TEM images to be as 

monodisperse in size as the 10 nm ferrites. However, they are uniform in their octahedral shape. 

The development of these larger nanoparticles into distinct octahedral shapes is again likely 
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linked to the solvent used during synthesis.44 Higher polarity benzyl ether has a stronger affinity 

for monomers and therefore increases monomer activity.44 This in turn, affects the growth rate of 

the three low-index planes, which in order of highest chemical potential to lowest are: {100}, 

{110}, and {111}.45 Because the chemical potential of the monomeric building blocks in solution 

are higher than all three of the index planes, the monomers can deposit along any plane at a rate 

determined by the activation barrier for deposition.44,45 Stable {111} facets have the largest 

activation barrier and therefore grow the slowest, producing octahedra, or sometimes 

tetrahedra.44 Monomers with reduced activity, such as those in a solvent such as 1-octadecene, 

may have chemical potentials lower than the {100} plane. Therefore, they will only grow along 

the {110} and {111} facets, resulting in a more cube-like structure.44 A higher magnification 

micrograph of a ferrite nanoparticle (Figure 2.3 b) shows a spacing of 4.79 Å between what 

appears to be the (111) lattice plane based on the arrangement of the atoms. 
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Figure 2.2. TEM images of 40 nm ferrite nanoparticles and their crystal lattice. Inset shows 

ferrite crystal lattice in the 111 plane. Scale bar represents (a) 200 nm and (b) 5 nm. 

 

 

 

2.3.3 Surface Characterization of Ferrite Nanoparticles 

Elemental mapping was also performed on the ferrite nanoparticles using the EDS 

function on the JEOL Grand ARM TEM/STEM. Results from the EDS spectrum (Figures 2.3 

and 2.4) confirm the presence of all three metal cations, however the reported ratios of Fe/Mn 

and Fe/Zn are significantly higher than the precursor ratios for both sizes of nanoparticles (Table 

A.1), indicating the syntheses of these nanoparticles are non-stoichiometric.  
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Figure 2.3. Elemental maps for 10 nm ferrite nanoparticles obtained by EDS-TEM showing a) 

iron (yellow), b) oxygen (green), c) manganese (blue), and d) zinc (teal). Scale bar represents 5 

nm. 

 

 

The EDS spectrum for 40 nm ferrites (Figure 2.4) also shows and interesting preference for Mn2+ 

and Zn2+ ions to leech to the surface. To explain this phenomenon, we return to Qiao et. al. As 

explored previously, the activity of monomeric building blocks has significant impact on the 

resulting size and shape. Monomer activity is dependent on its activity coefficient and molar 

concentration.44 As there is a significantly higher concentration of iron cations compared to 

manganese or zinc, monomers with Mn2+ and Zn 2+ will have a lower activity. It could be that 
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this lower activity limits these monomers to only grow in the {111} plane, possibly explaining 

this apparent preference for the nanoparticle surface, which is mostly the {111} facet. 

 

Figure 2.4. Element maps for 40 nm ferrite nanoparticles obtained by TEM-EDS of (a) iron 

(blue), (b) zinc (yellow), (c) oxygen (red), and (d) manganese (green). Scale bar represents 20 

nm. 

 

 

 

2.3.4 XRD Characterization of Ferrite Nanoparticles 

Structural information from a powdered sample of ferrite nanoparticles was obtained 

using a Rigaku Smartlab X-ray Diffractometer.  Figure 2.5 shows the XRD patterns for the 10 

nm ferrite nanoparticles (blue) and the 40 nm ferrite nanoparticles (red). Despite the lower 

intensities of the 10 nm ferrite pattern, the peak positions and relative intensities between the two 
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patterns match well, suggesting the phase and lattice parameters are preserved between the 

varying sizes. Additionally, the peak patterns match well with standard diffraction data for 

MnxZn1-xFe2O4 powders. Both sets of diffraction peaks were indexed as cubic phase [space 

group of Fd3̅m]. The d-spacings were calculated from both peak patterns and observed to match 

well with the diffraction pattern calculations and the known lattice spacings for magnetite (Table 

2.1). The calculated lattice parameters for both smaller and larger nanoparticles also matched 

closely with the real spacings observed from the TEM images (Figure 2.1 c and 2.2 b). Smaller 

nanoparticles reported a lattice parameter of a = 8.38 Å and larger nanoparticles reported a value 

of a = 8.41 Å. 

 

Figure 2.5. XRD powder diffraction of 40 nm ferrite nanoparticles (red) and 10 nm ferrite 

nanoparticles (blue). hkl values labelled match previously reported peaks for ferrite 

nanoparticles. 
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2.3.5 Ferrite Nanoparticle Ligand Exchange  

Hydrophobic oleic acid surfactant was exchanged for polyacrylic acid in order to make 

hydrophilic polyacrylic acid coated ferrite nanoparticles (PAA-ferrite). Polyacrylic acid was 

selected for its strong affinity to metal oxide surfaces and high density of polar groups.23 The 

ligand exchange was performed in diethylene glycol, which has a high miscibility with both 

aqueous and organic solvents, and a high boiling point in order to ensure a high exchange ratio.23 

The resulting product was observed to suspend well in water, confirming the success of the 

ligand exchange. In the case of the 10 nm ferrites, the reaction was observed to work best using 

the undispersed nanoparticle aggregates. We believe the undispersed aggregates are more easily 

transferred from toluene into diethylene glycol, making them more accessible to the ligand 

exchange. The well suspended ferrites do not transfer easily from toluene into diethylene glycol, 

resulting in smaller yields. 

TEM images were taken after performing a ligand exchange to observe if any changes 

occurred during the reaction. No noticeable changes were observed in the shape and size of 10 

nm ferrite nanoparticles post ligand exchange. We noted that the 40 nm nanoparticles lost their 

octahedral shape, showing more rounded edges. This change might signify the formation of the 

PAA-coating but is more likely the result from sintering effect while being heated in the reaction 

flask.14,46 Additionally, the average size of the larger nanoparticles is now smaller, around 20 nm. 

We attribute this observation to the transfer step during the ligand exchange, which is selective 

for smaller nanoparticles. Nanoparticles are introduced into the reaction chamber by first 

suspending them in toluene and then injecting them into the reaction. Because smaller 

nanoparticles are easier to suspend, only these nanoparticles are transferred into the ligand 

exchange reaction chamber, resulting in a population of < 20 nm nanoparticles.  



41 
 

 

Figure 2.6. TEM images of ferrite nanoparticles with oleic acid exchanged for polyacrylic acid. 

Ligand exchange was performed on both a) 10 nm ferrite nanoparticles and b) 40 nm ferrite 

nanoparticles. Scale bar represents 10 nm and 50 nm respectively. 

 

 

 

2.3.6 poly-Lysine wrapping of Ferrite Nanoparticles 

 In order to confirm the successful manipulation of the surface chemistry between the 

PAA-ferrites and the poly-lysine wrapped PAA-ferrites (pLys-PAA-ferrite), FTIR and zeta 

potential measurements were taken. FTIR measurements were collected in reflectance mode to 

observe changes in the peaks between different solutions of nanoparticles. As expected, PAA- 

ferrite shows carboxylic acid stretches at 1332 cm-1, 1413 cm-1, and 1499 cm-1, which are likely 

the C−O stretch, −COO- symmetric stretch, and −COO- antisymmetric stretch respectively, .47,48 

The broad peak at 1737 cm-1 is likely the C=O stretch. After the poly-lysine wrapping, these 

peaks disappeared, and the amide stretches at 1630 cm-1, and 1555 cm-1 were observed, leading 

us to believe the magnetic nanoparticles were successfully wrapped in poly-lysine.49 Zeta 

potential measurements were taken to track the growth of the charged polymer wrappings. Both 

samples were measured at pH 8.5, and a change in zeta potential was observed from -43 mV 士 5 
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mV (PAA) to +50 mV 士 10 mV (pLys), indicating a change from the negatively charged 

−COO- from polyacrylic acid to the −NH3
+ off the poly-lysine wrapping. 

 

Figure 2.7. FTIR spectrum of 10 nm ferrites with a) polyacrylic acid as the capping ligand and 

b) electrostatically wrapped with poly-lysine. 
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Table 2.2. Comparison of FTIR peak assignments for polyacrylic wrapped PAA-ferrites (PAA-

ferrite)47,48 and poly-lysine coated ferrites (pLys-PAA-ferrites).49 

 

 

2.3.6 Synthesis and Characterization of Ferrite Incorporated Hydrogels 

 To further test the biological functionality of these nanoparticles, larger PAA-ferrite 

nanoparticles were incorporated into hydrogel nanoparticles. Hydrogels were synthesized using 

polyacrylic acid as the polymer backbone and ferrites were added during the synthesis to be 

incorporated into this backbone. Ferrite encapsulation was investigated using cryo-EM. As the 

hydrogels are mostly full of water, preserving the hydrogels in vitreous ice and imaging using 

cryo-EM was expected to give the most accurate results. As seen in Figure 2.8, the presence of 

ferrite nanoparticles can clearly be seen within ferrite incorporated hydrogels as compared to 

hydrogels synthesized without ferrite. We believe the excess of ferrite observed is due to the 

sample preparation process, which concentrates the hydrogels using a magnet and attracts free 

ferrite nanoparticles as well. Further analysis of these ferrite incorporated hydrogels via SPR 

microscopy have led us to believe ferrite was successfully incorporated into the hydrogel 

nanoparticle as detailed in Chapter 4 of Brandon Matthews’ thesis.50 
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Figure 2.8. Cryo-EM micrographs of a) ferrite incorporated hydrogel nanoparticles and b) 

hydrogel nanoparticles without ferrite incorporation. Scale bars represent 200 nm. 

 

 

2.4 Conclusion 

In conclusion, we demonstrate a new procedure for hydrophilic ferrite nanoparticles of 

various sizes. Thermal decomposition of metal precursors in either 1-octadecene or benzyl ether 

produced ferrite nanoparticles averaging 10 nm and 40 nm in diameter respectively. These 

nanoparticles were analyzed using a combination of microscope and surface techniques to 

confirm their size, shape, and composition. At smaller sizes, the nanoparticles are monodisperse 

and initial observations in their magnetic properties suggest they are superparamagnetic and 

magnetic measurements should be obtained to determine their effectiveness within biomedical 

applications.15 Larger nanoparticles are not as monodisperse in size nor are they 

superparamagnetic, but they have a distinct crystal structure that can easily be characterized by 

XRD. Both sizes of nanoparticles were successfully suspended in an aqueous solution via a 

ligand exchange adapted from Zhang et al. and subsequently wrapped in poly-Lysine. The 

changing surface chemistry was tracked using FTIR and by observing the change in zeta-
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potential from negative to positive. Finally, larger PAA-ferrites were successfully incorporated 

in hydrogel nanoparticles, suggesting potential applications in hydrogel-based drug delivery or 

biosensing. 
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Chapter 3 

The Reduction of Metal Oxide 

Nanostructures for LSPR Sensing in the 

Near Infrared 
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3.1 Introduction 

Nanoparticles and nanostructured films that exhibit plasmon resonance lend themselves 

well to sensing applications,1 such as the detection of single molecules,2 biomarkers of 

Alzheimer’s disease,3 anthrax,4 and various other biorecognition events.5–8 These unique 

materials exhibit surface plasmon resonance, coherent oscillations of electrons that propagate 

along a metal/dielectric boundary.9,10 Their sensing capabilities come from the resonance, or 

wavelength, of the propagating plasmon that is highly sensitive to changes in the local dielectric 

environment and will shift as a result.11–13 In the case of nanoparticles and nanostructures, this 

resonance is confined locally around the nanomaterial. This localized surface plasmon resonance 

(LSPR) is still sensitive to change in the local refractive index such as single-layer molecular 

adsorption.1,14,15 Additionally, LSPR can be tuned throughout the visible, near-infrared (NIR), 

and infrared (IR) regions of the electromagnetic spectrum based on the nanostructure’s size and 

shape.1,15–17 

While the chemical composition of LSPR materials may vary, they all must have a 

sufficient carrier concentration. Typically, metallic elements such as silver18–20 and gold21–23 are 

used due to their stability and high electron carrier densities - upwards to 1023 cm-3.15,24 Another 

class of materials that exhibit LSPR behavior is metal oxides, such as tungsten trioxide when in a 

reduced state (WO3-x).
24–27 Metal oxides do not have the necessary number of free carriers for 

surface plasmon resonance and must be doped to exhibit more metallic characteristics. Doping 

can consist of n-type, which adds electrons, or p-type which creates holes; either of which can 

increase the carrier density anywhere from 1018-1022 cm-3.15,28 One of the benefits of using metal 

oxides for LSPR materials is that their resonance appears in the NIR as opposed to the visible 

region many metallic resonances appear in. This allows plasmonic metal oxide nanostructures to 



53 
 

have applications as energy efficient smart windows or in solar energy collection.15,29 Secondly, 

these materials can now be tuned on three levels: size, shape, and composition.15  

Materials fabricated from WO3 have attracted research interest due to their 

electrochromic capabilities. Its LSPR can be tuned not only from reduction via oxygen 

vacancies, but further doped with electrons through intercalation of cations like Li+.24,26 Tungsten 

oxide can also be combined with other metal oxides such as its row two equivalent molybdenum 

oxide, MoO3, for improved stability during ion insertion.30 In this study, a variety of 

nanostructures were selected to be fabricated out of WO3 including nanowires, nanorings, and 

diffraction gratings in hopes of exploring tunable localized surface plasmon resonances in the 

NIR. All three of these structures can be patterned over large areas with precise control over size 

parameters like height, width, and periodicity.31–33 Arrays of nanowires can rapidly be fabricated 

using lithographically patterned nanowire electrodeposition (LPNE)34 and have proven to be 

highly responsive to gases and as biosensors.35,36 Using a combination of LPNE and colloidal 

lithography, nanoring arrays can be fabricated over large areas and have grown in popularity as 

their LSPR can be widely tuned by adjusting their spacing, diameter, and ring width.32,33,37,38 

Diffraction based sensing is the simplest design of the three and has been incorporated into a 

variety of different sensing applications, from scanners to optical switches, to spectrometers.39–42 

Furthermore, electrochromic materials on the nanoscale are able to bypass electrochromic 

response limitations found within bulk matter. The small radii of nanostructures and their high 

surface areas create shorter diffusion path lengths and improved cation mobility; the end result 

being faster cation insertion for a more rapid electrochromic response.43,44 We believed 

combining the tunability of a metal oxide material with the sensitivity of LSPR nanostructures 

will open the door to devices with greater sensitivity.  
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3.2 Methods and Materials 

3.2.1 List of Materials 

Polystyrene beads solutions (2.6% w/v, 1 or 0.5 μm diameter, carboxylate coated) were 

purchased from Polysciences Inc. Shipley S1808 positive photoresist, Thinner P, and MF-319 

developer were purchased from Microchem. Tungsten powder, 10 μ, ≥99.99% trace metal basis 

was received from Sigma Aldrich. Molybdenum powder, 99.9% metals basis and platinum foil, 

99.9% metal basis were received from Alfa Aesar. Nickel pellets were purchased from Kurt J. 

Lesker Company. A silver/silver chloride standard reference electrode was assembled using a kit 

acquired from BASi. 30% wt hydrogen peroxide was received from Fisher Chemical. Fisher 

Premium glass microscope slides (1 mm thick) and Sigma-Aldrich ITO Glass slides (~15-25 

Ω/sq cm) were used as substrates. All reagents were used as received unless otherwise noted.  

3.2.2 Electrodeposition of Planar WO3 

Using a method adapted from Yan et. al., 1.8 g of tungsten powder was dissolved in a 

solution of 20 mL hydrogen peroxide and 100 water overnight resulting in a peroxytungstic acid 

(H2W2O11) solution.45 Platinum foil was then added to remove excess hydrogen peroxide from 

solution. Tungsten oxide was electrodeposited on ITO glass at -0.4 V against a Ag/AgCl 

reference electrode for 500 to 1000 seconds using a PGSTAT12, Metrohm Autolab with a 

platinum foil counter electrode.46 

3.2.3 Electrodeposition of Planar MoO3-WO3 

A peroxomolybdic acid solution was made by dissolving 115 mg of molybdenum powder 

into a solution of 20 mL hydrogen peroxide and 100 mL water.30 Platinum foil was added to 

remove excess hydrogen peroxide from solution. This solution was mixed with the 

peroxytungstic acid plating solution to create a mixed solution that is 20% peroxomolybdic acid, 
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80% peroxytungstic acid. A mixture of tungsten oxide and molybdenum oxide was 

electrodeposited on ITO glass at -0.5 V for 500 seconds against an Ag/AgCl reference electrode 

with a platinum foil counter electrode 

3.2.5 WO3 Nanowire Fabrication 

WO3 nanowire arrays were fabricated using previously described LPNE methods.31,47 

First, a layer of nickel was vapor deposited onto clean glass microscope slides. Next, a layer of 

positive photoresist was spin-coated onto the Ni layer, baked at 90°C for 25 min to evaporate 

photoresist solvent, and cooled to room temperature. Using a contact photomask, select sections 

of photoresist were exposed to a UV light source (50 W, Oriel Instruments He(Xe) arc lamp), 

developed, and then rinsed away. Following, an initial nickel etch was performed to create 

trenches underneath the photoresist. WO3 was electrodeposited using the same conditions as 

planar WO3, but for various times ranging from 200 to 500 s. Finally, the remaining photoresist 

and nickel were removed leaving ordered arrays of WO3 nanowires. 

3.2.6 WO3 Nanoring Fabrication 

Nanoring arrays were fabricated using a previously described method that combines 

LPNE and colloidal lithography.33 Carboxyl-functionalized polystyrene beads (1 µm in diameter) 

were spin coated onto a clean microscope slide to form a monolayer of hexagonally close packed 

beads. These beads were etched by oxygen plasma between 2 and a half minutes to 3 minutes to 

create an array of smaller beads that retained their hexagonally close packed orientation. Next, a 

layer of nickel was vapor deposited and the beads were subsequently removed, leaving an array 

of hexagonally ordered holes. A mixture of 1:1 positive photoresist:thinner P was spin coated 

onto the glass substrates which were then baked at 90°C for 25 min before cooling to room 

temperature. The slides were backside exposed through the nanohole array to a UV light. Once 
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developed, a nanowell array was left on the slide. Electrodeposition of WO3 was performed 

using conditions similar to planar WO3, with an electrodeposition time of 100s. The remaining 

photoresist was removed, and the nickel etched away to leave an array of nanorings.  

3.2.7 WO3 and MoO3-WO3 Gratings Fabrication 

S1808 positive photoresist was spincoated onto clean ITO coated glass slides at 2500 rpm 

for 80 s, baked at 90°C for 25 min, and cooled to room temperature. The photoresist coated glass 

slides were exposed to a UV lamp source for 3.5 s and patterned using a photomask with 15 μm 

wide Cr lines and 15 μm glass spacings. The photoresist was then developed for 25 s using MF-

319 developer, rinsed with deionized water, and dried under an N2 stream. An electrical contact 

area was made by dissolving the corner of the photoresist with acetone using a Q-tip. WO3 was 

then electrochemically deposited onto the photopatterned ITO substrate using a potentiostat in a 

three-electrode setup. The working electrode of the photopatterned ITO substrate was exposed to 

either the peroxytungstic acid plating solution or the mixture of peroxytungstic acid and 

peroxomolybdic acid for 500 s at a cathodic potential of −0.5 V vs. a Ag/AgCl reference 

electrode and a Pt counter electrode.  

3.2.8 Furnace Reduction 

Glass substrates with electrodeposited samples on them were placed in a Paragon SC3 

furnace and heated under Formant gas (95% nitrogen and 5% hydrogen) at 550 ºC for 1 to 2 

hours. 

3.2.9 Characterization of WO3 and MoO3-WO3 Samples 

SEM images were obtained using a FEI Magellan 400 field-emission scanning electron 

microscope at an accelerating voltage of 10 kV. X-ray photoelectron spectroscopy (XPS) 

measurements were collected using a Kratos Analytical AXIS Supra surface analysis instrument, 
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with an emission current of 15 mA during analysis. For UV-Vis/NIR absorbance measurements, 

a Jasco V-670 absorption spectrophotometer was used. 

 

3.3 Results and Discussion 

3.3.1 Electrodeposition of Planar WO3 

The mechanism of WO3 electrodeposition from acidic peroxytungstic acid plating 

solutions has been explored previously by other researchers.30,48,49 Many believe 

electrodeposition begins with the W2O11
-2 anion as the starting material as it is the majority 

peroxytungstate species in acidic solutions.48 This peroxytungstate ion is then reduced at 

negative potentials (-0.4 V vs. Ag/AgCl) as described in Equation 1, where x is either 0, 4, or 8. 

In the case x = 8, all four of the peroxide anions are reduced electrochemically to three O2- ions 

found within the WO3 lattice and five H2O. If x = 0, then the four peroxide anions 

disproportionate to form three O2- ions, H2O and two O2. In addition to electrodeposition, sub-

stoichoimetric amounts of hydrogen ions can simultaneously be inserted, reducing WVI ions in 

the WO3 lattice to WV. This mixed valent product is supported by the observation of a blue color 

of the electrodeposited WO3 film during electrodeposition. However, this reduction is not 

permanent, as the thin film becomes transparent once electrodeposition has finished. 

(1)  W2O11
2- + (2+x) H+ + xe- → 2WO3 + 

(2+𝑥)

2
H2O + 

(8−𝑥)

4
O2 

(2)  zH+ + WO3  + ze- → HzWO3  
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Figure 3.1. Image of electrodeposited WO3 on ITO glass in its a) oxidized and b) reduced state. 

 

 

 

3.3.2 Electrodeposition of Planar MoO3-WO3 

Although the electrodeposition of tungsten oxide from a mixed plating solution likely 

occurs in a similar fashion to the mechanism previously described, the molybdenum oxide 

electrodeposition is slightly more complex.30,50 While the main species of the plating solution is 

still a dimeric peroxymolybdate ion (Mo2O11
2-), there is also significant presence of molybdic 

acid (H2MoO4).
50 Under these conditions, the electrodeposition of molybdenum oxide at 

negative potentials (-0.5 vs. Ag/AgCl) from a molybdate plating solution is Equation 3. The 

resulting molybdenum oxide product is thought to be a mixture of MoV and MoVI: 

(MoO2
+)2(MoO4

2-).50 Reduced molybdenum within the MoO3-WO3 lattice could explain why 

thin films of electrodeposited MoO3-WO3 were observed to have a permanently faint blue color 

(Figure 3.9 a). The blue color is thought to arise from exchange between reduced metal centers 

and fully oxidized metal centers, in which case MoV could be interacting with both MoVI 

(Equation 4) and WVI (Equation 5).27 

(3)  Mo2O11
2- + H2MoO4  + 12H+ + 10e- → Mo3O8 + 7H2O 

(4)  MoV + MoVI + e- ↔ MoVI + MoV 

(5)  MoV + WVI + e- ↔MoVI + WV 
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3.3.3 Characterization of WO3 Nanowire Surfaces 

Tungsten oxide nanowires were fabricated using lithographically patterned nanowire 

electrodeposition. SEM was performed in order to determine the width and periodic spacing of 

the wires (Figure 3.2 a). Electrodeposition for 200 seconds on a 2x1 cm2 substrate produced 200 

± 10 nm thick nanowires alternating 4.7 and 10.4 ± .1 μm apart. Nanowires were occasionally 

continuous across the substrate; however, breaks and gaps were observed throughout. X-ray 

photoelectron spectroscopy for the W4f core confirmed the presence of tungsten on our 

substrate. Interestingly, peaks were observed at 36.4 and 34.2 eV, often corresponding to a WV 

oxidation state.51 Unfortunately, this could not be corroborated using UV-vis NIR spectroscopy 

which revealed no resonances of note (Figure B.1). 

 

Figure 3.2. a) SEM of 200 ± 10 nm thick WO3 nanowires alternating 4.7 and 10.4 ± .1 μm apart 

across a 1x2 cm2 surface area. Scale bar represents 10 μm. b) XPS spectrum of WO3 nanowires 

confirming the presence of W4f peaks at 36.4 and 34.2 eV. 

 

 

The lack of LSPR signal can likely be attributed to the wide spacing between the wires compared 

to their thickness and the observed gaps and breaks. Strong LSPR signal requires an optimized 

packing density of nanostructures, often a distance comparable to the structure’s diameter.52,53 As 
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our current design results in nanowires spaced three orders of magnitude apart, the dimensions 

will need to be significantly modified for future studies. 

 

3.3.4 Characterization of WO3 Nanoring Surfaces 

A combination of LPNE and colloidal lithography (using a colloidal mask of 1.0 um 

polystyrene beads) resulted in a WO3 nanoring array covering a 1x1 cm2 substrate. As confirmed 

by SEM, electrodeposition for 100 seconds produced rings 118 nm thick, about 490 nm in 

diameter, and 279 nm apart (Figure 3.3 a). X-ray photoelectron spectroscopy for the W4f core 

confirmed the presence of tungsten within our nanoring array. Though the peaks at 35.7 and 33.5 

eV support the presence of WV, the signal to noise ratio is too poor to conclude a reduced 

oxidation state with confidence. Despite the improved surface area coverage, the nanoring arrays 

had no observable LSPR. Further analysis of the SEM image shows poor contrast between the 

ring and the background, suggesting there is very little metal oxide material on the surface.  This 

is further supported by the small amount of signal seen in the XPS. It could be these rings are not 

fully formed, but rather just shells outlining the space where the WO3 would deposit. 

 

Figure 3.3. a) SEM of 118 nm thick WO3 nanorings about 490 nm in diameter and 279 nm apart 

across a 1x1 cm2 surface area. Scale bar represents 2 μm. b) Survey XPS spectrum of WO3 

nanowires confirming the presence of W4f peaks at 35.7 and 33.5 eV. 
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3.3.5 Comparison of Furnace Reduced Planar and Nanoring Surfaces 

Planar films of WO3 were heated in a furnace at 550 ºC for one hour under reducing 

conditions (formant gas). When removed from the furnace, the substrate was observed to be 

slightly teal in color (Figure 3.4 a). Thinner samples were observed to revert to their original 

transparent state (Figure 3.1 a) as they would oxidize upon returning to atmospheric conditions; 

however thicker films (electrodeposited for 1000 seconds) resulting in a more permanent color 

change. This change in absorbance was reflected in the UV-vis NIR spectra collected. As seen in 

Figure 3.4 b, reduced WO3 films (blue) show significantly larger absorption throughout the NIR 

and visible region up until about 500 nm whereas fully oxidized WO3 films (red) absorbs 

strongly throughout the visible region.   

Figure 3.4. a) Image of furnace reduced planar WO3 on ITO substrate. b) UV-vis NIR spectra of 

WO3 before furnace treatment and after. The obtained spectra demonstrate the substrate was 

likely fully oxidized (red) beforehand and then reduced (blue) after treatment. 

 

 

XPS spectra (Figure 3.5) comparing the W4f regions (a) before and (b) after furnace treatment 

show a slight change tungsten oxidation. As expected, planar tungsten oxide films that have not 

been reduced show peaks at 38.2 and 36.1 eV, the standard binding energy for tungsten in the 6+ 
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oxidation state. After furnace treatment, these peaks were observed to shift down to 37.8 and 

35.6 eV and are much broader, implying a mixture of WV and WVI within the thin film.51 

 

Figure 3.5. Comparison of XPS spectra for a) fully oxidized planar WO3 and b) furnace reduced 

planar WO3. Fully oxidized WO3 shows W4f peaks at 38.2 and 36.1 eV as expected for WVI. The 

broadened and slightly downshifted W4f peaks at 37.8 and 35.6 eV suggest there is a mix of WVI 

and WV within the thin film after furnace treatment. 

 

 

When a similar treatment was applied to WO3 nanorings, the nanostructures degraded as seen in 

Figure 3.6. Even shortening the treatment time to 1 hour produced similar results. Though the 

furnace was a viable option for planar WO3 reduction, it seems the nanorings are too delicate to 

be reduced in this fashion.  

 

Figure 3.6. SEM image of WO3 nanorings after being heated in furnace at 550°C for 1 hour 

under formant gas. Scale bar represents 1 μm. 
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3.3.6 Comparison of WO3 and MoO3-WO3 Planar Surfaces 

 To improve the structure and stability of electrodeposited nanostructures, a mixture of 

MoO3 and WO3 was electrodeposited onto ITO glass at negative potentials (-0.5 V vs. Ag/AgCl). 

SEM images of planar WO3 reveal a cracked surface, but the mixture of MoO3 and WO3 

planar films were observed to electrodeposit more smoothly. WO3 is often polycrystalline, 

resulting in multiple phases such as monoclinic and triclinic; the strain between these 

heterogenous phases likely caused the thin film surface to crack.30 The addition of metal oxides 

like molybdenum is thought to help reduce the observed cracking and can improve structural 

lifetime during lithium ion insertion.30 Molybdenum oxide that has been sintered at high 

temperatures results in an intermixed α-/β-MoO3 structure. It was reasoned that the presence of 

β-MoO3 can stabilize α-MoO3 by reducing electrochemically induced structural changes.30 

Mixing MoO3 with WO3 may create a more homogeneous material that can electrodeposit more 

smoothly.  

 

Figure 3.7. a) SEM image of electrodeposited planar WO3. Scale bar represents 30 μm. b) SEM 

image of electrodeposited planar MoO3-WO3. Scale bar represents 1 μm. 
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Characterization by XPS confirmed both the presence of WO3 and MoO3 within the mixed thin 

film. W4f peaks appeared at 37.5 and 35.5 eV and Mo3d peaks appeared at 235.7 and 232.6 eV. 

Compared to the standard peaks for fully oxidized tungsten (38.3 and 36.1 eV) and molybdenum 

(236.2 and 233.1 eV) both sets of observed peaks are slightly downshifted, leading us to believe 

the MoO3-WO3 system is in a slightly reduced oxidation state. As mentioned previously, MoO3 

likely electrodeposits as a mixture of both MoV and MoVI, and the reduced MoV is then free to 

interact with and reduce the WVI within the crystal lattice. A slightly reduced MoO3-WO3 system 

is further supported by its spectroscopic characterization, which shows a strong absorption from 

the NIR into the visible region (Figure 3.8 b). 

 

Figure 3.8. XPS spectrum of electrodeposited planar MoO3-WO3 confirming the presence of a) 

slightly reduced WO3 with peaks appearing at 37.5 and 35.5 eV in the W4f region and b) slightly 

reduced MoO3 with peaks appearing at 235.7 and 232.6 eV in the Mo3d region. 
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Figure 3.9. a) Image of MoO3-WO3 electrodeposited on ITO glass. b) UV-vis NIR spectra of 

electrodeposited planar WO3 (red) compared to electrodeposited planar MoO3-WO3 (blue). 

 

 

 

3.3.7 Comparison of WO3 and MoO3-WO3 Diffraction Gratings 

Diffraction gratings made from MoO3-WO3 electroplating solution demonstrated 

improved structural stability compared to WO3 diffraction gratings. As seen in Figure 3.10, the 

SEM image of the WO3 (a) has significantly less contrast when compared to that of MoO3-WO3 

(b). This implies that the MoO3-WO3 has a sharper feature, likely because a thicker grating was 

electrodeposited. As seen with previously deposited arrays of nanowires and nanorings, WO3 did 

not deposit a sufficient amount of material, leading to poor spectroscopic characteristics (Figure 

3.11). However, spectroscopic behavior similar to planar MoO3-WO3 was observed in the MoO3-

WO3 diffraction gratings which displayed a permanent blue color and improved absorption 

throughout the visible and NIR regions up to around 500 nm (Figure 3.11). The XPS data for 

MoO3-WO3 diffraction gratings compared to WO3 diffraction gratings matched previously 

acquired data from planar samples. MoO3-WO3 diffraction gratings showed slightly reduced 

tungsten and molybdenum peaks at 37.7 and 35.6 eV and 235.8 and 232.6 eV respectively 

whereas the WO3 had peaks at 38.2 and 36 eV, corresponding to fully oxidized WVI (Figure B.2). 
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If the MoO3-WO3 electroplating solution was applied to arrays of nanowires and nanorings, we 

hope to observe similarly improved structures as well as a permanently reduced state, possibly 

leading to a strong LSPR. 

 

Figure 3.10. a) SEM image of electrodeposited WO3 diffraction gratings. Scale bar represents 50 

μm. b) SEM image of electrodeposited MoO3-WO3 diffraction gratings. Scale bar represents 30 

μm.   

 

 

 

Figure 3.11. UV-vis NIR spectrum of electrodeposited WO3 diffraction gratings (red) and of 

electrodeposited MoO3-WO3 diffraction gratings (blue). 
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3.4 Conclusion 

In summary, we demonstrated the fabrication of nanowire, nanoring, and diffraction 

gratings using WO3 and MoO3-WO3. Nanostructures electrodeposited from WO3 in their 

unmodified states did not display LSPR and we turned to several methods in order to create 

permanent reduced states within the WO3 crystal lattice. Although a permanently reduced thin 

film of WO3 was successfully achieved using a furnace, nanostructured WO3 was too delicate to 

undergo similar treatment. To improve the stability, we explored mixing MoO3 within the WO3 

crystal lattice. Electrodeposited thin films and diffraction gratings using a MoO3-WO3 plating 

solution showed improved structures and strongly suggest permanent oxygen vacancies within 

the lattice due to a mixture of MoV and MoVI metal centers. Although the work here did not lead 

to nanostructure devices with tunable LSPR, WO3 was successfully incorporated into diffraction 

gratings that explored the enhancement of electrodiffraction from the incorporation of 

nanostructured ZnO.54 
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Chapter 4 

Characterization of DNA-Nanogold 

Conjugates by Electron Microscopy. 
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4.1 Introduction 

The controlled assembly of gold and other nanoparticles into specific patterns and 

arrangements has generated significant interest as these assemblies can display new electronic, 

magnetic, and optical properties different from either individual samples or bulk materials of the 

same composition.1–4 DNA-DNA hybridization reactions have been demonstrated to be a reliable 

method to direct ensembles of gold nanoparticles into specific patterns.2,4–7 One of the most 

established methods to attach DNA to gold nanoparticles is with the addition of a thiol moiety to 

the end of a DNA strand, which will orient the nucleotide perpendicular to the nanoparticle 

surface and leave it available for further hybridization.5,7–9 These patterns and structures are often 

referred to as “programmable materials” because the end shape can reliably be predicted through 

the specific design of DNA linkers.4,7 Examples of DNA directed nanoparticle designs include 

linear arrays,10,11 2D arrays,4,12 3D lattices,13–15 and tripods.16 However, in order to design 

improved DNA-mediated nanoparticle assemblies, it is of the utmost importance to understand 

the structure of the DNA-gold interaction.2,17   

With its ability to visualize biological samples with a resolution as far down as 2 Å, cryo-

electron microscopy (EM) has revolutionized the way we determine the structures of biological 

samples.18,19 One of the major benefits of cryo-EM compared to x-ray crystallography, is that it 

can analyze samples that cannot be isolated in sufficient quantity or do not readily produce 

crystals, such as flexible DNA conjugates.2,18,20 Since its development, cryo-EM has been used to 

visualize a variety of biological samples including viruses,21,22 ribosomes,23 enzymes,24,25 and 

DNA.2,26 In particular, cyro-EM has been used to reconstruct DNA arrangements of 10 nm gold 

particles.27,28 Additionally, the 3D structure of hybridized DNA-nanogold conjugates have been 

successfully reconstructed using a combination of negative-staining, individual-particle electron 
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tomography, and cryo-EM.2 However, the structural determination of nanogold, in particular of 

water-soluble nanogold17 or of nanogold bound to DNA,2 is limited. This chapter presents our 

progress in developing improved methodologies to characterize DNA-gold interactions at small 

masses using cryo-EM. 1.4 nm sized nanogold clusters (NG) were selected for analysis as 

clusters this small have not been structurally characterized when bound to DNA. Second, while 

several lengths of DNA were considered, the design used in this work is a simple 60 base pair 

dimer with a dithiol group attached to the 3´ end of the oligo chain for adsorption to the nanogold 

surface.5,8,9 The two DNA sequences in Table 4.1, T7 and 3598, will undergo a kinase reaction to 

form the self-complementary sequence 3598/T7. 

Table 4.1. List of DNA sequences 

 

To successfully recreate 3D structures from 2D images of biological samples, several key 

experimental designs must be considered. First, to withstand the high vacuum and radiation 

damage of electron microscopes, biological samples are frozen in vitreous ice before 

imaging.29,30 The resulting frozen-hydrated molecules have been demonstrated to preserve their 

native structure and can successfully be imaged without dehydration and frozen-hydrated 

molecules show reduced radiation damage.19,30,31 Second, large ensembles of samples must be 

imaged using a low dose (~400 e-/Å2), to further reduce radiation damage, such that all possible 

orientations are found.19,32 These 2D projections are classified into groups by orientation and can 

then be combined to generate a 3D reconstruction of the sample at atomic level resolution.19,33 
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Despite ice encasement, there is potential for motion and blurring due to the beam striking the 

sample.32 The solution to this is to use a high frame rate (10-40 frames per second) camera that 

outputs “movies” of particles.32 This shortens the amount of time a sample needs to be exposed 

to the beam, limiting the amount of motion, while still taking the number of images required for 

reconstruction later on. Finally, smaller objects have a low signal-to-noise ratio that makes 

determining the particle’s orientation during reconstruction difficult.32 The proposed solution is 

to use a K2 detector that reduces both detection and readout noise.32 The K2 detector detects 

peak electron density and accumulates electron events over time. By relying on primary 

electrons, rather than integrating charge, the detector can significantly reduce detection and 

readout noise 

 

4.2 Materials and Methods 

4.2.1 List of Materials 

All DNA oligomers were synthesized and purchased from Integrated DNA Technologies. 

T4 DNA Ligase buffer (10X), T4 DNA Ligase, T4 Polynucleotide Kinase Buffer (10X), T4 

Polynucleotide Kinase, and the base-pair ladder were all received from New England Biolabs. 

Sephedex G-10 and Tris buffer (Trizma hydrochloride; pH 7.5) were received from Sigma. 

Nanopure water was filtered using a Milli-Q water purification system (Millipore). The mini-

columns (without media or buffer) used to perform a Sephedex G-10 ion exchange were 

purchased from USA Scientific. Agarose (molecular biology grade) was ordered from Fisher 

Bioreagents. TBE Buffer (UltraPure 10X) was received from Thermo Fisher Scientific and 

diluted to 0.5X concentration. Ethidium bromide was received from Invitrogen. Non-

functionalized nanogold (NG) and monoamino nanogold (NG+), was acquired from Nanoprobes 
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and suspended in water for further use. The nanogold concentration was determined using a ND-

1000 Nanodrop Spectrophotometer (Thermo Fisher Scientific) and observing the absorbance at 

420 nm. At this wavelength, NG+ has an extinction coefficient of 1.6 x 105 M- cm- and NG has 

an extinction coefficient of 1.12 x 105 M- cm-. TEM grids TEM grids (copper grids with formvar, 

stabilized with carbon, 400 mesh and Quantifoil R2/2) were received from Ted Pella. All 

chemicals were used as received unless otherwise noted.  

4.2.2 Synthesis of 3598/T7 DNA  

A 50 μL solution of 2 μM oligo was made in a small eppendorf tube by first combining 1 

μL of T7 (100 μM) and 10 uL of 3598 (10 μM) together. To this, 5 μL of T4 DNA ligase buffer 

with ATP and 5 μL of PNK ligase buffer were added. The solution was brought to 48 μL by 

adding 27 μL of nanopure water. Then the solution was heated at 70 °C for 5 minutes using a 

C1000 Touch Thermal Cycler (Bio Rad). After cooling to room temperature, 1 μL of PNK 

enzyme and 1 μL of DNA ligase was added. The solution was then incubated overnight cycling 

between 37 °C for 2 minutes and 16 °C for two minutes. To remove excess DDT from PNK 

buffer the solution was run through a Sephedex column. The column was prepared by adding 0.8 

mL of G-10 (in TE buffer) Sephedex to a mini-column and spinning it down at 8000 rcf for 30 

seconds and tossing the flow through. Then the 50 μL of solution was added to the column and 

were run through by spinning the column under the same conditions and collecting the flow 

through. A 1 μL sample of solution was run through a gel to confirm oligo ligation.  The 

remainder was mixed with NG+ in a 1:1 ratio and analyzed using cyro-EM. 

4.2.3 Gel of 3598/T7 

A 3% agarose gel was prepared by adding 1.5 g of agarose to 50 mL 0.5X Tris Borate 

EDTA (TBE) buffer. The solution was microwaved for approximately 1 minute or until the 
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agarose was suspended in solution. In order to visualize the DNA, the gel was stained with a 

small amount of ethidium bromide. The hot solution was then poured into a gel mold, a gel comb 

was added, and allowed to solidify. Once solidified, the gel and mold were placed into a gel 

electrophoresis apparatus containing 0.5X TBE running buffer. DNA samples - ligation reaction, 

3598 control, T7 control - were mixed with bromophenol blue and then loaded into the wells 

alongside a 50 base pair (bp) reference ladder. Electrophoresis was performed at 300 V and 400 

mA using a PowerPac (Bio Rad) power supply for 7 minutes for sufficient separation. After 7 

minutes, the gel was removed, and the image was captured with a Nikon D500 under UV light. 

4.2.4 Electron Microscope Analysis 

A nanogold sample was prepared for TEM by dissolving a small fraction of nanogold in 

water. 4 uL of sample was applied to a copper TEM grid and allowed to dry. The high-angle 

annular dark field (HAADF) and bright field (BF) images of nanogold samples were acquired 

using JEOL Grand ARM TEM/STEM operated at 300 kV STEM mode. The acquired images of 

nanogold were then processed to render their structure in 3D. Using the program cisTEM, a 

computational imaging system for TEM, particles within the images were first manually 

selected. Once a large enough population was selected, the particles were classified into groups 

with the same orientation. These classifications were then iteratively refined such that a 2D 

projection of the electron density was obtained. 

Cryo-EM - DNA+NG images were obtained on a Cryo-TEM image using 3μL of 

concentrated sample solution applied on a glow-discharged Quantifoil grid and then loaded on 

Leica EMGP plunger (Leica Biosystem). The grid was quickly plunged into liquid propane after 

blotting away the excess liquid and the DNA+NG were then embedded in a thin layer of vitrified 

ice on the grid. The cryo-grid was then transferred into a JEM-2100F electron microscope using 
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a Gatan cryo-transfer holder (Gatan, Inc). The electron microscope was operated at 200KV with 

a field emission gun and specimen was examined under minimum dose system. The images were 

recorded on a OneView camera (Gatan, Inc.) at 50,000X magnification, corresponding to 0.19 

nm per pixel at specimen space. 

 

4.3 Results and Discussion 

4.3.1 Synthesis of 3598/T7 

A 60 bp oligonucleotide was successfully synthesized by performing a kinase reaction, 

which replaces the hydroxyl group from the 3´ end of strand 3598 with a phosphate group.  The 

resulting 3598/T7 strand is a self-complementary oligo, and the ligation could occur 

simultaneously by heating the solution in the presence of both PNK enzyme and DNA ligase. As 

a final step, the resulting sample was quickly run through an ion exchange column to remove 

excess DTT which would otherwise degrade the nanogold. To confirm the success of our DNA 

synthesis, a gel was performed. The synthesized oligo was compared to a 50 bp ladder. As seen 

from Figure 4.1, a band is clearly visible just above the 50 bp marker, confirming the presence of 

a larger oligo likely around 60 bp. This gel was also run with a T7 and 3598 control which were 

observed to appear well below the other markers, as expected for smaller strands. 
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Figure 4.1. Agarose gel under UV light. The well next to the 50 bp ladder is the fully ligated 

3598/T7 sequence. Control runs of 3598 and T7 were run in the following two wells.  

 

 

 

4.3.2. TEM of Nanogold  

TEM micrographs of NG were taken to confirm their size and structure. Clusters of gold 

atoms were observed to average 1.4 nm in diameter; however, several clusters of smaller and 

larger sizers were also noted (Figure 4.2). This is likely a result of beam-induced Ostwald 

ripening, as seen from the small bright spots observed between clusters.34 These bright points 

about 1.6 Å in diameter and are likely gold atoms caught in the process of diffusing from cluster 

to cluster, resulting in the range of cluster sizes observed. Clusters appear to range from 5 to 7 

atoms across, suggesting the arrangement of these atoms is similar to that described by Azubel 

et. al. They describe a 68-atom arrangement as a 13-atom cuboctahedron with one atom in the 

center and 24 atoms extending in a face-centered cubic framework from the cuboctahedron.17 

The remaining 31 atoms arrange themselves around the framework without any apparent 

symmetry. 
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Figure 4.2. Dark field image of 1.4 nm nanogold. Free atoms are believed to be a result from 

beam induced Ostwald ripening. Scale bar represents 10 nm. 

 

 

 

Using the computational imaging program cisTEM, we began the process to render a 3D 

structure of our nanogold sample using the TEM images. First, particles within the images were 

manually selected (Figure 4.3 a) and then classified into groups by their orientation. These 

classifications were then iteratively refined to reduce background noise and produce a 2D 

projection of the electron density was obtained (Figure 4.3 b). At this point, a 3D image of the 

nanogold can be reconstructed. Unfortunately, computational power has limited the 

reconstruction of NG. Additional processing power is needed to resolve structures, and efforts 

are being made to do so. 
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Figure 4.3. a) Sample particle picking of nanogold from TEM micrograph. b) After a correction 

the particles were aligned to a common center for 3D reconstruction via an iterative refinement 

process in the cisTEM program. 

 

 

 

4.3.3 Cryo-EM Characterization of T7/3598 + NG+ 

 

 Initial cryo-EM data shows the presence of NG+ in high concentration (Figure 4.5).   

There appear to be domains of NG+ throughout the sample; several sample domains have been 

circled in yellow (Figure 4.4 a-e). The likelihood that some of the spacing between nanogold 

clusters are caused by DNA is high, but it is near impossible to determine which pairs of 

nanogolds are linked together. Focusing in on some of the more organized arrangements, it is 

clear that these NG+ are packed too densely to be tethered to their neighbors by the same DNA, 

which at 60 bp long should be around 20.4 nm in length. Using the gray value line profile 

intensities in ImageJ particle distances were determined as seen in Figure 4.5 (original line 

profiles can be seen in C.1), the majority of the intensities are seen to occur much closer than 

20.4 nm apart. Only the sample in Figure 4.5 c shows a length close to 20.4 nm. We believe the 
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high density of nanogold is caused in part, by the nature of the cryo-EM detector. Because this 

image is a 2D projection, objects that are far apart in the z-axis will appear closer together once 

compressed into a 2D image on the x- and y-axes. A second experimental consideration for 

future work is to work with a less concentrated sample. Thus far, efforts to limit the 

stoichiometric amounts of NG+ compared to oligo or reducing the concentration of the sample 

loaded onto the grid have had mixed results and a sample preparation method still needs to be 

optimized. Once a reliable method for sample preparation has been optimized, structural analysis 

can move forward. Data will be collected on a K3 camera, which can give improved signal-to-

noise ratios compared to a CCD camera.32  

 

Figure 4.4. CCD micrograph taken on a cryo-EM of 3598/T7 oligonucleotide bound to NG+. 

Potential domains of NG+ arrangements have been highlighted by a yellow ring. Scale bar 

represents 50 nm. 
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Figure 4.5. The intensity of NG+ as measured using ImageJ. Intensities correlate to the nanogold 

found within circles a, b, and c in Figure 4.4. Original line profiles can be found in Appendix C 

Figure C.1. 

 

 

 

4.4 Conclusion 
 
 Despite the relatively simple design of the experiment, it is the sample preparation and 

data processing that has proven tricky and requires improvement. Although DNA appears to 
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have successfully attached to nanogold clusters, the samples are far too concentrated for the 

cryo-EM as seen the densely populated projections acquired. Additionally, the method for 

analyzing and rendering the DNA-NG bond into a 3D reconstruction is still an ongoing process. 

Once the sample preparation has been optimized, it will be easier to find potential samples to 

pick particles from for refinement and reconstruction. 
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Appendix A 

Supporting Information for Synthesis and 

Functionalization of Ferrite Nanoparticles 

for Biological Applications 
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A.1 TEM Micrograph of Ferrite Nanoparticles and its Diffraction 

Pattern 

 

Figure A.1. a) TEM micrograph of a sample 10 nm ferrite population taken on a Grand Arm 

JEOL 300 TEM. Scale bar represents 20 nm. b) A diffraction pattern obtained by performing an 

FFT on the TEM micrograph with the 220 ring identified. 
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A.2 Table of Fe/Mn, Fe/Zn, and Mn/Zn Ratios 

Table A.1. Comparison of the starting ratio and final ratios of Fe/Mn, Fe/Zn, and Mn/Zn as 

determined by EDS. 
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A.3 FTIR Spectra Comparing PAA-Ferrites 

 

 

Figure A.2. FTIR spectra of polyacrylic acid (purple) polyacrylic acid coated 40 nm ferrites (red) 

and polyacrylic acid coated 10 nm ferrites (blue). 
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A.4 FTIR Spectra Comparing pLys-PAA-Ferrites 

 

 

Figure A.3. Comparison FTIR spectra of large ferrites (red) and small ferrites (blue) that have 

been coated in PAA and then electrostatically wrapped in pLys. 

 

 

 

 

 

 



94 
 

Appendix B 

Supporting Information for The Reduction 

of Metal Oxide Nanostructures for LSPR 

Sensing in the Near Infrared 
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B.1 Representative UV-vis NIR of WO3 Nanowires and Nanorings 

 

Figure B.1. Sample UV-vis NIR spectrum demonstrating the spectroscopic characteristics of 

both WO3 nanowire arrays and nanoring arrays. 
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B.2 XPS Spectrum of WO3 Diffraction Gratings 

 

 

 

 

 
 

 

 

Figure B.2. XPS spectrum WO3 diffraction gratings shows W4f peaks at 38.2 and 36.1 eV as 

expected for WVI. 
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B.3 XPS Spectrum of MoO3-WO3 Diffraction Gratings 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure B.3. XPS spectrum of electrodeposited MoO3-WO3 diffraction gratings confirming the 

presence of a) slightly reduced WO3 with peaks appearing at 37.5 and 35.5 eV in the W4f region 

and b) slightly reduced MoO3 with peaks appearing at 235.7 and 232.6 eV in the Mo3d region. 
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Appendix C 

Supporting Information for Characterization 

of DNA-Nanogold Conjugates by Electron-

Microscopy 
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C.1 ImageJ Line Profiles of DNA-Nanogold Cryo-EM Micrographs 

 

Figure C.1 a-c) ImageJ line profile of DNA-nanogold micrograph obtained using cryo-EM used 

to generate gray value intensities in Figure 4.6 a-c) respectively. Scale bars represents 50 nm. 

 




