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Abstract 

Magnetic nanoparticles of various shapes, sizes and compositions have proven 

useful tools for nanomedicine in recent years. Magnetic nanowires (NWs) fabricated by 

template electrodeposition have tunable diameters (tens to hundreds of nm) and 

lengths (nm to tens of microns). High magnetization metals and alloys, such as Ni, Co, 

Fe, and CoFe, can be electrodeposited; multiple layers of non-magnetic metals, such as 

Au or Cu, can be added to make multilayer NWs. Because of their high aspect ratios, the 

NWs have a large surface area, with inherent shape and magnetic anisotropy, so they 

are easy to manipulate or align by an external magnetic field. Each of these factors gives 

NWs an advantage over isotropic magnetic nanoparticles, for certain applications. In 

addition, the surface of the NWs may be functionalized for biocompatibility or to target 

specific biological applications. 

 This thesis investigates using magnetic NWs for magnetic resonance imaging 

(MRI) contrast, remote heating by magnetic hysteresis, cell separation with external 

fields, and aligning collagen hydrogels with an external field. This research has analyzed 

important engineering questions regarding the design and synthesis of the NWs, 

including shape, size, composition, magnetic properties, surface functionalization, and 

nanoparticle aggregation. The NWs were compared against the current state-of-art 

nanoparticles for these applications, to demonstrate feasibility, highlight successes, 

analyze drawbacks, and discuss a path forward for improvement and implementation.  
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1 Introduction  

1.1 Nanoparticles 

The generally accepted definition of nanoparticles includes all types of particles with at 

least one characteristic dimension (length, width, diameter, etc.) less than 100 nm [1]. 

Note, some of the NWs referred to in this thesis have diameters greater than 100 nm 

and these should not technically be classified as “nanoparticles” (strictly adhering to the 

definition above). However, to maintain a consistent nomenclature in this thesis, these 

particles will be referred to as “nanowires.” 

Nanoparticles can exhibit different material properties than their bulk 

counterparts of the same material because their surface layer makes up a larger 

percentage the volume of in the particle. For example, the nm scales give rise to 

phenomena such as plasmonic resonance of Au nanoparticles [2]. 

1.2 Nanomedicine 

In 2000, the U.S. government established the National Nanotechnology Initiative (NNI) 

with a goal that our ability to understand and control matter at the nanoscale will lead 

to a revolution in technology and industry that benefits society [3]. In conjunction with 

the NNI, the National Institutes of Health (NIH) and National Cancer Institute (NCI) have 

focused on developing nanoscale tools for the detection and targeted eradication of 

diseases such as cancer, which has led to the emergence of nanomedicine. 

Nanomedicine is the application of nanotechnology (the engineering of tiny 

machines) to aid in the prevention, diagnoses, and treatment of diseases in humans and 
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animals. Nanomedicine encompasses nanodiagnostics and nanotherapeutics. 

Nanoparticles are uniquely suited tools for nanomedicine because they can fit inside 

cells, blood vessels, and in the interstitial space between cells in the body, tissues, and 

the extracellular matrix. Before nanoparticles can be tested and used for nanomedicine 

in vivo, they must be fully studied and characterized to understand and predict how 

they will function inside of cells, or in the body. This requires careful control during 

nanoparticle synthesis to ensure the nanoparticles have similar properties (shape, 

dimensions, and composition) and function when millions or billions of particles are 

produced in a single synthesis for nanomedicine. 

1.3 Nanoparticle applications in nanomedicine. 

The past decades have seen a dramatic increase in research focused on how 

nanoparticles can be used for biomedical or nanomedicine applications. The technology 

and knowledge of nanoparticle synthesis, isolation, and characterization has advance to 

the point that many different types of nanoparticles can be purchased commercially in a 

variety of shapes and sizes. Some commercially available nanoparticles include: carbon 

nanotubes, gold nanorods or spheres, fluorescent quantum dots, and paramagnetic iron 

oxide beads. This thesis focuses on the fabrication and the physical and magnetic 

characterization of electrodeposited magnetic nanowires for the following applications: 

1) MRI contrast agents 

2) Remote heating by magnetic hysteresis 

3) Magnetic cell separation 

4) Magnetically aligned collagen hydrogels. 
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An overall goal of this thesis is to explore the unique properties of electrodeposited 

magnetic NWs that make them uniquely well-suited to address the challenges of these 

applications, among other types of nanoparticles. These unique properties include, 

tunable a length and diameter, which can result in a high aspect ratio and surface area. 

Also, the ability to easily switch between multiple layers of non-magnetic metals (e.g. Au 

and Cu) and high magnetization magnetic metals and alloys (e.g. Fe, Co, Ni, and CoFe, 

among others). And, facile surface functionalization with PEG and other biological 

molecules for bio-compatibility and cell targeting. This thesis describes the experiments 

conducted to test and compare magnetic NW performance against the performance of 

other nanoparticles for these specific applications. 

 Chapter 2 describes NW synthesis by electrochemical deposition in nanoporous 

templates. It also explains the physical and magnetic methods used to characterize the 

NW properties: length, diameter, composition, and magnetic saturation (Ms). Chapter 3 

reports the results from studying magnetic NWs for use as MRI contrast agents. Chapter 

4 highlights the promising results from using magnetic NWs for remote magnetic 

heating to nanowarm cryopreserved tissues and organs, or for cancer hyperthermia. 

Chapter 5 details the results comparing NWs with commercial iron oxide paramagnetic 

beads for T cell tagging and magnetic separation and quantification by flow cytometry. 

Chapter 6 shows how magnetic NWs can be used to magnetically align collagen 

hydrogels and study their properties for tissue engineering.  
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2 Nanowire synthesis and characterization 

 

Figure 2-1: Cartoon diagram depicting the multi-step NW fabrication process using electrodeposition in 
nanopore membranes. 

 

Figure 2-1 gives an overview of the multiple steps for NW synthesis (described in the 

sections below) by electrodeposition in nanopore membranes. 

2.1 Coating of anodized aluminum oxide (AAO) templates 

Magnetic NWs may be fabricated by electrodeposition in AAO templates, which are 

custom-made or purchased commercially. Homemade AAO templates can take 10-20 

hours to make through a complex, multistep process involving electropolishing high 

purity aluminum, and two-step anodizing, or nano-imprinting followed by anodizing to 

get highly ordered pores [4]. Nowadays, commercial AAO templates can be purchased 

for $10-$25 apiece in a variety of shapes, sizes, pore diameters, and thicknesses from 

vendors such as InRedox or Whatmann. The NWs in this research were made using AAO 

templates purchased from these companies. Commercial membranes are typically 

square or round with sizes 5-25 mm, 50 or 100 µm thick, with nominal nanopore 
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diameters 20-200 nm. Each of these parameters is predetermined during anodization by 

adjusting the conditions (time, temperature, acid electrolyte, and voltage). To grow 

NWs in AAO membranes, a conductive metallic coating must be sputtered on one side 

of the membrane, to provide a conductive cathode surface. Typically, this coating 

consists of a thin of tungsten (W) or titanium (Ti) layer (0-20 nm) followed by 300-400 

nm of copper (Cu). W or Ti is used to provide better adhesion between the metal and 

the AAO because it easily oxidizes in air. Cu is used because it has high conductivity, and 

it can be etched using a wet chemical etchant. For the adhesion layer, Ti can be etched 

by H2O2 : NH4OH, 2 : 1, which is an aggressive etchant than can also etch the NW metals, 

so it should be avoided, if possible. On the other hand, W oxide can be etched by 30% 

H2O2 in 30-60 seconds, so it is easier to remove than Ti. However, if the membranes are 

stored in air for two or more weeks before being used then the WOx can sometimes 

become too resistive for an electrical current for NW deposition. Also, the H2O2 can 

oxidize the surfaces of the NWs. It is best to simply leave the Ti layer on the ends of the 

NWs because if it is less than 20 nm then the NWs should not remain stuck together 

after dissolving the AAO in 1 M NaOH. The Cu layer can be etched using 1 M FeNO3 

(which does not etch Fe NWs). Occasionally, the Cu layer will react during 

electrodeposition and become inert to the FeNO3, so it will leave Cu islands which keep 

the NWs stuck together in a cluster. In this case, the Cu can be lightly sanded with fine 

grit polishing paper to remove the islands. A wet etchant with 5.2 g of Cu 

tetrafluoroborate in 85 mL of ethylene glycol, 10 ml 2-butene 1,4 diol, 10 ml 

triethylorthoformate can also dissolve the Cu layer. However, this Cu-based etchant can 
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etch Fe, Ni, or Co, so try to avoid contact with the NWs in the membrane. Alternatively, 

the Cu and Ti or W layers can be removed by ion-milling. Ion-milling is a dry etch process 

that creates gaseous ions, in a high vacuum, which are accelerated towards the sample 

by an electromagnet behind the sample. When the ions collide with the sample they 

cause atoms on the surface to be ejected, thus slowly removing the surface layer atom 

by atom. It is an expensive and slow process, and some regions can etch faster than 

others, so it risks etching away part, or all the NWs. Wet etching is the preferred 

method because saves time and reduces costs. 

 After removing the back contact, the AAO membrane can be dissolve in 1 M 

NaOH at room temperature for 60 minutes. It often helps to sonicate the AAO in NaOH 

mixture once every 15-20 minutes (37 kHz, sweeping the amplitude) to break up the 

chunks of AAO. Alternatively, the AAO can be dissolved using a solution of 6% (by 

weight) phosphoric acid with 1.8% chromic acid for 60 minutes at 60 °C. After dissolving 

the AAO, the NWs can be magnetically separated, using a magnetic stand (3 minutes), to 

remove the residual AAO and NaOH. 

2.2 Nanowire electrodeposition 

The NWs were electrodeposited in a three-electrode cell, with the Cu-coated AAO 

membrane as the working electrode, a platinum mesh counter electrode, and a Ag/AgCl 

reference electrode with saturated KCl (Figure 2-2). A power supply (Arbin Instruments) 

measured the potential between the working and reference electrode; it also measured 

the current between the working and counter electrodes, and applied a constant 
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voltage or current through the cell for reduction or oxidation of ions at the bottoms of 

the AAO nanopores. 

  

Figure 2-2: Cartoon diagram (not draw to scale) depicting a three-electrode cell used for electrodeposition 
of NWs. An external power supply connects to a counter electrode (Pt or stainless-steel mesh), a 

reference electrode (Ag/AgCl with saturated KCl) and the working electrode (AAO membrane with 
conductive coating). 

 

Table 2-1 shows the electrolyte components used for depositing Au, Ni, Co, Fe, 

Fe-Au, and CoFe NW segments used in this work. Au was deposited using a commercial 

gold-cyanide electrolyte HS-434 RTU from Technic Inc., or using a homemade Au 

electrolyte (Table 2-1) at pH 6.0. The Ni, Co, Fe, Fe-Au, and CoFe NWs all used the same 

supporting electrolyte at pH 3.0 with the corresponding metal salts added (Table 2-1). 
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Table 2-1: Electrolyte components for Au, Ni, Co, Fe, Fe-Au, and CoFe NW segments. *Indicates that Au 
was added to Fe for Fe-Au multilayer NWs. 

 

For the Fe-Au electrolyte it is important to keep the ratio of Fe : Au at 10 : 1, or 

lower, because a large excess of Fe ions can cause the Fe2+ to form Fe4[Fe(CN)6]3, which 

is an insoluble precipitate commonly known as Prussian Blue. The Fe electrolyte should 

be prepared fresh before each use (shelf life no longer than after ~24 hours) because 

the Fe2+ will be oxidized to (due to dissolved O2- from the air), resulting in inconsistent 

electrodeposition results. Fe can start precipitating as iron oxide microparticles. Adding 

ascorbic acid to the electrolyte, as an antioxidant, can help mitigate iron oxidation for a 

short time, but this additive can affect the properties of the electrodeposited Fe. Over 

longer times accumulated dehydroascorbic acid (DHAA), formed in the redox reaction, 

becomes hydrolyzed, giving rise to several possible bidentate nucleophiles. These by-

products in the electrolyte can make complexes with M2+ metal ions. Reduction of these 

complexes subsequently increases the oxygen content in the deposit and decreases the 

magnetization of the metal. Malonic acid (MA) helps stabilize the Fe ions in solution. MA 
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forms stable complexes with Fe3+ ions (FeMA+) (Equation 2-1) which are much more 

stable than complexes with Fe2+ ions (FeMA). Since MA is a bidentate nucleophile, it can 

form FeMA complexes by reacting with Fe2+ ions, if it is present in high concentrations. 

FeMA complexes can then be incorporated into the CoFe deposit, which results in a 

deposit with lower magnetization (Ms) value. MA concentrations in the range 0.001–

0.002 M did not affect the Ms value of the deposits. Millimolar concentrations of MA 

were added to the electrolyte solutions since these values are close to the saturation 

concentration of dissolved oxygen, and therefore the concentration of Fe3+. The MA 

(pKa = 2.83) present in solution in anionic form, will form the FeMA+ complex (Equation 

2-1), and will then be released to the solution through electrochemical reduction by a 

catalytic-type reaction (Equation 2-2). The overall reaction likely proceeds through two 

main steps, i.e. electron transfer followed by cleavage of two Fe-O bonds. 

𝐹𝑒3+ + 𝑀𝐴2− → 𝐹𝑒𝑀𝐴+ 
Equation 2-1 

𝐹𝑒𝑀𝐴+ + 𝑒− → 𝐹𝑒𝑀𝐴 
Equation 2-2 

𝐹𝑒𝑀𝐴 + 2𝑒− → 𝐹𝑒 + 𝑀𝐴 
Equation 2-3 

The Fe2+ reduction reaction is 

𝐹𝑒2+ + 𝐻2𝑂 → 𝐹𝑒𝑂𝐻𝑎𝑑𝑠
+ + 𝐻+ 

Equation 2-4 

𝐹𝑒𝑂𝐻𝑎𝑑𝑠
+ + 2𝑒− → 𝐹𝑒 + 𝑂𝐻− 

Equation 2-5 

NH4Cl was used in the supporting electrolyte because it donates an H+ which 

reacts with OH- (to form water) to stabilize the pH 3.0 of the electrolyte during 
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deposition. This is important, especially for depositing large amounts of Fe, because if 

the pH rises to 4.0-4.5 then Fe will precipitate out as FeOOH, making the electrolyte 

unstable. H3BO3 is commonly used as a supporting electrolyte for depositing Fe and Ni 

because it helps to mitigate dissolved oxygen in the deposit. Oxygen in the deposit 

causes the magnetic metals to oxidize and lower the Ms values. 

The reduction reactions are as follow for the Au, Ni, Fe or Co segments. 

[𝐴𝑢(𝐶𝑁)2]− + 𝑒− ⇌ 𝐴𝑢 + 2𝐶𝑁− -0.807 V vs. saturated Ag/AgCl 

𝑁𝑖2+ + 2𝑒− ⇌ 𝑁𝑖 -0.454 V vs. saturated Ag/AgCl 

𝐹𝑒2+ + 2𝑒− ⇌ 𝐹𝑒 -0.637 V vs. saturated Ag/AgCl 

𝐶𝑜2+ + 2𝑒− ⇌ 𝐶𝑜 -0.114 V vs. saturated Ag/AgCl 

Au segments were deposited from an Au cyanide bath at a constant current -100 

µA, the Ni or Co at a constant potential of -0.9 V, and Fe or CoFe at a constant potential 

of -1.1 V (all voltages versus a Ag/AgCl reference with saturated KCl). 
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Figure 2-3: Linear voltammetry scans for Au(CN)2 bath, and Fe, Au, and Fe + Au baths, Ni and Co baths. 
Note, the current scales (y-axis) on the graphs are different because the electrolyte concentrations and 

electrochemical surfaces areas were different for each scan. 
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Fe-Au multilayer NWs were deposited from a single electrolyte, with FeSO4 and 

Au(CN)2, using pulsed electrodeposition. Fe segments were deposited at -1.1 V and the 

Au segments were deposited at -50 µA. Figure 2-4 shows the current and voltage for a 

typical pulse deposition scheme, with 1 second for Fe, and 5 seconds for Au. 

 

Figure 2-4: Current and voltage vs. time for Fe and Au pulsed deposition. 

 

2.3 Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) 

JEOL 6500 SEM was used to determine the length and diameter of the NWs. In an SEM 

setup, an electron source, such as a W filament, is used to generate an electron beam. 

Using a combination of condenser lenses, the beam of electrons is focused to a precise 

spot on the sample surface. Once the electrons reach the surface, they interact with the 

sample and are either absorbed or scattered, producing a variety of signals. The 

scattered electrons cause the emission of secondary electrons (SE), backscattered 

electrons (BSE) or diffracted backscattered electrons (EBSD). Inelastically scattered 

electrons emit electromagnetic radiation (characteristic X-rays). SE provide information 
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on the surface topography of the samples, EBSD can be used to determine the crystal 

structure, and the characteristic X-rays can be used for compositional analysis. These 

processes can be detected by specialized detectors. 

 To prepare the NWs for SEM analysis the NWs were suspended in 1-1.5 mL of 

ethanol and mixed by ultra-sonication, 37 kHz for 30 seconds. A 20 µL droplet was 

removed and dropped on a piece of conductive Cu or Al tape, 1x1 cm2 to allow the 

ethanol to evaporate in air. Then the tape was placed on an Al SEM stub, which was 

loaded into the SEM for imaging in SE imaging mode (SEI). The electron beam was set to 

5, 10, or 15 kV and 1 mA of current for imaging. For TEM imaging the NWs were 

suspended and mixed in 1 mL of ethanol or acetone, and 20 µL of this was deposited 

onto Quantifoil TEM grids and imaged using FEI Tecnai G2 F30 and FEI Tecnai Femto 

TEMs in thermionic mode. 

 

2.4  Vibrating Sample Magnetometer (VSM) 

A VSM determines the magnetic properties of materials by measuring sample 

moment in response to a variable applied field. The most popular characterization 

technique is a magnetic hysteresis loop, where the magnetic field is cycled from an 

initial value to another value and back again. The physics behind measuring the moment 

is that when a magnetized sample vibrates up and down in the periphery of a coil, the 

flux in the coil changes. A schematic of the instrument is shown in Figure 2-5. 
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During a measurement, the sample is attached to the tip of a vibrating rod that is 

placed between two electromagnets. Depending upon the type of measurement, the 

sample can be placed perpendicular or parallel to the direction of the applied field. An 

induced emf is created in the pick-up coils by the oscillating sample. The magnitude of 

the induced emf is proportional to the magnetic moment of a sample. A range of 

magnetic moments are obtained by sweeping the field from -5000 Oe to 5000 Oe (range 

may be smaller, depending on the sample) for the NWs studied in this work. Upon 

sweeping the magnetic field, a hysteresis loop is generated which gives information 

about important parameters like the magnetic saturation (Ms), the remnant 

magnetization (MR) at 0 applied field, the coercive magnetic field (Hc) needed to 

demagnetize the sample, and the anisotropy field (HK), which is the field required to 

completely change the magnetization direction of the NWs. 

 

Figure 2-5: Schematic of the vibrating sample magnetometer (VSM). 
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A Princeton vibrating sample magnetometer (VSM) was used to measure the 

hysteresis loops of the nanowires, (±1-5kOe, 25 Oe/s, 25 °C), while they were still inside 

the AAO, aligned parallel or perpendicular to the applied field. 

 

2.5 Spectrophotometer 

A spectrophotometer is used to measure the light transmitted through or emitted from 

a sample. Typically, a small volume (0.1-1 ml) of liquid sample is put in a plastic or quartz 

transparent cuvette. This cuvette is placed in light, from a laser or gas lamp source, at a 

pre-specified wavelength (using diffraction gratings and slits) and the light transmitted 

or absorbed is measured at specific wavelengths. The wavelength of the light source can 

also be swept through a range of values at a prescribed sweep rate to measure a 

spectrum of data. It is useful to measure the absorption and emission wavelengths for 

fluorescent molecules, or the absorption of nanoparticles (in suspension) at specific 

wavelengths. By measuring the light absorbance or transmission at different time points 

it shows the nanoparticle stability in suspension. Figure 2-6 shows the NW absorbance, 

at 300-800 nm, at different time points for three different NW samples. All three NW 

samples had diameters of 200 nm, lengths of 1 μm. Each sample was well mixed in 1 mL 

of water at the initial time, 0 minutes. The bare CoFe NWs had a decrease in absorbance 

over the course of 11 minutes, indicating the NWs were settling to the bottom of the 

cuvette. In the two lower plots, the CoFe and Fe-Au NWs were coated with PEG and 

they showed little decrease in absorbance, even after 26 minutes. These data 
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demonstrate that the PEG coatings on these NWs greatly improved the NW stability in 

suspension over time. 

 

Figure 2-6: NW absorbance at 500 nm at different time points for three different NW samples. All three 
NW samples had diameters of 200 nm, lengths of 1 μm; all were well mixed in 1 ml of water at time 0. Au-

CoFe-Au NWs and Fe-Au multilayer NWs were coated with SH-PEG-COOH on the Au. 

 

2.6 Dynamic Light Scatter 

Dynamic Light Scattering (DLS) was used as an alternative method to SEM or TEM to 

characterize the NW lengths and diameters. DLS shines a light into a 2 mL tube (from 

the top-down) and captures the Brownian motion of particles via light scattering; it 

determines their velocities, and then calculates their translational diffusion coefficients. 

A NanoFlex DLS with a 3mW 780nm laser was used in this work. It uses these data to 

calculate the size of the nanoparticles using the following equation with dh = 

hydrodynamic diameter (m), kB = Boltzmann’s constant (J/K), η = Viscosity of solution 

(kg/m∙s) and DT  = translational diffusion coefficient (m2/s). 
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𝑑ℎ =  
𝑘𝐵 ∙ 𝑇

3𝜋 ∙ 𝜂 ∙ 𝐷𝑇
 

DLS typically works best for small spherical particles, but it can also be used for larger 

particles with different shapes. 

 
Figure 2-7: a) DLS equipment. b) Cartoon diagram showing how a magnet was placed to align the NWs. c) 

Cartoon depicting the hydrodynamic diameter for three different particles. 

 

Figure 2-8 shows DLS results for a Ni NW sample with, and without a magnet 

placed next to the vial during measurement. When a magnet is placed next to the 

sample, the NWs drift toward the magnet and align perpendicular to the light source. 

This increased velocity increases the diffusion coefficient, which leads to a smaller 

calculated hydrodynamic diameter. 
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Figure 2-8: DLS results for a Ni NW sample with and without a magnet placed next to the vial during the 
measurement. 

Because the nanopore diameter dictates the NW diameter, there is much less variability 

in NW diameter, compared to NW length. This is shown in the DLS plots for two 

different NW samples in Figure 2-9. The variability in the NW lengths is due to different 

diffusion and reaction rate in different nanopores. 

 

Figure 2-9: DLS data showing the percent of particles at different particle sizes. NWs Fe-Au 1* (left) and Fe 
4 (right) which are representative of the Fe-Au and Fe NW samples. 
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DLS is quicker and easier than SEM or TEM to quantify the lengths and diameters of 

many NWs. However, because it is difficult to distinguish if multiple NWs are chained 

together tip to tip, or overlapping, DLS is less reliable than SEM or TEM for highly 

accurate size measurements. 

2.7 Electron dispersive X-ray spectroscopy (EDS)  

An Oxford Inca X-Act EDS detector on a JSM-6610LV SEM was used for the 

compositional analysis of the NWs. For EDS measurements, the incident electron beam 

must excite an inner shell electron in the sample material to a higher energy state, 

creating an electron hole in the process. An electron from the higher-energy shell 

descends to occupy the vacancy, during which it releases energy in the form of X-ray 

radiation. This emitted X-ray beam is collected by an EDS detector. The elemental 

composition of the specimen can be determined from the energy of the X-rays, which 

indicates the difference in energy between the two atomic shells and are element 

specific. Using this information, the composition of the NWs can be determined. Figure 

2-10 shows the combined TEM (left) and EDS (right) analysis of Fe-Au multilayer NWs. 

The thicker Fe layers are darker, and the Au layers are lighter in the TEM image. This 

corresponds to the peaks and troughs of the Fe and Au weight % (along the length of 

the NW) in the EDS plot.  
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Figure 2-10: Combined TEM (left) and EDS (right) analysis of Fe-Au multilayer NWs for MRI contrast. TEM 
image and analysis compliments of Tom Gage. 

2.8 Nanowire functionalization 

NWs used in this work were coated and functionalized with different molecules, 

such as poly-ethylene glycol (PEG) or fluorophores. Polymeric coatings mitigate NW 

aggregation by steric repulsion between the polymer molecules on the surfaces of 

different NWs. In addition, hydrophilic PEG improves surface wetting, which is 

important for MRI contrast, and the increased buoyant force helps keep the NWs 

stabilized in suspension (see Figure 2-6). Using functional polymers with terminal groups 

enables conjugation of proteins/antibodies for specific targeting of cells. PEG coatings 

reduce non-specific adsorption of proteins and prevents formation of a protein corona 

[5]. PEG coatings mitigate ion leeching from the NW surface, and hence improve 

biocompatibility [6]. PEG is soluble in aqueous as well as organic solvents, such as 

alcohols, which are useful for to mitigate NW oxidation during long-term NW storage. 

PEG increases the circulation half-life by avoiding phagocytosis, allowing the 

nanoparticle to remain undetected in the body [5]. This is useful for in vivo applications. 

Heterobifunctional PEG of ~1000 g/mol (M.W.) was used in most of this thesis, but 

2000 or 5000 M.W. PEG was used where marked. The Ni nanowires were usually coated 

using NH2-PEG-COOH molecules. The Ni and Fe surfaces are negatively charged, so at or 
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below pH 7.0 the -COOH tail attached to the Ni surface by electrostatic interactions; 

above pH 12.0 the -NH2 tail attached to the surface. The iron surfaces can also be coated 

with dopamide PEG, because dopamide has a strong affinity for Fe and Fe oxide 

surfaces. Au surfaces were coated with SH-undecanoic acid or SH-PEG-COOH. 

Undecanoic acid has a much shorter chain length, and it is hydrophobic. Once NWs were 

coated with either -NH2 or -COOH tails pointing outwards, then other molecules with a -

COOH or -NH2 group, respectively, could be attached using 1-Ethyl-3-[3-

dimethylaminopropyl]carbodiimide hydrochloride (EDC) and N-hydroxysulfosuccinimide 

(Sulfo-NHS), (Figure 2-11). This was used to attach streptavidin for the cell separation 

project. Carbonyldiimidazole (CDI) was used to attach collagen molecules to the -NH2 

tails for collagen hydrogels. 

 

Figure 2-11: Diagram depicting the multi-step reactions to form an amide bond between NH2 and COOH 
groups, using EDC-NHS to promote and stabilize the reactions [6]. 
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3 NWs for MRI Contrast Agents 

Some of the work in this section was done with the help of Dr. Sylvie Pallouix, who 

helped synthesis the dopamide-PEG provide guidance using the relaxometer, and Dr. 

Valerie Pierre who provided experimental and technical guidance. I prepared the 

samples for MRI and Dr. Jinjin Zhang conducted the MRI, with guidance from Dr. 

Michael Garwood. I fabricated and characterized all the NWs used for these 

measurements and I performed all T1 and T2 measurements and analyzed the data for 

calculations. Background and motivation 

Magnetic Resonance Imaging (MRI) is a powerful medical imaging tool because it offers 

high spatial resolution, anatomical detail, and enhanced soft tissue contrast [7, 8]. 

Magnetic nanoparticle contrast agents are often introduced into the body region prior 

to imaging to help distinguish between different tissue types by changing the relaxivity 

of the nearby water protons. Improving the properties of these contrast agents by 

tuning the size, shape, surface coating, and magnetic properties can improve their 

efficacy for imaging. This will aid in making a diagnosis, and potentially reduce the 

particle mass needed for imaging, and concentration in the body. 

3.1 Principles of MR Imaging 

MRI is based on the nuclear magnetic resonance of the proton spins of water molecules 

in the sample. Atomic nuclei with an odd number of protons or neutrons have a 

magnetic moment, which describes the strength and direction of a microscopic 

magnetic field surrounding the nucleus. In the presence of a strong, constant, external 
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magnetic field (from the imaging magnet), a small excess fraction of nuclei will align 

their magnetic moment with the magnetic field, producing a macroscopic, measurable 

magnetic moment. 

 In addition, the interaction between the magnetic moment of the nucleus and 

the external field causes each spinning nucleus to precess, which changes the 

orientation of the rotation axis of the nucleus. Each nucleus precesses at a characteristic 

(resonant) frequency that is proportional to the strength of the external field (Figure 

3-1a). The resonant frequency is calculated by the Larmor equation: 

𝜔0 = 𝛾𝑩𝟎 
Equation 3-1: Larmor equation. 

where ω0 is the Larmor frequency, B0 is the magnetic field strength and γ is the Larmor 

constant (also called gyromagnetic ratio), the specific precession frequency of hydrogen 

at a specified magnetic field strength. 

 

Figure 3-1: Diagrams depicting (a) Proton spins that align parallel or antiparallel to the magnetic field and 
precess under Larmor frequency (ωo), (b) After introducing an RF pulse, magnetization of spins changes. 
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Excited spins undergo T1 or T2 relaxation. Graphs showing (c) T1 relaxation time or (d) T2 relaxation time 
[9]. 

 

 The fraction of protons aligned with the magnetic field can be disturbed from 

equilibrium by introducing a radiofrequency (RF) pulse at the resonant frequency. The 

applied RF pulse induces the protons in the volume of interest to spin at a different 

frequency. By measuring the RF signal, or “echo,” emitted by the protons (referred to as 

"spins") as they relax back to equilibrium, the density of protons, as well as the rate at 

which the magnetization returns to equilibrium (relaxation) can be calculated. Two 

forms of relaxation can be measured: 

1) T1 relaxation produced by realignment of the net magnetization vector with the 

external field (spin-lattice or longitudinal relaxation), Figure 3-1c 

2) T2 relaxation produced by loss of phase coherence of spins in a plane 

perpendicular to the external field (spin-spin or transverse relaxation), Figure 

3-1d. 

Phase coherence means there is a group of neighboring spins whose 

magnetization vectors point in the same direction. Loss of phase coherence occurs when 

these vectors get out of alignment due to precession of neighboring spins at slightly 

different velocities, reflecting small, random variations in the local magnetic field, which 

can be induced by nearby magnetic nanoparticles (e.g. contrast agents). Both 

longitudinal and transverse relaxation occur at exponential rates, with time constants 

T1, for longitudinal, and T2, for transverse relaxation. T1 is the time needed for the 
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magnetization vector to realign with the longitudinal axis of the main magnetic field. T2 

is the time needed for the decay of the transverse magnetization. 

 Two common types of MR imaging algorithms were used in this work: gradient 

echo (GRE) and sweep imaging with Fourier transformation (SWIFT). A spin echo (SE) 

pulse sequence consists of a 90° RF pulse to excite the tissue, followed by a 180° 

refocusing pulse. The refocusing pulse reverses any dephasing effects that have 

occurred due to heterogeneities in the external magnetic field, forming an RF "echo" as 

the spins come back into phase. The elapsed time from the 90° pulse to the peak of the 

echo is called the echo time (TE). The elapsed time between successive 90° pulses is 

called the repetition time (TR). A gradient echo (GRE) pulse sequence is typically used 

for T1 imaging. It consists of small angle (typically 20° to 60°) RF pulses applied in rapid 

succession (TR less than 100 msec). GRE imaging uses a reversal of the magnetic field 

gradients, rather than a 180° RF pulse, to refocus spins. Image contrast in GRE imaging is 

a complex function of TR, TE, and RF flip angle, but the imaging parameters can be 

adjusted to produce T1, T2, and proton density weighting, similar to SE sequences. In the 

past decade, a new imaging technique was developed using a swept RF excitation, 

rather than pulsed excitation. In SWIFT time-domain signals are acquired virtually 

simultaneously during a swept RF excitation of the nuclear spins. With negligible time 

between excitation and signal acquisition, SWIFT is useful to image spins with extremely 

fast transverse, T2, relaxation rates. 
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3.2 Principles of MRI contrast agents 

MRI contrast agents are referred to as T1 or T2 contrast agents, depending on their 

shortening function. T1 contrast agents are generally preferred over T2 contrast agents, 

for clinical use, because T1 agents brighten the image, whereas T2 agents darken the 

image, making it easier to mistake an imaging artifact for a tissue abnormality. However, 

the most effective T1 agents are typically paramagnetic gadolinium based (Gd) 

nanoparticles, which can accumulate in the body and cause adverse side effects and 

toxicity. Typical T2 contrast agents are iron oxide based nanoparticles. Iron oxide 

nanoparticles, usually magnetite, Fe3O4, or maghemite, γ-Fe2O3, are commonly used as 

T2 agents because of their large magnetization (Table 3-1) and biocompatibility. Because 

Gd3+ has 7 unpaired electrons, two more than Fe3+, and a larger magnetic moment (7.94 

compared to 5.92) Gd based nanoparticles are often superior to Fe based particles, for 

T1 contrast. In addition, if Fe based particles have strong T2 contrast properties then 

they usually cannot be used effectively for T1 contrast because the T2 contrast will 

dominate during the MR imaging, darkening the image, even during T1 imaging. 

However, Fe3+ still has a relatively large magnetic moment, with 5 unpaired electrons, 

and good biocompatibility. This makes it an ideal alternative, compared to other metal 

ions, to Gd for T1 imaging. 

Table 3-1: Table showing the free electron configuration and magnetic moment for certain ions. Fe3+ is an 
ideal candidate as a replacement T1 contrast agent because of its 5 unpaired electrons and large magnetic 

moment [9]. 
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For T2 shortening, the dephasing of the magnetic moments due to the local 

magnetic-field gradients created by the magnetized nanoparticles accelerates the spin–

spin relaxation. The main relaxation mechanism is the dipolar outer-sphere interaction 

between the water proton spins and the magnetic moment of the atoms near the 

nanoparticle’s surface.  

Magnetism is an intrinsic property of bulk materials but for nanoparticles the 

magnetic properties strongly depend on the size, shape, and surface properties of the 

nanoparticle [10, 11].  An increase in surface area increases the magnetization, as 

described by the following equation where ms is the saturation magnetization of the 

nanoparticle, Ms the saturation magnetization of the bulk material, r the size of the 

nanoparticle, and d the thickness of the disordered surface layer [12]. 

𝑚𝑠 = 𝑀𝑠[(𝑟 − 𝑑)/𝑟]3 

Equation 3-2: Equation showing how the nanoparticle size and surface layer change the magnetization 
from the bulk value for a specific material 
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Figure 3-2: Graph showing the r2 dependence on the nanoparticles size in the motional average regime 
(MAR, 2), static dephasing regime (SDR, 2), and echo-limiting regime (ELR, 3) as predicted by the outer 

sphere relaxation theory for iron oxide nanoparticles. 

According to theoretical studies about the effect of particle size on relaxivity, 

there are three different regimes of r2 values with increasing size of nanoparticles: 

motional average regime (MAR) (Figure 3-2, region 1), static dephasing regime (SDR) 

(Figure 3-2, region 2), and echo-limiting regime (ELR) (Figure 3-2, region 3) [13]. In the 

MAR, the diffusion of water between particles occurs on a very fast time scale; 

therefore, the magnetic fields from nanoparticles are averaged by fast diffusion, and 

their relaxivity is proportional to the magnetization of nanoparticles. Since the 

magnetization of nanoparticles is strengthened as the size increases, larger 

nanoparticles exhibit higher r2 relaxivity in the MAR, and the relaxivity at a single 

concentration is given by [14] : 

𝑅2 =
(256𝜋2𝛾2

405
)𝑘𝑀𝑠

2𝑑2

𝐷(1+𝐿
𝑑⁄ )

,  𝑘 = 𝑉∗[Fe] 

Equation 3-3: R2 relaxivity at a single concentration for nanoparticles in the MAR 
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where γ is the proton gyromagnetic ratio, k is a conversion factor, d the effective 

diameter, respectively, D is the diffusivity of water molecules, V* is the volume fraction, 

and L is the thickness of the impermeable surface coating. 

For larger nanoparticles, the r2 relaxivity of nanoparticles does not continue to 

increase as the size does [15]. This size regime is called the SDR (Figure 3-2, region 2). In 

the SDR, the magnetic field generated by nanoparticles is so strong that diffusion has 

little influence on the T2 relaxation process. Therefore, a plateau of the maximum r2 is 

predicted to appear in the SDR. However, iron or iron oxide magnetic nanoparticles 

whose size is in the SDR are ferromagnetic, which means that their magnetic moments 

are not randomized by the thermal energy. 

If the size of the nanoparticles exceeds the SDR, the r2 value decreases as size 

increases [15]. This regime is called the ELR because the decrease in the r2 depends on 

the echo time, which is the time interval of the RF pulse that refocuses the nuclei spins 

during the MRI. When nanoparticles are too large, the nuclei spins are dephased so 

quickly that fewer spins are refocused by the echo sequence, causing a decrease in the 

r2. However, these larger nanoparticles in ELR can be used in gradient echo MRI, which 

is very sensitive to magnetic susceptibility. If the nanoparticles or ferromagnetic 

aggregates exceed ~100 nm it is unsafe to put them in the bloodstream, due to the risk 

of clogging or blocking a blood vessel. However, if the nanoparticles can be enclosed 

inside certain cell types before being introduced into the body they can potentially be 

used for imaging or tracking the cells [16]. 
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Iron oxide nanoparticles for MR contrast are usually coated organic molecules, 

such as dextran or polyethylene glycol (PEG), and they are effective as T2 contrast 

agents [17, 18] with good colloidal stability in water. PEG coatings help to mitigate 

ferromagnetic aggregation, improve biocompatibility, and blood circulation time [19]. 

Current challenges for MRI contrast are fabricating small particles with high r1 or 

r2 values. This is important for good image contrast and minimizing the foreign material 

in the body. If the nanoparticles will be injected intravenously, the dimensions should be 

tens of nm. Some of the best commercially available Fe3O4 contrast particles for T2 

imaging are Feridex™ (r1 = 10.1 mM-1s-1 r2 = 120 mM-1s-1) [20] and Resovist™ (r2 = 120 

mM-1s-1) [21]. Fe3O4 octopods are some of the best nanoparticles reported in literature 

for T2 imaging, with 679.3±30 mM-1s-1 [22] and Fe3O4 nanocubes had even higher r2 = 

761 mM-1s-1 [23], which is near the theoretical limit for Fe3O4 nanoparticles of ~800 mM-

1s-1. Iron oxide based nanoparticles are typically fabricated by a co-precipitation 

reduction of iron ions, so it can be challenging to produce a large quantity of 

nanoparticles with a narrow size distribution, size particle production must be scaled up 

to be commercially viable. The final challenge for MRI contrast particles is proper testing 

to ensure the particles are safe for use in the body, to gain clinical approval from 

governmental bodies. 
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3.3 r1 and r2 relaxivity studies 

3.3.1 r1 and r2 relaxivity of Fe NWs 

 T2-shortening can be enhanced by inhomogeneities in the local magnetic field 

around nanoparticles. Superparamagnetic Fe3O4 nanorods cause larger local magnetic 

field inhomogeneity than spherical nanoparticles, with similar particle volume, because 

the nanorods have higher surface areas and higher magnetizations [24]. This was the 

motivation to investigate the contrast properties of electrodeposited Fe and Fe-Au NWs. 

Here, metallic Fe and Fe-Au NWs were compared to metallic Fe and Fe-Au nanoparticles 

[25] to evaluate the effects of material composition and magnetic domains on the 

relaxivity of NWs. If these NWs have good MRI contrast properties then they should be 

imaged in MRI phantoms, followed by imaging in animals. If the NWs are verified as safe 

and effective for imaging in animals then eventually they could potentially be injected 

into human tissues, such as tumors, for imaging rather than in the blood stream. Tissue 

injection was demonstrated in a study by Cheng, Y., et al., using 2 μm nanodisks to treat 

malignant glioma [26]. Recent studies show magnetic NWs can be endocytosed by cells, 

and NWs induce negligible immune response in osteosarcoma cells, they disperse 

evenly across the cell population [19, 27]. 

There are a few reports of using chemical reduction or co-precipitation to produce 

iron oxide nanorods or NWs for MRI contrast particles. However, this report focuses on 

electrodeposited NWs. Template-assisted electrodeposition is a facile method to 

incorporate multiple Fe and Au layers into one nanoparticle scaffold covalently bonded 

together, rather than coupling multiple particles together [28]. This novel process 
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matches the simplicity of single pass aerosol self-assembly of polymer capped Fe-Au 

nanoagglomerates [25] and laser ablation synthesis in solution (LASiS) of Fe-Au alloy 

nanoparticles [29]. Electrodeposition offers advantages over other synthesis methods in 

accurate control of particle length and diameter, and therefore shape anisotropy, which 

helps to tune the magnetic properties which are important for contrast agents [30, 31]. 

Compared to Fe-Au core-shell nanoparticles, Fe-Au NWs allow the nearby water 

molecules to remain in closer contact with the iron surface atoms.  

 Using non-magnetic Au layers between the magnetic Fe layers offers the ability 

to create multiple magnetic domains along the length of each NW. Au is biocompatible 

and can be easily functionalized using thiol-containing molecules, such as SH-PEG-COOH 

used in this work. Other biological molecules can be attached to the carboxylic acid for 

enhanced biocompatibility and/or cell targeting [19, 27]. In addition, Au absorbs light in 

the near-infrared (NIR), and the peak absorption wavelength can be tuned by adjusting 

the aspect ratio of Au segments [2]. Fe3O4 and Au nanoparticles have been used 

together as a dual response magnetoplasmonic imaging agent [28]. These results were 

the first published work evaluating electrodeposited NWs as MRI contrast agents. Since 

publication, a Banobre-Lopez, et al. have subsequently published another report 

confirming similar results [32]. 

There are several factors which influence a nanoparticle’s performance as a T1 or T2 

contrast agent. These include its length, width, magnetic moment, and surface coating 

[33]. To study these factors, simple iron NWs were fabricated with various lengths and 
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diameters, and these NWs were coated with Dop-PEG. Equation 3-4 was used to 

calculate the r1 and r2 values shown in Table 3-2.  

1

𝑇𝑖,obs
= 𝑟𝑖[Fe] +

1

𝑇𝑖,H2O
 where i = 1 or 2 

Equation 3-4: Equation to calculate r1 or r2 relaxivity. 

 The r1 values increased with decreasing NW length (Fe 1-4) and increasing NW 

diameter (Fe 2, Fe 5, and Fe 6), with the highest r1 = 2.0 mM-1s-1. In comparison, current 

commercial iron oxide nanoparticles have r1 = 10.1 mM-1s-1 [34]. These length and 

diameter trends suggest that shorter, larger diameter NWs would be a better as T1 

contrast agents. As the diameter of the NW increases, or the length decreases, the 

aspect ratio and magnetic anisotropy also decreases. Decrease anisotropy allows the 

magnetization of the nanowires to deviate farther away from the long axis of the 

nanowire [35], this should create a larger volume of magnetic inhomogeneity region 

around the NWs for improved T1-shortening. Because the NWs have strong magnetic 

anisotropy (due to the shape) and higher Ms than spherical iron oxide nanoparticles, it is 

likely that the NWs have better alignment parallel with the magnetic field before 

measurement. Pierre et al. and Zhou et al. observed a trend of increased r1 with 

increasing nanoparticle diameter for spherical iron oxide nanoparticles [33, 36]. Zhou 

also observed that flat Fe3O4 nanoplates had higher r1 values than spherical iron oxide 

particles with similar surface areas, likely due to the larger number of exposed iron rich 

(111) facets on the surface of the nanoplates [36]. The ratio of r2/r1 is important because 

a high r2/r1 ratio (>8) results in T2-dominated contrast and the lower ratio (<5) leads to 
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T1-dominated contrast, depending on the MRI pulse sequence used [37, 38]. Samples Fe 

5 and 6 both had r2/r1 < 5. 

Table 3-2: Relaxivity of iron NW samples 1-6 functionalized with Dop-PEG. Relaxivity values for Fe-Au NW 
sample 1, only coated with Dop-PEG, and Fe-Au 1*, 2* and 3* coated with Dop-PEG and SH-PEG-COOH. 

 

Although these NWs need more optimization to be competitive as T1 contrast 

agents, the smaller diameter NWs already appear promising for T2 contrast. The r2 

values increased linearly with decreasing nanowire length (Fe 1-4, Figure 3-3). This trend 

is in good agreement with the MR contrast theories explained in Section 3.3 (above). 

Because these NWs are so large, they are in the ELR. This explains why the r2 values 

decrease with increasing size; in the ELR, the decrease in the r2 depends on the echo 

time, which is the time interval of the RF pulse that refocuses the nuclei spins during the 

MRI. With large NWs the nuclei spins are dephased so quickly that fewer spins are 

refocused by the echo sequence, leading to decrease in the r2. However, these larger 

NWs could be useful for T1, GRE imaging which is very sensitive to magnetic 

susceptibility. 
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Unfortunately, the longer iron NWs tend to sediment out of suspension faster, 

because they have more mass. The NW settling and large size in the ELR explain why the 

shorter 0.5 μm NWs showed the highest r2 = 14.7 mM-1s-1, despite having less surface 

area per particle. Using a longer length PEG coating could help keep the nanowires in 

suspension more effectively. 

 

Figure 3-3: Plot showing how r2 values decrease linearly with increasing length for Fe 1–4, 35 nm diameter 
NWs at 1.5 T, 25°C. 

 

3.3.2 r1 and r2 relaxivity of Fe-Au multilayered NWs 

Because shorter NWs showed higher r2, the natural question is how to fabricate shorter 

NWs. Shortening the NW deposition time will result in shorter iron segments, but these 

shorter NWs can be difficult to magnetically separate and purify when dissolving the 

AAO template in viscous 1 M NaOH with the AAO precipitate. Adding multiple layers of 

magnetic and non-magnetic Au to the NWs seems especially well suited for 

electrodeposited NWs, as it is easy to incorporate multiple metals along the NW length 
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by changing the electrolyte composition and/or deposition potential during growth. Au 

has a lower reduction potential than iron, so it is likely that small amounts of Au will be 

incorporated into the iron segments. Since Au is diamagnetic, the Au atoms will oppose 

the magnetization of ferromagnetic iron [39]. This may reduce the magnetizations of the 

Fe-Au NWs, which is one disadvantage of using electrodeposition. However, this can be 

minimized by reducing the Au : Fe concentration ratio in the electrolyte. Another 

advantage of adding Au segments is that the Au allows SH-PEG-COOH to coat the length 

of the NW. 

Table 3-3: Example electrodeposition parameters for different size pore diameter membranes. The 
number of pulse cycles was adjusted based on desired NW length. 
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Figure 3-4: Example TEM images of Fe-Au 1* NWs (left column) and plots showing grey value vs. distance 
along the center of the NW (right side), image analysis using ImageJ software. TEM images compliments 
of Tom Gage. 

Here, Au-rich segments were added to the NW by adding 2 mM of KAu(CN)2 to the 

electrolyte and pulsing between -1.1 V and -50 μA for tens or hundreds of cycles (see 

Table 3-3). The iron and Au segments can be seen in Figure 3-4. Au appears darker than 

iron, in TEM, because Au has a larger atomic mass, Z value. The average thickness of the 

Au segments was 5.0 ± 0.5 nm and the Fe was 4.5 ± 0.5 nm (N=26). The Au segments in 
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the Fe-Au NWs were coated with SH-PEG-COOH. Table 3-2 shows that uncoated Fe-Au 1 

NWs had lower r1 and r2 values than the Fe 2 iron NWs, of similar length and diameter, 

likely because the Au segments reduced the magnetization of each NW. However, SH-

PEG-COOH coating of the Au segments in the Fe-Au NWs increased the r2 values by 

~10x, r2 = 77.1 vs. 7.9 mM-1s-1, respectively. This value is comparable to Amendola’s 

spherical Fe-Au alloy nanoparticles, with r2 = 60 mM-1s-1 (4.7 T) [29] and Byeon’s 

polymer capped Fe-Au nanoagglomerates with r2 = 55.2 mM-1s-1 [25]. It appeared that 

having the Au-rich segments coated with SH-PEG-COOH gives a much larger r2 than Fe 

NWs with similar length and diameter. This increased r2 is likely because the magnetic 

domains are shorter with the Au segments, which makes it easier for the magnetization 

to deviate from the long NW axis and disrupt the proton spins. This effect is observed in 

the normalized hysteresis curves in Figure 3-5a for Fe (black curve) and Fe-Au (red 

curve) NWs. Because the magnetic anisotropy is reduced by adding the Au layers, it 

requires a higher magnetic field to saturate all the domains in the same direction. The 

SH-PEG-COOH coating also contributed to the increased r2 by improving the wetting of 

the NW surfaces (because PEG is hydrophilic) as well as the NW suspension stability, see 

section 2.5, by increasing the NW hydrodynamic diameter. In addition, deprotonation of 

the –COOH tails on the SH-PEG-COOH makes the NWs negatively charged, causing ionic 

repulsion forces between the NWs to mitigate NW aggregation. The longer Fe-Au 2* 

NWs had a smaller r2 (39.8 mM-1s-1) than the shorter Fe-Au 1* (77.1 mM-1s-1) NWs even 

though the Fe and Au segments were prepared the same. As with the Fe NWs, this is 

likely due to increased sedimentation and the length effect in the ELR. EDC-NHS 
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chemistry can be used to covalently attach other molecules which have free amine 

groups, such as streptavidin. The Au segments on the NWs could also be coated with 

SH-PEG-fluorophore molecules for dual MRI and fluorescent imaging. 

 

Figure 3-5: Characterization of Fe and Fe-Au NWs. a) Normalized hysteresis curves of Fe 2 (black) and Fe-
Au 1 (red) ferromagnetic NWs aligned parallel to the applied magnetic field, in the AAO membranes. 
Diffraction data for NWs Fe 2 (b), and Fe-Au 1 (c) NWs overlaid with simulated peaks for Au, Fe, and         

γ-Fe2O3. 

 

The NWs used in this study are likely too long for intravenous injection without risks 

to the patient’s health. However, direct injection into tissues or tumors could be 
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possible, similar to the in vivo study by Cheng, Y., et al. where 2 μm diameter magnetic 

particles were injected into mouse glioma [26]. Hopkins, X., et al. and Jeon, I., et al. both 

investigated the cytoxicity and potential use of Ni-Au NWs (200 nm diameter, 2 μm 

long) to treat pancreatic cancer and found minimal cytoxicity from the NWs in the cells 

[40, 41]. Sharma, A., et al. showed that Ni NWs had self-dispersal behaviour in 

osteosarcoma, with minimal cytotoxicity [19]. More in vivo animal testing with magnetic 

NWs is required to verify their safety before proceeding with human trials. Also, shorter 

NWs can easily be made by shortening the deposition time; this would decrease the 

amount of magnetic material per batch. Alternatively, ultrasonication (to break long 

NWs) or using a Cu layer between NWs and etching it in multi-layered NWs could make 

shorter NW segments while maintaining a high yield per batch. 

The overall results for this first study of electrodeposited Fe and Fe-Au NWs as T2 

contrast agents are promising and are not far from the commercial iron oxide based 

contrast agent EndoremTM with r2 = 100 mM Fe-1s-1 [29]. However, unlike EndoremTM 

and other iron oxide nanoparticles, the strong magnetism and hysteresis of these NWs 

render them attractive as possible theronastic agents given their potential as Au 

photothermal [2] or magnetic hyperthermia agents [42], two applications to explore in 

future work. 

3.4 NW MR imaging results 

As verification of the relaxivity results, the samples with the highest r2 values (Fe 1 and 

Fe-Au 1*) were imaged. As expected, the contrast increased with increasing iron 

concentration in the T2-weighted images of sample Fe 1 in Figure 3-6. The T2-weighted 
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images show that Fe-Au 1* had stronger contrast than Fe 1, for similar concentrations. 

This is important because a smaller quantity of iron can be used to achieve the same 

level of contrast in imaging. The images also show that having the PEG coated Au 

throughout the length of the NW helped to mitigate NW aggregation and maintain a 

more uniform concentration throughout the sample. 

 

Figure 3-6: Top row, T2-weighted images of NW sample Fe 1. The samples with concentrations 0.086 and 
0.266 mM were in DI water, concentrations 9 mM and 18 mM were in agarose gel. Middle row, T2-

weighted images of NW sample Fe-Au 1* in DI water. Bottom row, T2-weighted images of NW sample 
CoFe-Au 1*. All imaging was done at 9.4 T, 25°C. 

 

3.5 Experimental methods 

Nanoporous AAO membranes (1 cm2) with 35 nm, 55 nm, and 100 nm pore diameters 

(Synkera Technologies, Inc.) were sputter-coated on one side with 20 nm W and 300 nm 

Cu for electrical contact. After sealing the contact side of the AAO, an Au seed layer was 

electrodeposited inside the bottom of the nanopores, -100 μA, 1, 2, or 3 min, for the 35, 

55, or 100 nm pore diameters, respectively. Next, the Fe nanowires were synthesized 

using pulsed electrodeposition, -1.1 V for 1 or 2 secs, and -50 μA for 5 or 10 secs, 
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depending on the membrane pore diameter (see Table 3-3). The number of cycles and 

total deposition time determined the nanowire length. Figure 2-4shows a plot of a 

typical current and voltage output over time during pulsed deposition. The Fe 

electrolyte contained 0.4 M H3BO3, 0.3 M NH4Cl (adjusted to pH 3 with 1 M NaOH) with 

0.02 M FeSO4. For the Fe-Au nanowires, 0.002 M KAu(CN)2 was added to the electrolyte 

before deposition, so that Au-rich segments were synthesized during -50 μA pulses. A 

platinum mesh counter electrode (Technic Inc.) and Ag/AgCl reference electrode (BASi) 

were used in a standard three-electrode cell. 

The growth electrode was removed by first dissolving the Cu layer for 10 min using 

a copper etchant containing 5.2 g of cupric tetrafluoroborate in 85 mL of ethylene 

glycol, 10 mL 2-butene-1,4-diol and 10 mL triethylorthoformate. Next, the W layer was 

dissolved in 30% H2O2 for ~1 minute. The AAO membrane was etched in 1 M NaOH for 1 

hour. An ultrasonicator bath (37 kHz) was used once every 20 min for 3 min in order to 

free wires into solution. Using a magnetic stand, the NWs were collected on the walls of 

the 2 mL microcentrifuge tube where they were washed 3 times with deionized (DI) 

water. 

 Longitudinal (T1) and transverse (T2) relaxation times of the NWs in DI water 

were measured using a Bruker Minispec mq60 NMR Analyzer at 1.5 T (60 MHz) and 

25°C using the inversion recovery sequence and the Carr-Purcell-Meiboom-Gill 

sequence, respectively. For each probe, the longitudinal (r1) and transverse (r2) 

relaxivities were determined by fitting to Equation 3-4. The concentration of Fe in each 

sample was quantified using a calibration curve of FeCl3 solutions of known 
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concentrations. After measuring the relaxation times of the nanowire samples in DI 

water, an equal volume of HNO3 (aq) was added to each sample and they were stored at 

room temperature overnight. This treatment decomposes the NWs into metal aqua 

species. The concentration of Fe in the final media was determined by measuring T1 of 

each sample using a calibration plot obtained from standard solutions of FeCl3 in 1:1 

HNO3:DI water (same media as that of the decomposed nanowires). Note that the aqua 

Au species does not contribute to T1, so this method enables rapid determination of only 

the Fe concentration in each sample. The total concentration of Fe, [Fe], in each sample 

was calculated using the following equation: 

𝑟1,FeCl3[Fe] =
1

𝑇1,obs
−

1

𝑇1,H2O
 

Equation 3-5: equation for calculating iron concentration of NW samples. 

 A 9.4 T magnet equipped with a DirectDrive spectrometer with a volume 

transmit/receive coil (Agilent Technologies) was used for MR imaging. A conventional 

gradient echo sequence was applied with the following settings: repetition time = 4.9 

ms, echo time = 2.5 ms, flip angle = 10°, band width = 100 kHz, and field of view = 50 × 

50 × 150 mm3. 

 

4 Remote heating by magnetic hysteresis 

Some of the CoFe NWs used in this section were fabricated by Dr. Oana Dragos and Dr. 

Adrian Ghemes, I fabricated and characterized all the other NWs and made all of the 

SAR and magnetic measurements. Dr. John Bischof and Dr. Anirudh Sharma provided 

technical and experimental guidance for the SAR and cell measurements. Dr. Zhe Gao 
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and Ms. Feng Liu helped with the vitrification and cancer cell heating experiments and 

cell culture. 

4.1 Principles of magnetic hysteresis losses 

When magnetic nanoparticles (MNPs) are placed in an alternating magnetic field (AMF) 

they can convert the electromagnetic energy into heat through a combination of Neél 

relaxation and Brownian motion [43]. This makes MNPs ideal for remote heating 

applications that require rapid, uniform heating at a constant rate. 

The heat generated by the MNPs in the AMF increases with the frequency (f) and 

the field strength (H) of AMF, however the product H·f < 5 × 109 Am−1 S−1, is empirically 

limited by the AMF to avoid causing eddy currents in the body fluid for clinical 

applications [44]. Because of this safety limitation, it is important to try to increase the 

heating efficiency of the MNPs by improving their shape and material composition. 

Several theoretical and experimental papers have reported on how the shape, size, and 

magnetic properties of MNPs affect their heat generation properties [45, 46]. In a cyclic 

AMF, the heat generated by MIONs in each cycle has been written as: 

𝑊ℎ𝑒𝑎𝑡 = ∮ 𝐻 ∙ 𝑑𝑀 

Equation 4-1: Work heat generated by a magnetic particle in hysteresis. 

Where Wheat is the net work, converted into heat, H is the applied magnetic field, 

and M is the sample magnetization. Therefore, Wheat is equal to the area inside the 

hysteresis loop (Figure 4-1), if the applied AMF generates a full, closed hysteresis loop. 
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Figure 4-1: Hysteresis loop for 8 µm Ni NWs aligned in an AAO membrane parallel and perpendicular to 
the applied field. Red arrows indicate the important magnetic parameters. H is the applied magnetic field 

and M is the magnetization. 

Figure 4-1 shows two hysteresis loops for 8 μm nickel (Ni) NWs oriented parallel 

or perpendicular to the applied magnetic field, H. The characteristic points are 

indicated, namely the magnetic saturation (Ms), the remnant magnetization (MR) at 0 

applied field, the coercive magnetic field (Hc) needed to demagnetize the sample, and 

the anisotropy field (HK) which is the field required to completely change the 

magnetization direction. For MNPs the major, largest area, hysteresis loop has height = 

2(Ms) and width = 2(μ0Hk). Combining these expressions with Equation 4-2, for 

anisotropy energy density, results in the following expression for the maximum heat 

generated by MNPs: 

𝜇0𝐻𝐾 =
2𝐾

𝑀𝑆
 

Equation 4-2 

𝑊ℎ𝑒𝑎𝑡
𝑚𝑎𝑥 = 4𝑀𝑠𝜇0𝐻𝑘 

Equation 4-3: Expression for maximum heat generated 

Which is simplified to the following: 

𝑊ℎ𝑒𝑎𝑡
𝑚𝑎𝑥 = 8𝐾 

Equation 4-4 
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Where μ0 is the permeability of free space and K is the anisotropy energy density, the 

energy required to change the magnetization of the material from a particular direction 

with respect to its physical structure. 

These equations show that the magnetic anisotropy properties of the MNPs have 

an important role to determine the heating properties of the particles. The four main 

sources that contribute to anisotropy energy density for MNP systems are 

magnetocrystalline anisotropy, shape anisotropy, surface/interface anisotropy, and 

colloidal anisotropy. Magnetocrystalline anisotropy occurs if the crystal structure 

dictates a preferred orientation for the atomic magnetic moments, relative to the 

crystallographic axes. Shape anisotropy arises when the shape of the magnetic material 

causes a preferred orientation of the magnetic moment with respect to the 

major/minor axes of the sample to minimize the energy of magnetostatic fields 

produced by the MNPs. This is common for high aspect ratio (length: diameter) MNPs 

that for which length>>diameter (e.g. NWs, or nanorods). Colloidal anisotropy arises 

from interactions among magnetic nanoparticles suspended in a liquid that permits the 

formation of higher order structures such as chains. If the MNPs are close to each other, 

then the magnetic dipole-dipole interactions between neighboring particles can affect 

the switching properties among the MNPs. 
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Figure 4-2: Cross-sectional SEM images of CoFe NWs 16 µm (a) and 2 µm (b) aligned in the AAO template. 

 

After measuring and plotting the temperature curves for each length NW in 

glycerol, the SAR values were calculated using the Box-Lucas curve-fitting method. 

Equation 4-5 was used to calculate parameters A and λ, which were used to calculate 

SAR with Equation 4-6:  

∆𝑇 = 𝐴(1 − 𝑒−𝜆𝑡) 
Equation 4-5: Curve fitting equation for SAR. 

 

SAR =
𝐴𝜆𝐶

𝑚𝑀𝑁𝑃
 

Equation 4-6: Equation for SAR. 

The Box-Lucas method was used to calculate SAR because the system is assumed 

to be non-adiabatic rather than adiabatic, as with the initial slope method. The initial 

slope method for calculating SAR relies on calculating the slope of the temperature 

curve during the first seconds of heating, assuming the system is adiabatic and therefore 

the slope should be linear. It can be challenging and unreliable to decide the region of 
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the temperature curve in which system is assumed to be adiabatic, especially if the 

temperature change is very rapid and creates a large temperature gradient between the 

system and the environment. 

There have been many studies investigating the heating properties of small, iron 

oxide MNPs with various shapes and sizes (typically sub-micron) [46-53] and there have 

been three studies using higher aspect ratio [54] or high magnetization particles [42, 

55]. Geng, et al. observed SAR values up to 1072 W/g Fe for Fe3O4 nanorods (15 nm 

diameter, lengths 67 nm at 5 mg/ml) [47]. Das, et al. also studied Fe3O4 nanorods (5-10 

nm diameters, lengths 41-65 nm) and found SAR up to 862 W/g Fe (1 mg/ml), with 

increased SAR for aligned nanorods [46]. Nemati, et al. achieved SAR of 800 W/g Fe for 

Fe3O4 nanocubes and noted that magnetic anisotropy of the nanoparticles (which 

depends on their size, shape, arrangement, and dipolar interactions) causes noticeable 

variations in the SAR values observed [56]. Lin, et al. measured SAR values up to 920.8 

W/g Fe for Fe nanowires (60 nm diameter, 2-6 µm long) [54]. Alonso, et al. found that 

electrodeposited CoFe nanowires (lengths 2-40 μm, 100 and 300 nm diameter) had high 

SAR up to 1500 W/g Fe which were increased when the NWs were aligned parallel with 

the AMF in agarose [42]. However, these studies used only one nanoparticle 

concentration, 0.5 mg FeCo/ml, which is too low for rapidly heating large volumes 

needed for certain applications. Some of the groups observed different SAR values at 

different nanoparticle concentrations [46, 47, 54]; this indicates that empirical studies at 

the desired concentrations are important to demonstrate the feasibility for a specific 

application. 
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4.2 Nanowire synthesis and SAR measurement 

The Au-tipped CoFe, Fe, Co, and Ni NWs used for SAR measurements were synthesized 

by electrodeposition, as described in section 2.2. The deposition time was adjusted to 

make longer or shorter magnetic NW segments. The SAR measurements were done by 

putting a fiber optic temperature probe in the center of a well-mixed NW suspension in 

a 1.7 mL vial in the center of the AMF heating coil for measurement. The AMF was 20, 

25 or 30 kA/m with frequency 190 or 360 kHz. The Brownian relaxation time (10-3 sec) is 

about 100 times longer than the time of field oscillation used for hyperthermia (10-5 sec) 

so the AMF did not cause any NW movement. The samples were cooled to 5-10°C 

before the measurement to maximize the temperature window for heating before the 

samples reached the boiling temperature of the fluids. The heating coil (Ameritherm) 

was 5 turns, 1 cm tall, and 1.75 cm inner diameter. 

4.3 Determining how Ms affects NW heating and SAR 

Based on the principles of magnetic based heating outlined above it is expected that 

higher Ms NWs should have better heating because they will have a more area inside of 

the hysteresis loop. However, there is no published literature comparing how Ms affects 

heating, especially not for high aspect ratio particles such as NWs, so this was a good 

initial study. 

 8 µm CoFe, Co, Fe and Ni NWs were used to compare how the Ms affects the 

SAR. Figure 4-3 shows the hysteresis loops for 8 µm (a) Ni, (b) CoFe (c) Fe, and (d) Co 

nanowires (200 nm diameters) aligned in AAO membranes parallel and perpendicular to 

the applied field. The Ms values are similar to the bulk values for the respective metals 
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(CoFe 248 emu/g, Fe 218 emu/g, Co 161 emu/g, Ni 54.4 emu/g) [57, 58]. Sometimes the 

NWs will have lower Ms than the bulk metals due to oxidation from being 

electrodeposited in aqueous electrolyte, being in contact with Al2O3 or air, or from the 

NaOH used to dissolve the AAO membranes. Because the NWs have a large surface area 

to volume ratio, compared to bulk metal samples, even a few nm of surface oxidation 

can have an outsized effect to reduce the Ms compared to the bulk. In addition, the 

atoms on the surface can be disordered, which also reduces the Ms of the nanoparticles. 

 

 

Figure 4-3: Hysteresis loops for 8 µm (a) Ni, (b) CoFe (c) Fe, and (d) Co NWs aligned in AAO membranes 
parallel and perpendicular to the applied field. 

 

Figure 4-3 shows the NWs have a lower anisotropy field when they are aligned 

parallel with the field. This means a lower magnetic field is needed to completely flip the 



51 
 

magnetizations; therefore, the NWs should generate more heat, in lower magnetic 

fields, with the NWs aligned parallel to the AMF rather than perpendicular or randomly 

oriented. The Co NWs had the highest anisotropy field; this is likely because they have 

the largest crystalline anisotropy constant out of these four metals [57]. A smaller 

anisotropy field is better for heating applications inside the body, which require using a 

small AMF to avoid eddy currents in the body fluids, which can cause heating and 

discomfort. However, if it is too low, as with Fe oxide nanoparticles, then it will reduce 

the maximum heating. 

The Ni NWs have the smallest squareness ratio, the ratio of Mr / Ms, which 

should make them effective for heating. However, because Ni has a significantly lower 

Ms than the other metals, Ni has the lowest SAR values. Figure 4-4 shows the heating 

curves for 8 µm (a) CoFe, (b) Co, and (c) Ni NWs in water at various concentrations; 

Figure 4-4d shows the corresponding SAR values calculated from the heating curve that 

the highest Ms CoFe NWs had the highest SAR values, followed by Fe, Co, and Ni NWs, 

as expected. It is difficult to explain the peculiar trends in the SAR data for the NWs in 

water because there are multiple factors influencing the measurement simultaneously. 

To start with, the NWs were well mixed by sonication at the beginning of the 

measurement so the concentration is uniform, but over the course of the measurement 

(3 minutes) the NWs were falling and tumbling due to gravity, so there is likely a higher 

concentration of NWs near the bottom of the vial by the end of the measurement. 

Conversely, there are also convection currents as the warmer, less dense water moves 

upwards due to a buoyancy effect. This causes mixing and rotation of the NWs and may 
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move them as the fluid rises. Each of the three NWs showed a peak SAR value at 0.5 

mg/ml. Perhaps the SAR values were lower at higher concentrations because of 

increased dipole interactions because the NWs were closer together.  

 

 

Figure 4-4: Heating curves for 8 µm, (a) CoFe, (b) Co, and (c) Ni NWs in water at various concentrations. 
(d) SAR values for 8 µm, CoFe, and Co, Ni NWs in water. 

 

To mitigate the effect of the NW settling and tumbling in water during the 

measurement, the NWs were also measured in glycerol. Glycerol is a useful alternative 

to water because it has a higher viscosity and density than water, with a lower Cp. The 

high viscosity glycerol prevented the NWs from settling to ensure a more uniform 

concentration during heating. It also restricted the rotation movement of the NWs 

during the measurement. This sedimentation-restricting environment is similar to 
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having the NWs embedded in a tumor tissue, or locked in place in a frozen fluid, 

although glycerol has much different thermal properties.  

 

 

Figure 4-5: Heating curves for 8 µm, (a) CoFe, (b) Fe, (c) Co, and (d) Ni NWs in glycerol at various 
concentrations. 

 

Figure 4-5 shows the heating curves for 8 µm, (a) CoFe, (b) Fe, (c) Co, and (d) Ni 

NWs in glycerol at various concentrations. The heating curves show a much faster and 

larger temperature increase in glycerol than in water, due to glycerol’s lower Cp than 

water, 2.41 J/g K versus 4.281 J/g K (meaning it takes less joules of heat energy to raise 

the temperature). However, because there is a Cp term in the numerator of the 

expression for SAR (Equation 4-6) the corresponding SAR values were lower in glycerol 

than in water. As expected, the 8 µm CoFe NWs had the highest SAR values, followed by 
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Fe, Co, and Ni NWs. These SAR values have a clearer trend, with higher SAR values at 

lower concentrations for all four samples, likely because there is more space between 

neighboring NWs and, therefore, fewer dipole interactions that affect magnetic 

switching. Note that, glycerol becomes less viscous with increasing temperature, so it is 

likely that the NWs could have some movement towards the end of the measurement 

(especially for higher concentration samples), once the temperatures reached 80-100°C. 

 
Figure 4-6: SAR values for 8 µm, (a) CoFe, (b) Fe, (c) Co, and (d) Ni NWs in glycerol at various 

concentrations. Error bars indicate one standard deviation from the mean. 

 

4.4 SAR dependence on NW length  

After verifying that CoFe NWs with the highest Ms also have highest SAR values, 

additional heating experiments were conducted to see how NW length affects SAR. 

Various length CoFe NWs (0.5-16 µm) were synthesized and coated with PEG for 

heating. Figure 4-7 shows the temperature curves for these different length CoFe NWs 

in aqueous suspensions, at different concentrations. The longest, 16 µm CoFe NWs had 
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the fastest heating rate and largest temperature increase, with vapor bubbles forming in 

the water as the temperature approached 100°C for the 2 mg/ml sample.  
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Figure 4-7: Heating curves for 16, 14, 10, 8, 4, 3, 2, and 1 µm CoFe NWs in water at various 
concentrations. 

 

Figure 4-8 shows the corresponding SAR values for the different NW samples 

calculated from the temperature curves shown in Figure 4-7. The longer NWs had the 

highest SAR values, up to 2390 W/g Fe for the 16 µm NWs at 2 mg/ml, and the SAR 

values decreased with decreasing NW length. 

 

Figure 4-8: SAR values for 16, 14, 10, 8, 4, 3, 2, 1, and 0.5 µm CoFe NWs in water at various 
concentrations. 

 

The SAR is higher for longer NWs because the longer NWs have a larger 

demagnetization factor. When a magnetic NW is placed in a magnetic field, it causes an 

opposing demagnetization field to form inside the NW, which extends outside the NW, 

as shown in Figure 4-9. 
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Figure 4-9: Left, diagram depicting the demagnetization field surrounding an ellipsoid with loops 
indicating the uniform magnetic field lines extending around the surface. Right, diagram depicting the 

three orthogonal dimensions of a prolate spheroid. Taken from Graham and Cullity textbook [57]. 

 

The demagnetizing field, Hd, of a body is proportional to the magnetization which 

creates it, where Nd is the demagnetizing factor: 

𝐻𝑑 = −𝑁𝑑𝑀 
Equation 4-7 

𝑁𝑎 + 𝑁𝑏 + 𝑁𝑐 = 4𝜋 [𝐶𝐺𝑆 𝑢𝑛𝑖𝑡𝑠], 𝑜𝑟 1 [𝑆𝐼 𝑢𝑛𝑖𝑡𝑠] 
Equation 4-8 

𝑁𝑐 ≈
𝐶3

𝑚2 (ln(2𝑚)) − 1), 𝑁𝑎 = 𝑁𝑏 ≈  
𝐶3

2
, C3 = 4π [CGS] or 1 [SI] 

Equations 4-9 

To simplify the mathematical equations, it is convenient to approximate the NW 

as a prolate spheroid, because the sum of the demagnetizing factors along the three 

orthogonal axes (Figure 4-9, right) is a constant (Equation 4-8). For the NW, a = b < c, 

and c/a = length/diameter = m. Then Equations 4-9 show that the demagnetization 

factor greatly increases along the NW axis as the aspect ratio (length : diameter) 

increases. As the NWs become longer it is likely that they are divided into multiple 

magnetic domains, each with its own demagnetization factor. The Ms increases for 
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longer NWs because the there is a stronger demagnetization factor to overcome to 

saturate each NW in the same direction. However, the stronger demagnetizing field 

causes more dipole interactions between NWs, as the radial field for each NW extends 

farther out from the NW surface. 

Heating curves for the different length CoFe NWs were also measured in glycerol 

(Figure 4-10), as before, because NW settling was especially noticeable for longer length 

NWs. The 16 µm CoFe NWs had the highest temperature increase and fastest heating, 

and the SAR values decreased for the shorter length NWs (Figure 4-11). Because the NW 

settling and tumbling was eliminated, there were more clear trends for the SAR values 

at higher concentrations (0.5 to 2 mg/ml). The longer NWs (16, 14, 10, and 8 µm long) 

had a bump up in SAR values between 0.5-1 mg/ml, likely because the higher 

concentrations had more dipole interactions. 
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Figure 4-10: Heating curves for 16, 14, 10, 8, 6, 4, 3, 2, 1, and 0.5 µm CoFe NWs in glycerol at various 
concentrations. 
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Figure 4-11: SAR values for 16, 14, 10, 8, 6, 4, 3, 2, 1, and µm CoFe NWs in glycerol at various 
concentrations. 

 

4.5 SAR dependence on NW alignment 

In addition to helping mitigate NW settling, the glycerol has other useful properties for 

heating measurements. The NWs can still move in the glycerol when placed in a strong, 

gradient magnetic field. Therefore, the NWs can be magnetically separated to the side 

of the vial and re-suspended at different concentrations (using a combination of 

vortexing or sonication) to repeat the measurement on the exact same NWs. In 

addition, a strong, uniform magnetic field can align the NWs without pulling them to 

one side (to avoid creating a concentration gradient). Alonso, et. al. used a uniform 

magnetic field to align the NWs in agarose and observed higher SAR values [42], 

however glycerol is easier to work with and achieve uniform concentrations because it 

does not cool rapidly. Figure 4-12 shows the wire coil and 3-amp DC power supply used 

to align the NWs before heating measurements. The NW suspension was placed in the 
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center of the coil (to ensure a uniform field) for 1 minute to align the NWs before 

heating measurements. 

 

Figure 4-12: Picture of the wire coil and 3-amp DC power supply used to align the NWs before heating 
measurements. 

 

 

 



62 
 

Figure 4-13: Heating curves for 8 µm, (a) CoFe, and (b) Fe NWs, and also for (c) 6 µm and (d) 3 µm CoFe 
NWs. All NWs were in glycerol at various concentrations. For the curves marked “align” the NWs were 

aligned parallel to the AMF using in a uniform magnetic field prior to measuring, otherwise the NWs were 
randomly oriented. 

Figure 4-13 compares the heating curves for 8 µm, (a) CoFe, and (b) Fe NWs, and also 

for (c) 6 µm and (d) 3 µm CoFe NWs (in glycerol) that were aligned with the AMF (prior 

to measuring) or randomly oriented. The alignment lead to considerably faster heating 

rates for each NW length. Figure 4-14 shows the SAR values calculated from the heating 

curves. 

 

Figure 4-14: SAR values for 8 µm CoFe, Fe NWs, and 6 µm and 3 µm CoFe NWs. All NWs were in glycerol at 
various concentrations. The NWs were either aligned with the AMF or randomly oriented. 

 

 The magnetic alignment increased the SAR values for all the samples. The SAR 

enhancement was greater for the longer, 8 µm CoFe NWs than for the shorter CoFe 

NWs, likely because the longer NWs have a larger volume of magnetic metal per NW, so 

they experience a larger torque due to the magnetic force (proportional to magnetic 
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volume). This is also why the SAR enhancement was larger for the 8 µm CoFe NWs than 

Fe NWs, because CoFe has larger Ms than Fe and hence a larger force. Perhaps 

increasing the alignment field (by using a higher current in the coil) or increasing the 

alignment time would improve the alignment and SAR values for shorter NWs. 

The SAR value nearly 3000 W/g Fe is among the highest SAR reported in literature 

for magnetic nanoparticles. This is a direct experimental demonstration of the SAR 

principles discussed in sections 4.2 and 4.3, above, which predicted higher SAR values 

for NWs aligned parallel to the AMF. The hysteresis curves in Figure 4-3 show an 

idealized scenario, in which the NWs are perfectly aligned parallel with each other and 

the magnetic field. The experimental SAR values show that the predicted enhancement 

can be realized under non-idealized experimental conditions. This bodes well for using 

the NWs for practical applications such as re-warming cryogenically frozen tissues or 

cancer hyperthermia. 

4.6 Nanowarming of cryogenically frozen tissue 

One significant challenge for organ and tissue transplantation is ischemic injury to tissue 

or organs during the time between removal from the donor and implantation in the 

recipient. Organs can be preserved by hypothermic storage before transplantation up to 

4 hours for hearts, and up to 36 hours for kidneys [59]. To improve the success rate for 

tissue and organ transplantation, tissues or organs can be cryopreserved by vitrification, 

an approach that converts liquid to glass. While there have been recent advances in 

vitrifying tissues or organs [60],  there are two challenges to successfully rewarm of 

large volumes. First, a rapid heating rate is needed to avoid devitrification, the process 
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of crystallization during warming. For example, one common cryoprotective agent 

(CPA), VS55, must be heated faster than 55°C/min [50], which is its critical warming rate 

(CWR), to avoid devitrification. Second, uniform heating rates must be achieved 

throughout the volume to avoid large thermal gradients, which can produce thermal 

stresses that can cause fractures or cracks within the tissue, if the strength of the 

material is exceeded. Recently, Manuchehrabadi, et al. used silica–coated iron oxide 

nanoparticles (suspended in VS55) to successfully vitrify and re-warm human dermal 

fibroblast cells, porcine arteries and porcine aortic heart valve leaflet tissues. Volumes 

up to 80 mL were placed in a uniform AMF to heat the nanoparticles by magnetic 

hysteresis, in a process called nanowarming [50]. 

Recently, there has been an increasing interest to use a variety of MNPs for 

rewarming cryogenically frozen tissues [49, 50]. There have been many studies 

investigating the heating properties of small, iron oxide MNPs with various shapes and 

sizes (typically sub-micron), and there have been a few studies using higher aspect ratio 

or high magnetization particles. Geng, et al. observed SAR values up to 1072 W/g Fe for 

Fe3O4 nanorods (diameter 15 nm, lengths 67 nm at 5 mg/ml) [47]. Das, et al. also 

studied Fe3O4 nanorods (diameters 5-10 nm, lengths 41-65 nm) and found SAR up to 

862 W/g Fe (1 mg/ml), with increased SAR for aligned nanorods [46]. Nemati, et al. 

achieved SAR of 800 W/g Fe for Fe3O4 nanocubes and noted that magnetic anisotropy of 

the nanoparticles (which depends on their size, shape, arrangement, and dipolar 

interactions) causes noticeable variations in the observed SAR values [56].  Lin, et al. 

measured SAR values up to 920.8 W/g Fe for Fe nanowires (60 nm diameter, 2-6 µm 
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long) [54]. Alonso, et al. found that electrodeposited CoFe nanowires (lengths 2-40 μm, 

100 and 300 nm diameter) had high SAR, up to 1500 W/g Fe, which increased when the 

NWs were aligned parallel with the AMF in agarose [42]. However, Alonso, et al. used 

only one nanoparticle concentration, 0.5 mg FeCo/ml, which is likely too low for rapidly 

heating large volumes needed for cryopreservation. Some of the groups observed 

different SAR values at different MNP concentrations [46, 47, 54]; this indicates that 

empirical studies at the desired concentrations are important to demonstrate the 

feasibility for a specific application. 

Figure 4-15 shows the heating curves for (a) 6 and (b) 8 µm, CoFe NWs in glycerol 

(either aligned with AMF or randomly oriented) at various concentrations and (c) the 

corresponding SAR values calculated from the curves. The magnetic alignment increased 

the SAR values for the various concentrations; however, the increase was less significant 

at higher concentrations of 5 or 10 mg/ml. At higher concentrations the NWs are more 

entangled so it is likely more difficult to achieve perfectly parallel alignment with the 

magnetic field. In addition, the NWs are closer to each other at higher concentrations, 

even with alignment, so increased dipole interactions may reduce heating 

enhancements due to NW alignment. 
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Figure 4-15: Heating curves for (a) 6 and (b) 8 µm, CoFe NWs in glycerol at various concentrations and (c) 
the corresponding SAR values calculated from the curves. Some NWs were aligned parallel to the AMF 

prior to measuring; otherwise, the NWs were randomly oriented. 

 

 Encouragingly, the SAR values for NWs at higher concentrations, 2-10 mg/ml, 

remained high. This indicates the NWs can provide the rapid heating rates required for 

nanowarming. The next step was to verify how the NWs heat and behave in CPAs. Three 

common CPAs were used for this, VS55, M22, and DP6. These CPAs are similar in that 

each of them is aqueous based with different salt concentrations, and ethylene glycol 

and DMSO added to lower the freezing point and aid in cell preservation during 

cryogenic storage. Table 4-1 shows the fluid properties for each of these three CPAs, 

and glycerol. Of these 3 CPAs, VS55 is most commonly used because the recipe is not 
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proprietary, so it can be made cheaply, and its CCR and CWR are easier to achieve using 

liquid N2. 

Table 4-1: Fluid properties for common CPAs VS55, DP6, M22, and glycerol. 

 

Figure 4-16 shows the heating curves for 8 µm CoFe NWs in VS55, M22, and DP6, and 

the corresponding SAR values at different concentrations. The SAR values were similar 

to those observed in water and glycerol. Interestingly, for the DP6 and M22 there was a 

less dramatic SAR increase at lower concentrations, likely because the high ionic 

concentration and ethylene glycol may have forced the NWs closer together for more 

dipole interactions, even at lower concentrations. 
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Figure 4-16: Heating curves for 8 µm CoFe NWs in (a) VS55, (b) M22, and (c) DP6, 3 common CPAs, and 
the corresponding (d) SAR values at different concentrations. 

  

 A carefully controlled cooling rate is also required for successful vitrification and 

nanowarming. Recently, Manuchehrabadi, et al. developed a protocol to freeze and 

vitrify silica–coated iron oxide nanoparticles suspended in VS55 [50]. After the 

nanoparticles were uniformly mixed in the VS55, the suspension was cooled from -20°C, 

by submerging it in liquid N2, at a controlled cooling rate of -15°C/min, until the sample 

approached the glass transition temperature (Tg) of -123°C. Between -115-(-120) °C, the 

sample was removed from the liquid N2 bath and allowed to warm up to -100-(-95) °C. 

Warming the sample anneals the VS55, and it is critical to achieve proper vitrification of 

the nanoparticle solution, without cracking, because it relieves built-up stresses before 

it is vitrified by cooling below the Tg. After annealing for several minutes, the sample is 
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placed back in the liquid N2 and cooled to -185-(-190) °C to vitrify the sample before 

nanowarming using the AMF. This protocol was used to vitrify CoFe NWs in VS55 before 

nanowarming. Figure 4-17 shows a graph with a typical cooling curve for CoFe NWs in 

VS55 (left) and a cooling curve from the Manuchehrabadi paper, (right) for comparison. 

Using this protocol, CoFe NWs were successfully vitrified in VS55, up to 1 mL of volume, 

identical to the samples from the paper (images bottom row). 

  
Figure 4-17: Top row, typical vitrification curve for CoFe NWs in VS55 (left) and a vitrification curve from 
the Manuchehrabadi paper [50] (right), for comparison. Bottom row, left, image of successfully vitrified 

sample of CoFe NWs, 1 mg of NWs in 1 ml VS-55. Bottom right, images of successfully vitrified samples of 
iron oxide nanoparticles in VS55, taken from Manuchehrabadi paper [50] (right), for comparison. 

 

The preliminary nanowarming experiments were done at H = 20 kA/m, f = 190 

kHz, to match the conditions used for the SAR measurements in water and glycerol. This 

is a lower frequency than the one used by Manuchehrabadi, et al. [50], f = 360 kHz. 

Figure 4-18 shows nanowarming curves for vitrified 16 μm (top left), 14, or 8 μm (top 
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right) CoFe NWs in VS55 at 1 or 2 mg/ml. Unless otherwise noted, the AMF f = 190 kHz. 

Increasing the f to 360 kHz increased the heating rate. While all of these heating rates 

were about the CWR for VS55, 55 °C/min, none of them were as high as the rates 

observed by Manuchehrabadi, et al., 130 °C/min for iron oxide nanoparticles at 10 

mg/ml [50]. Perhaps increasing the concentration to 10 mg/ml would increase the 

heating rate, since the absolute ΔT/sec is calculated by multiplying the SAR by NW 

concentration. 

 

 
Figure 4-18: Nanowarming curves for 16 μm (top left), 14, or 8 μm (top right) CoFe NWs in VS55 at 1 or 2 
mg/ml. Unless otherwise noted, the AMF f = 190 kHz. Below, a table showing the heating rates between   

-123-(-80) °C, for the various curves. 

 

Figure 4-19 shows nanowarming curves for vitrified 6 μm CoFe NWs (top left) at 

higher concentrations of 5 or 10 mg/mL (f = 360 kHz). These heating rates were higher, 
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and comparable to the iron oxide rates at 10 mg/ml. These were encouraging results, 

but ideally, the NW heating rates should exceed those for iron oxide particles. Perhaps 

using f = 360 kHz, aligning the NWs before heating, or using higher magnetic fields can 

achieve the desired higher rates. 

 

Sample 
Frequency 

kHZ 
ΔC/min 

-123 to -80 C 
CoFe 6 μm 10mg-ml 100ul 360 120.0 

CoFe 6 μm 10mg-ml 100ul 2 360 133.2 
CoFe 6 μm 5mg-ml 200ul 360 100.8 

CoFe 6 μm 5mg-ml 200ul 2 360 94.5 
Figure 4-19:  Nanowarming curves (top left) for 6 μm CoFe NWs in VS55 at 5 or 10 mg/ml. Typical 

nanowarming curve taken from Manuchehrabadi paper [50] (right), for comparison. Below, a table 
showing the heating rates between -123 to -80 °C. 

 

 Figure 4-20 shows nanowarming curves for 8 μm CoFe NWs in VS55 at 5 mg/ml 

either aligned parallel to AMF, or randomly oriented (f = 360 kHz). As the table shows, 

the aligning the NWs increased the heating rate considerably, and increasing the AMF to 

25 kA/m increased the heating rate. Several subsequent trials were done on the same 8 

μm CoFe NWs to measure the heating rates at lower concentrations, and determine 

how much NW alignment increases the heating rates. The bottom row of Figure 4-20 

shows more results, even at concentrations as low as 1 or 2.5 mg/ml, the NWs can heat 
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twice as fast as the iron oxide nanoparticles, and well above the CWR for VS55. 

Importantly, these results demonstrate that the NWs are usable multiple times. This 

would significantly lower the costs if the same heating fluid can be used repeatedly, 

because cryogenically preserving an organ can require 80 mL of fluid, or possibly more, 

to completely submerge it. By aligning the NWs and increasing the AMF, it is also 

possible achieve twice as fast heating rates with NWs at 1 mg/mL rather than 10 mg/mL 

of iron oxide. To ensure proper alignment and uniform concentrations for these 

experiments, the NWs were first mixed in an ultra-sonic bath and then submerged in the 

liquid N2 to rapidly cool them to -40-(-50) °C and freeze the NWs in place. Next, the 

frozen sample was removed from the N2 and placed in the center of the alignment coil, 

which was turned on. As the sample warmed, the VS55 melted (Tm = -50 °C) and the 

field aligned the NWs. After the sample was aligned for ~1 min (temperature -30 to -25 

°C), the sample was quickly, but gently (to avoid mixing that can disrupt alignment) 

replaced in the liquid N2 to continue with the vitrification protocol. Even for samples 

with no alignment, the heating rates were still above the CWR; so, even if the alignment 

is not perfect, the heating will be more than sufficient to exceed the CWR. 
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Figure 4-20: Top row, heating curves for 8 μm CoFe NWs in VS55 (5 mg/mL), either aligned parallel to 
AMF, or randomly oriented. A table with corresponding heating rates at 20 or 25 kA/m for aligned or 

random NWs. Bottom row, heating curves for 8 μm CoFe NWs in VS55 (5 mg/mL) either aligned parallel to 
AMF, or randomly oriented. A table with corresponding heating rates at 25 or 30 kA/m for aligned or 

random NWs. 

The effects of the magnetic field on the heat generated can also be observed by 

considering the area inside minor hysteresis loops using different magnetic field limits. 

Figure 4-21 shows the minor hysteresis loops, at 20, 25, 30, 40, 50, and 60 kA/m, for 8 

μm CoFe NWs aligned in AAO, parallel with the magnetic field. The table lists the 

relative sizes of each minor loop in (a), calculated by counting the pixels inside the loops 

using ImageJ software. By increasing the field from 20 to 25 kA/m nearly doubles the 

loop area, and further increasing it to 30 kA/m nearly triples the area. While the 1 kW 

AMF coil can only go to 30 kA/m the larger 15 kW can go up to 60 kA/m, using this field 

increases the area nearly 12X, which is very encouraging. Figure 4-21(b) shows an 

overlay of the fully saturated hysteresis loop, which clearly has much more area than 

the 60 kA/m minor loop. It may be challenging to saturate the NWs in the AMF coil 
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because high magnetic fields may damage the equipment, at high frequencies. Figure 

4-21 also shows similar hysteresis loops for 8 μm (c) Ni, (d) Co, and (e) Fe NWs (aligned 

in AAO) at different magnetic fields. Note that different masses of CoFe, Ni, Co, and Fe 

NWs were used for these measurements, so the Ms is different among the different NW 

types. There is a smaller percent increase in of the areas of each minor loop for the 

lower Ms Ni, Co, and Fe NWs. 

 

 

 
Figure 4-21: (a) Minor hysteresis loops, 20, 25, 30, 40, 50, and 60 kA/m, for 8 μm CoFe NWs aligned in 

AAO, parallel with the magnetic field. (b) A full hysteresis loop for the same 8 μm CoFe NW sample 
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overlaid with the minor loops, for comparison. The table shows the relative areas of the minor loops in (a) 
calculated by counting the pixels inside the loops using ImageJ software. Minor hysteresis loops, 20, 25, 

30, 40, 50, and 60 kA/m, for 8 μm (c) Ni, (d) Co, and (e) Fe NWs aligned in AAO, parallel with the magnetic 
field (data compliments of Joseph Um). Note, different masses of CoFe, Ni, Co, and Fe NWs were used in 

each case. 

4.6.1 Cytoxicity studies  

For applications that will require placing a live human or animal in the AMF, such 

as nanoparticle based hyperthermia of tumors for cancer treatment, high magnetic 

fields are avoided because they cause eddy currents in body fluids that can lead to 

discomfort or unintended tissue damage outside the target region. However, for 

cryogenic nanowarming higher AMFs should be safe because the AMF can be turned off 

before the tissues reach 37 °C. To verify the higher AMF do not harm the cells, ~50,000 

adherent HDF cells (with 100 µL cell culture medium, in a 96 well-plate) were put in the 

AMF at 25 or 30 kA/m for 3 min to measure the cell viability before and afterwards (by 

counting dead cells using a Hoechst-PI double stain). Figure 4-22 shows the results from 

these trials, the HDF cells maintained essentially 100% viability after the AMF. 
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Figure 4-22: Results from HDF cell viability studies in culture medium or VS55 with 0, 1, or 2.5 mg Fe/ml 
for 3 minutes. Two HDF samples in cell medium were placed in the AMF at 25 or 30 kA/m for 3 minutes to 

show the AMF does not harm the cells. 

Figure 4-22 also shows results from a cell viability study with the PEG-coated CoFe NWs 

in VS55. For each trial, ~50,000 cells HDF cells (suspended in cell growth media) were 

put into one well of a 96 well plate and left overnight, to adhere to the bottom. The next 

day, the cell growth media was removed and the cells were loaded with Euro Collins 

solution, and then increasing concentrations of VS55 (12.5%, 25%, 50%, 75%) for 3 min 

each. Next, the 75% VS55 was removed and 100 µl of a suspension of the PEG-coated 

CoFe NWs in VS55 (1 or 2.5 mg/ml) was added to each well, for 3 minutes. Then, the 

NW suspension was removed, and the cells were unloaded with decreasing 

concentrations of VS55, and finally Euro Collins solution, as before during loading. 

Finally, the cells were stained with using a Hoechst-PI double stain and imaged using a 

fluorescent microscope to count all the cells, and the dead cells to calculate percent cell 

viability. Figure 4-22 shows the HDF cells had a similar viability with 0, 1, or 2.5 mg Fe/ml 
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with the CoFe NWs. VS55 alone has known toxicity effects, especially above -20°C [50]. 

Successful cell viability is an important result to proceed to nanowarming of tissues in 

the future. 

4.6.2 Strategies to mitigate NW settling before nanowarming 

Nanowarming requires a uniform concentration throughout the fluid to prevent thermal 

gradients in different parts of the sample, which can cause cracking, due to higher and 

lower particle concentrations in certain regions of the sample. Because the CoFe NWs 

are larger and heavier than the iron oxide nanoparticles, NW settling is a crucial 

problem to address to achieve successful nanowarming in volumes larger than 1 mL. 

One starting point to address this is using larger PEG molecules to coat the surfaces of 

the NWs to increase the hydrodynamic diameters of the NWs, thereby improving their 

stability in suspension. The CoFe NWs were coated with 2,000 M.W. dop-PEG, and it is 

possible to used 5,000, 10,000, 20,000, or 40,000 M.W. PEG instead. However, these 

larger PEG molecules are more expensive to buy. Also, it is challenging to attach the 

dopamine to these PEG molecules, and subsequently attach the dopamine groups to the 

surfaces of the CoFe NWs because the large PEG molecules can become entangled so 

the reactive groups cannot meet the target in solution. Other surface coating molecules, 

such as poly(acrylate), could potentially be used; further experimentation is needed to 

test this. 

 An alternative strategy to deal with NW settling is using the uniform magnetic 

field from the alignment coil to hold the NWs in place while they are frozen in the VS55. 

This will also improve NW alignment because the NWs will have virtually no movement 
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out of alignment if the vessel does not need to be moved from the coil to the cooling 

bath after alignment (as this movement can cause slight fluid mixing). Figure 4-23 shows 

pictures of two setups that were used to align a NW sample in VS55 before freezing to 

hold the NWs in place while simultaneously freezing the sample, to mitigate NW 

settling. On the left, a cup with liquid N2 is placed in the middle of the coil so the NW 

sample can be placed inside for freezing. In the center, a 15 mL tube with wire coiled 

around it, so the NW sample can be placed in the center, and the tube can be 

submerged in liquid N2 to freeze the sample. The table on the right shows the heating 

rates (25 kA/m, 360 kHz) for 3 NW samples aligned and frozen using the coil shown on 

the left. These heating rates were the highest reported in this thesis, up to 1071 °C/min, 

note the samples have higher concentrations of 5 and 10 mg Fe/ml. These heating rates 

were improved because the NWs should be very well aligned and evenly distributed 

because of the simultaneous freezing with alignment. 

 

Figure 4-23: Pictures (left and center) showing magnetic coils used to align a NW sample in VS55 before 
freezing to hold the NWs in place while simultaneously freezing the sample, to mitigate NW settling. 



79 
 

Right, a table with heating rates (25 kA/m, 360 kHz) for 3 NW samples aligned and frozen using the coil 
shown on the left. 

4.7 Cancer Hyperthermia Therapy 

For many years, there has been an increasing interest to use magnetic nanoparticles to 

for biomedical applications such as magnetic resonance imaging (MRI) contrast particles 

[61] rewarming cryogenically frozen tissues [49, 50] and tumor hyperthermia [48]. 

Targeted heating of tumor tissues with MNPs delivered in vivo can increase the efficacy 

of cancer hyperthermia and thermoablative therapy [62]. MNPs fabricated with drug 

molecules attached are useful as a synergistic cancer hyperthermia and chemotherapy 

treatment [63]. MNPs dispersed throughout a tissue can provide homogeneous 

warming. The CoFe NWs were studied for this application because they have a higher Ms 

than Fe NWs. However, Co nanoparticles are not known to be biocompatible like Fe. If 

NW based heating were used in vivo it would be best to use Fe NWs to start with; CoFe 

NWs would require extensive testing and approval to verify they are biocompatible (and 

that they will not dissolve and release Co2+ ions). The heating trends observed here for 

CoFe NWs should translate to Fe NWs, however the SAR values and absolute 

temperature increases may be smaller, because Fe has a lower Ms and is prone to 

oxidation. 

To be useful as a cancer hyperthermia, the NWs would need to raise the tissue 

temperature at least 6 °C, to increase the local temperature in the tumor from ~37 °C 

(normal body temperature) above 43 °C, which is the temperature needed to start 

inducing cancer cell death. Based on this constraint, it appears that the shorter 0.5, 1, 

and 2 µm NWs may not be able to provide sufficient heating, at least not at these 
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relatively low concentrations. Perhaps if the concentration were increased to 2.5, 5 or 

10 mg/ml, for the shorter NWs, it would be possible to generate sufficient heating. 

However, it can be inaccurate to speculate about the heating behavior for the NWs at 

higher concentrations, because the NWs may aggregate more, or have increased dipole 

interactions, which could affect the heating rates. While the longer NWs had the highest 

temperature increases, they also settled out of solution the quickest, even with the PEG 

coating. To mitigate this, the measurement volumes were kept small, 100-400 µl. 

Measuring the NW heating in glycerol, or perhaps a collagen hydrogel, can address this 

settling issue, and it would be a more realistic simulation of having the NWs fixed in 

place if they are embedded in a tumor tissue. The tumor tissue likely has much different 

thermal properties (specific heat, thermal conductivity) than the aqueous suspension, 

therefore the absolute temperature increase, and heating rate may be different in 

tissue. As the data for SAR values in glycerol showed, in the previous section, the SAR 

values, and temperature increases, are enhanced by aligning the NWs parallel to the 

AMF before heating. NW Alignment could improve the heating, and possibly enable 

shorter length NWs to be used for cancer hyperthermia. 
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Table 4-2: Table showing the results of the CoFe NW Tramp C1 cancer cell heating experiments at 
different temperatures for 5, 7.5, and 10 minutes. 

 

 After determining the NW lengths and concentrations that provided sufficient 

heat to kill the cancer cells, in vitro trials were done with Tramp C1 mouse prostate 

cancer cells, to observe what temperatures and heating times are necessary to achieve 

100% cell death. For these experiments, the CoFe NWs mixed with cancer cells prior to 

heating with the AMF, to determine how effective the NWs were for killing cancer cells. 

Tramp C1 cells were cultured and suspended in PBS at a concentration of 1 million 

cells/mL. The cells were then added to a vial with NWs and, mixed well and quickly 

placed in the AMF, so the NWs would not be internalized by the cells. A small volume, 
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100 µL, was used to ensure a more uniform temperature distribution throughout the 

vial, and the cells would be in close contact with the NWs. Once the sample was rapidly 

heated to the desired temperature (43, 45, 47.5, or 50°C), for the desired amount of 

time (5, 7.5 or 10 minutes), the cells were cooled down and removed from the vial (the 

NWs were held in place by a magnet) and transfer to a 96 well plate for fluorescent 

staining and imaging. The viable and dead cells were stained using a Hoechst PI double 

fluorescent stain, then they were fluorescently imaged and counted to quantify the 

number of dead cells to calculate the percent cell viability (Table 4-2). Some cell death 

was observed at 43°C for 5-10 minutes, with increased cell death at 45°C, and 100% cell 

death at 47.5 and 50°C for 5 or 10 minutes (Figure 4-24). This shows that the CoFe 

nanowires could potentially be useful for a heat therapy to kill cancer cells. 
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Figure 4-24: Results from selected cancer cell heating experiments with 8 µm CoFe NWs 2 mg/ml. The 
fluorescent cell images in the left column show the cells after NW heating in the AMF, blue dots are all 

cells, red dots are dead cells. The 3 plots on the right show the temperature profile over time. 

It may be challenging to inject the larger NWs into tumor tissue and ensure a relatively 

uniform concentration in vivo. However, it could be possible to administer the NWs to 

the tumor site during or after surgery. For example, if a patient had a surgery to remove 

a tumor then doctors could potentially add the NWs after removing the tumor. In this 

case, a hyperthermia treatment could be used after the surgery to kill any remaining 

cancer cells that were missed. This could potentially reduce the likelihood that the 

tumor could regenerate from any remaining cancer cells, which could be important if it 
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reduced the need for multiple surgeries to remove reoccurring cancer cells. If the 

nanowires were administered by injection, or during surgery it could be best to mix 

them in a viscous, medically approved, carrier fluid such as glycerin, collagen, or sodium 

hyaluronate. This could reduce the likelihood that the NWs would be endocytosed by 

cells or that they would migrate into other regions of the body over time.  

4.8 Future Work 

Because the Au tips of the nanowires are coated with SH-PEG-COOH, the –COOH 

could be used to covalently attach doxorubicin by coupling with hyaluronic acid and 

EDC-NHS chemistries [51]. Also, Fe NWs should be tested, with magnetic alignment, for 

cancer hyperthermia because they are more biocompatible than CoFe NWs. Fe NWs 

may require higher concentrations or longer NWs for similar heating rates because they 

have lower Ms than CoFe NWs. 

5 Magnetic cell separation 

I fabricated and characterized all the NWs used in these experiments. Dr. Dileepan 

Thamthramopillai harvested the T cells and prepared them for cell separation. He 

stained them and ran the flow cytometer. Dr. Marc Jenkins and Dr. Jaime Modiano 

helped design the experiments and provided technical guidance and analysis of the 

results. I prepared the NWs for the exosome experiments and Dr. Alicia Donnelly 

conducted the exosome isolation and DLS. Dr. Zohreh Nemati also conducted the 

exosome experiments with NWs and nanorods, and fluorescent imaging and cell 

cytometry. Dr. Jaime Modiano provided technical and experimental guidance.  
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5.1 Targeting and separating specific T cells 

Immunologists are interested in understanding how CD4+ T lymphocytes regulate the 

immune systems response to pathogens. These lymphocytes use T cell antigen 

receptors (TCRs) to recognize microbial peptides bound to major histocompatibility 

complex class II (MHCII) molecules on infected host cells. Because each T cell has a 

different TCR, only a few cells can recognize any given MHCII-bound peptide epitope 

(pMHCII), therefore only a few can respond during a specific infection. Detecting rare 

cells has been challenging. One approach involves using pMHCII tetramers that are 

formed by decorating fluorescent streptavidin molecules with four biotin-labeled 

pMHCII monomers [64] (Figure 5-1a). These fluorescent tetramers can be used to tag, 

track, and quantify populations of epitope-specific T cells using fluorescence-activated 

cell sorting (FACS). Commercial paramagnetic beads (embedded in a plastic, spherical 

particle) are attached to the fluorescent tetramer, using an antibody that binds to the 

fluorophore attached to the streptavidin, so that the specific T cell population can be 

magnetically enriched before FACS. Here, we investigate using ferromagnetic NWs, in 

place of the paramagnetic beads, to improve cell separation efficiency and fluorescent 

quantification accuracy. 
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Figure 5-1: (a) Cartoon of monomer structure and fluorescently-tagged tetramer with paramagnetic bead 
(PB) attached to the tetramer using an antibody. (b) TEM image of Fe-Au multilayer NW, darker layers are 
Au, lighter layers are Fe. (c) Cartoon diagrams (not to scale) showing fluorescently-tagged NW multimers, 
Ni on the left, Au-tipped Fe in the middle and Fe-Au multilayer on the right. 

  

Many studies have found that ferromagnetic NWs are comparable or more effective at 

cell separation than paramagnetic beads [27, 65-73]. For example, Hultgren et al. found 

that bare Ni NWs (350 nm in diameter, 35 µm long) were more efficient for separating 

NIH-3T3 mouse fibroblast cells than iron oxide paramagnetic beads (diameter 1–2 µm) 

[65], and cell separation was optimized when the NW length (5-35 µm) matched the 

diameter of the target cells [66, 72]. Note that in these studies, the cell culture had only 

one cell type instead of multiple cell types. Gao et al. coated 25 µm Ni NWs with 

antibodies to label mouse endothelial cells (MS1) and found the optimal NW 

concentration for cell separation was 2.0 x 106 ml-1, due to increased NW aggregation at 

higher concentrations [67]. These previous studies did not use flow cytometry, so their 

NWs were much longer than those used in the present work, and they used cells from a 

cell culture with primarily one cell type. This present work used a mixture of T-
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lymphocyte cells harvested from the spleens of C57BL/6 (B6) mice. Kim et al. used 

antibody functionalized Ni-silicide (NiSi) NWs (5-10 µm long, 60-100 nm diameter) to tag 

and separate CD4+ T lymphocyte cells from a mixture. They found the ~95% capture 

efficiency for both the NWs and the commercial superparamagnetic beads [73]. Multiple 

groups have found that electrodeposited Ni NWs have minimal cytotoxicity [66, 67] 

especially if the surfaces are coated with PEG and/or RGD [19, 27]. 

Ferromagnetic NWs are useful for cell separation because of the high surface are 

and high Ms. If NWs and NW-labelled cells will be sorted with a flow cytometer after 

tagging (as in our work), then the length should be limited to avoid clogging or damage. 

Of the previous studies discussed above, Kim et al. (with NiSi NWs) was the only one 

that used flow cytometry to count the cells, and they counted the cells not tagged by 

the NWs, instead of counting cells which were tagged. The NWs in this current study 

were < 3 µm long, whereas the previous studies used nanowires < 5 µm long because 

the NWs did not go in the cytometer. 

The NWs in this study were Ni or Fe, with high Ms (415 emu/cc for Ni [65] and 

1785 emu/cc for Fe-Au multilayer NWs [74]), as compared to commercial iron oxide 

paramagnetic beads (25–40 emu/cc [65, 75]). Increased magnetization should increase 

the magnetic forces during separation. The Au layers were added to the NWs because 

the Au segments are easily coated with SH-PEG-COOH [61]. This helps mitigate NW 

aggregation, increases biocompatibility [19], and acts as a flexible linker to attach the 

fluorescent streptavidin and monomers to the NWs (Figure 5-1c). The length, and 

therefore surface area, of the Au segments can be easily adjusted during 
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electrodeposition of the NWs. A larger Au surface area allows many fluorescent pMHCII 

monomers to attach to the NW (Figure 5-1c), compared to only four monomers per 

particle with each tetramer bead (Figure 5-1a). Having more monomers per particle 

should increase the strength of the fluorescent signal detected by FACS, to improve 

detection of T cells even when TCRs a low affinity for the pMHCII ligand. All these factors 

make electrodeposited NWs an attractive alternative to paramagnetic beads, for 

magnetic cell separation. 

As another strategy to increase the number of pMHCII monomers per particle, 

some groups have attached biotinylated pHMC monomers to fluorescent streptavidin 

molecules, using a sub-stoichiometric ratio, and then added biotinylated dextran to 

create dextramers with more than four monomers [76, 77]. These dextramers were 

effective to fluorescently tag and quantify CD4+ T cells, especially rare and low binding 

affinity T cells. However, there is no published literature using dextramers form 

magnetic cell separation 

 

5.2 Characterization of nanowires and monomer functionalization 

 

Figure 5-2: (a) Hysteresis curves for Fe NWs (blue), Ni NWs (red), and paramagnetic iron oxide beads 
(yellow). (b) SEM image of ferromagnetic Ni NWs. (c) SEM image of paramagnetic beads; note the debris 
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around the beads is likely a coating (d). Fluorescent microscopy images of Ni NWs coated with 
fluorescently-tagged monomers, note these NWs were not used for cell enrichment experiments. 

 

Following previous successful cell enrichment studies, Ni NWs were used to 

make our first fluorescent multimers [65-67]. We then compared the performance of Ni 

NWs to Fe-Au NWs to study the effect of increased Ms, Figure 5-2a. This is the first 

publication using electrodeposited Fe-Au NWs for cell enrichment. 

All the Ni and Fe-Au NWs were 100 ± 12 nm in diameter. In the first study, 

comparing Ni to Fe NWs, the Ni NWs (Figure 5-2b) were 2.94 ± 0.08 µm long while the 

Au-Fe NWs (Figure 5-1b) were 1.92 ± 0.28 µm with 125-130 nm of Au on one end. In the 

second study, comparing Fe-Au NWs to paramagnetic beads, the Au-tipped Fe NWs 

were 0.85 ± 0.1 µm long, the Fe-Au multilayer NWs were 0.85 ± 0.24 µm and 1.43 ± 0.36 

µm, and the paramagnetic beads were ~1 µm in diameter (Figure 5-2c). A fluorescent, 

biotinylated pMHCII monomer was attached to the Ni NWs using a NH2-PEG-COOH 

linker (MW 1,000), and for the Fe-Au NWs a flexible SH-PEG-COOH linker (MW 1,000) 

was covalently bonded to the Au surfaces. In both cases, a fluorescent streptavidin was 

then attached by an EDC-NHS reaction to link the –COOH group (Figure 5-2a). Lastly, the 

monomer was attached to the streptavidin on the NWs via biotin linkage. The 

fluorescent monomer attachment was confirmed using fluorescent microscopy, Figure 

5-2. 
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5.3 Comparing Ni and Au tipped Fe nanowires for cell enrichment 

 

Figure 5-3: Flow cytometric analysis of CD4+ T lymphocytes cell suspensions after tagging and magnetic 
separation with 3 doses of Ni (top row) or Fe (bottom row) fluorescent NW multimers. 

 

Three different doses of Ni NWs and Fe-Au NWs were mixed with single cell suspensions 

and incubated with the cells for 30 minutes at 4°C in the dark before magnetic 

enrichment. After magnetic enrichment, the cells were washed to remove untagged 

cells and re-suspended to fluorescently stain the cell membranes for quantification of 

the fluorescent NW bound cells using flow cytometry. In the cytometry plots (Figure 

5-3), the target cells are double positive marked with Alexa Fluor 700, labelling cells with 

the CD44 antigen, and APC fluorophore labelling NWs. The number of double positive 

cells are counted in the top right quadrant of each plot. The results in Figure 5-3 show 
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that the Fe-Au NWs separated more target T cells than the Ni NWs for much less mass 

of Fe (0.2 µg) compared to Ni (11.5 µg). In these plots, the target cells of interest bound 

both Alexa Fluor 700 labeled CD44, a marker of activated T cells, and pMHCII-APC 

fluorophore labeled NWs. This means that the NW concentrations were low enough 

that magnetic aggregation did not impede cell enrichment, as was observed in previous 

cell enrichment work with much longer Ni NWs [67]. 

To improve quantification of different cell types using flow cytometry, 

immunologists want a wider baseline, which is the signal separation between the target 

and non-target cells on the x-axis of the cytometry plot. The Fe-Au NWs had a wide 

baseline between the double positive cells (Figure 5-3, top right quadrants) and the 

negative cells in two left side quadrants. A wider baseline makes it less likely to count a 

positive cell as a negative cell, by mistake. 

5.4 Comparing Au tipped Fe, and Fe-Au multilayer NWs with paramagnetic beads 

After determining that Fe-Au NWs were more effective than Ni NWs for cell enrichment, 

the Fe-Au NWs were used for comparing these NW-based multimers with conventional 

tetramers. Two different types of Fe-Au NWs were prepared: one type with Au tips on 

the Fe NWs and another with alternating Fe and Au layers down the length of the NWs, 

Figure 5-1c. The multilayer structure allows fluorescent pMHCII monomer to coat the 

entire length of the NW (similar to the Ni NW multimers in the previous section) instead 

of only the tips of the NWs. 
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Figure 5-4: Flow cytometric analysis of CD4+ T lymphocytes cell suspensions after tagging and magnetic 
enrichment with fluorescent Au-tipped Fe NWs (a) or Fe-Au multilayer NWs (b, c), or conventional 
tetramer (d). 

 

Figure 5-4a,b show that the Fe-Au multilayer NWs separated more than 5 times as many 

cells than the Au-tipped Fe NWs (522 cells versus 81 cells) using a similar mass of Fe 

(14.5 µg versus 11.3 µg Fe). The Fe-Au multilayer NWs had a broad baseline as well, with 

many cells having signals at ~105 for the APC fluorophore. Figure 5-4c, d show the 
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cytometry results for a larger dose of Fe-Au multilayer NWs, 29 µg Fe, with a similar 

dose of iron oxide paramagnetic beads, 31.4 µg Fe, for comparison. The multilayer NWs 

separated 20% as many cells as the tetramers, most likely because the NWs may have 

detached from the T cells during enrichment due to torque or drag forces on the high 

magnetic moment NWs. It is also possible that some of the NWs with T cells remained 

stuck to the inside of the polypropylene microcentrifuge tubes after magnetic 

enrichment because of the PEG coating and the larger magnetic force pulling the NWs 

to the side. Kim et al. also enriched CD4+ T cells with NiSi NWs, but they used antibodies 

to bind the NWs to T cells, instead of the pMHCII monomer. They observed only slightly 

lower enrichment efficiency compared to paramagnetic beads (93.5% versus 96.8%). 

The pMHCII monomer binding is orders of magnitude weaker than the antibody binding, 

and magnetic moment for the NiSi NWs is lower than for Fe-Au NWs [73]; both of these 

factors may explain why they enriched a higher percentage of CD4+ T cells. Kim et al. 

also quantified the percent of cells separated differently, by using FACS to count the 

percent of CD4+ T cells in suspension before and after magnetic enrichment. 

Importantly, the APC signal from the Fe-Au NWs had a broader baseline than from the 

tetramers. The stronger signal from the NWs is likely due to increased monomer coating 

each particle. 
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Figure 5-5: Flow cytometric analysis of CD4+ T lymphocyte cell suspensions after tagging and magnetic 
separations with 3 different doses of Fe-Au multilayer fluorescent multimers. The cytometric results of 
another separation with fluorescent tetramers is also shown for comparison. 

 

The number of cells separated increased as the dose of Fe-Au NWs was increased (87.0 

µg Fe, Figure 5-5), suggesting that NW aggregation did not limit cell enrichment, as in a 

previous study [67]. In another similar experiment Fe-Au multilayer NWs (length: 1.43 ± 

0.36 µm, mass: 32.5 µg) were used to tag and separate CD4+ and compared with the 

tetramers. The NWs separated 15% as many CD4+ T cells using a similar mass of Fe 

(Figure 5-6, top row), which shows the enrichment is repeatable. The NWs tagged and 
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separated many more non-target CD8+ T cells than the tetramer (Figure 5-6, bottom 

row), likely because each NW had a much larger surface area for the non-target cells to 

attach to. This is agrees with the results from Hultgren et al. that NWs are more efficient 

than paramagnetic beads for non-specific cell enrichment [65]. Again, the NWs had a 

broader baseline than the tetramers, with many cells having signals at ~105 for the APC 

fluorophore. 

 

Figure 5-6: Flow cytometric analysis of CD4+ and CD8+ T lymphocyte cell suspensions after tagging and 
magnetic separations with Fe-Au multilayer fluorescent multimers (top left), length 1.43±0.36 µm, and 

fluorescent tetramers. The bottom row shows the results for the CD8+ T cell counts for the same 
multimer and tetramer separations. 
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Perhaps the paramagnetic beads have a proprietary surface coating that helps 

mitigate not specific tagging and endocytosis by cells. The non-target cells may be more 

effective at attaching to the flat surface of the NWs rather than the curved surface of 

the paramagnetic beads. Reducing the non-specific binding of the cells with NWs is an 

important issue to address in future work because it is likely that NWs attached to non-

target cells cannot also be attached the target CD4 cells so this reduces the number of 

NWs available to tag the CD4 T cells. 

5.5 Studying the effect of increased monomer loading. 

To study the effect of increased monomer loading, Fe-Au multilayered NWs (2.5 μm 

long) were prepared and split into 3 identical batches, 163 μg Fe for each. These 3 

samples were coated with streptavidin and monomer in amounts 1X, 5X, and 10X, with 

0.02, 0.1, and 0.2 nanomoles of monomer for magnetic cell separations. These samples 

separated 81, 557, and 1143 CD4+ T cells respectively, while the tetramer control had 

4127 cells. The NWs separated 2.0%, 13.5%, and 27.7% as many cells as the tetramers, 

respectively. These percentages are approximately proportional to the different 

amounts of monomer added to each NW sample; this demonstrates that cell separation 

can be improved by increasing the monomer loading per NW, independent of the NW 

length, magnetization, or mass used. Since each of these samples had 163 μg Fe, 

compared with ~ 30 μg Fe typically used for tetramers, and they did not separate as 

many cells as the tetramer control it appears that increasing the NW mass is not effect 

to separate as many cells as the tetramers, likely because the NWs aggregate more at 

higher concentrations. 
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5.6 Experimental methods for cell separation 

The NWs used for cell separation were electrodeposited in AAO (1 cm2) with pore 

diameters 100 ± 12 nm. The NWs were 0.84-2.94 µm long and 100 ± 12 nm in diameter. 

For the Ni NW based multimers the Ni NWs were first coated with NH2-PEG-COOH with 

the –COOH groups sticking out from the NWs to couple with streptavidin. An aqueous 

solution of NH2-PEG-COOH, 0.2% weight, in 0.5 M NaCl was made and the pH was 

adjusted to 12-12.5 using 0.1 M NaOH. The Ni NWs were resuspended in 1 ml of this 

NH2-PEG-COOH overnight at room temperature. For the Fe based multimers the Fe-Au 

NWs were resuspended in 1 mL of 1 mM SH-PEG-COOH aqueous solution overnight to 

attach the –SH group to the Au surfaces. For both the Ni and Fe-Au NWs the PEG 

solution was aspirated and the NWs were rinsed with deoionized (DI) water to remove 

any unbound PEG. The PEG NWs were then resuspended in 1 ml of pH 6.0 MES buffer to 

use the EDC-NHS reaction to attach the streptavidin fluorophores to the NWs. The EDC-

NHS reaction was done according to the instructions from Thermo Scientific. EDC was 

added to the nanowires in MES to a concentration of 10 mM (10-fold excess of –COOH) 

followed by NHS to a concentration of 25 mM (2.5-fold EDC) and reacted for 15 minutes 

at room temperature. Next, the MES buffer was aspirated and the NWs were rinsed 1X 

in pH 7.0 PBSA (phosphate buffered saline with 0.01% Sodium Azide) to remove any free 

EDC and NHS and raise the pH. Then the NWs were resuspended in 100 µL of PBSA 

solution and 100 µL of 14 µM fluorescent streptavidin allophycocyanin (APC) or 

Phycoerythrin (PE) fluorophore at room temperature for 2 hours to bond the 

streptavidin to the NWs via an amide bond. Afterwards the streptavidin was aspirated 
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and NWs washed with PBSA 3 times to remove any unbound streptavidin. A biotin-

labeled pMHCII monomer solution, prepared as described by Moon, et al. [64], was 

added to the NWs, with a final monomer concentration of 200 µg/ml (3 µM), the 

concentration was diluted with PBSA. The NWs were stored in the dark for 30 min at 4°C 

to bind the monomer to the streptavidin on the NWs via a biotin linkage. Unbound 

monomer was aspirated and washed away with PBSA 3 times. The fluorescent NW 

multimers were stored in 500-800 µl of PBSA in the dark until aliquots were added to 

the single cell suspension for tagging and enrichment. At this point 20 µl was removed 

for each NW or tetramer sample to determine the Fe or Ni concentration. The Ni or Fe 

concentration was quantified by adding 20 µl of concentrated HNO3 and leaving 

overnight to dissolve the NWs to Ni2+ or Fe3+ ions respectively. A Bruker Minispec mq60 

NMR Analyzer at 1.5 T (60 MHz) was used to measure the T1 relaxation time, which is 

highly sensitive to Ni2+ or Fe3+ ion concentrations, for each sample and these were 

compared with a calibration curve of known concentrations of NiCl2 or FeCl3 to calculate 

the Ni or Fe mass used in each cell enrichment [61]. 

 The tetramer solution was prepared by first mixing 25 µL of pMHCII monomer 

solution (monomer in PBSA a concentration 1.3 mg/ml) with 25 µL of streptavidin-PE (10 

µl – Prozyme [streptavidin] = 8.8 uM, [APC] = 6.5 µM) for 30 min at 25°C and then 

overnight at 4°C. Then 50 µL iron oxide based Miltenyi paramagnetic beads were added 

to the tetramer solution for 30 min at 4°C so the anti-APC antibody could bind to the 

APC fluorophore on the tetramer. 
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 4- to 8-week old C57BL/6 (B6) mice were purchased from the Jackson Laboratory 

or the National Cancer Institute Mouse Repository. Mice were bred and housed under 

specific pathogen–free conditions according to the guidelines of the University of 

Minnesota Institutional Animal Care and Use Committee (UMNIACUC) and the National 

Institutes of Health. All experiments were approved by the UMNIACUC and were 

performed in accordance with relevant guidelines and regulations of this committee. 

Mice were used at 6–12 weeks of age. Mice were given subcutaneous injection of 100 μl 

(split over two sites) of complete Freund's adjuvant emulsion (Sigma-Aldrich) containing 

100 μg of peptide (GenScript) in Dulbecco’s PBS (Life Technologies). Mice were 

immunized with specific peptides contained in the tetramers, as described [64]. 

 The T cells were harvested from immunized C57BL/6 (B6) mice. Single cells 

suspensions were prepared by removing the spleen and lymph nodes from the B6 mice, 

mechanically mashing the organs, and filtering out debris [74]. For each experiment, the 

cell suspension was divided into 250 µL samples for each NW and tetramer sample, so 

each sample should have a similar number and concentration of CD4+ cells and other 

background cells. NW samples ranging from 50-300 µL were added to each cell 

suspension in a 2 ml conical tube; for the tetramer sample 2 µL of the tetramer solution 

(from a 1 µM stock), final tetramer concentration of 10 nM, was added to the cell 

suspension. After addition of the different nanoparticle solutions, the cell suspensions 

were put in the dark for 1 hour for cell tagging. The tubes were gently mixed at a 45° 

angle during tagging. After tagging the cell suspensions were transferred to 1.7 ml 

centrifuge tubes for magnetic enrichment. Each tube was placed in magnetic stand that 
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applied a face field of 0.1 T and field gradient of 20 T/m (Promega, MagnaSphere 1.5 ml) 

for 5 min for cell enrichment. Each sample was washed 3 times with 1 ml PBSA to rinse 

away unbound cells and then bound cells resuspended in PBSA for cell staining. 

 After cell enrichment and washing, the cells were stained with fluorochrome-

labeled antibodies specific for informative cell surface markers, dump channel (B220, 

CD11c, CD11b), CD3, CD4, CD8 and CD44 (as described by Moon, et al.) [74]. After cell 

staining, each sample was resuspended in ~400 µL of FACS buffer for flow cytometry on 

a Fortessa (BD). Data were analyzed using FlowJo software (TreeStar). 
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5.7 Using magnetic nanowires and nanorods to isolate and study exosomes 

 

Figure 5-7: An SEM micrograph of exosome vesicles magnetically isolated using magnetic NWs. 

 

Exosomes are extracellular vesicles which are released from cells upon fusion of an 

intermediate endocytic compartment, the multivesicular body (MVB), with the plasma 

membrane [78]. These sub-micron-sized vesicles (Figure 5-7) are secreted by different 

cell types, and participate in intercellular communication by fusing with the recipient 

cell membrane, thus delivering their payload (DNA and proteins) to the cell [79]. 

Exosomes can cross biological barriers, enabling them to bypass the blood-brain barrier 

(BBB) and transport their payload into the brain [80]. Because exosomes can transport 

DNA and pass through many difficult biological barriers, researchers suspect that they 

can spread diseases, such as cancer, from one region of the body to another. Since 

exosomes are composed of cell membranes, rather than synthetic polymers, they may 

be useful vectors for drugs (such as the anti-cancer drug Taxol), if they are more 
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effective to evade detection and removal by phagocyte cells in the body. Because of 

this, scientists are interested to develop new methods to quantify, isolate, image, and 

study exosomes both in vivo and in vitro to gain a better understanding of these tiny 

vesicles and their function in the body. 

Fe-Au and Ni-Au segmented NWs were added to Osteosarcoma-8 (OS) cells, to 

magnetically isolate exosomes to quantify their size and concentration, using a 

Nanosight nanoparticle tracking analyzer (NTA). The Nanosight determines the 

nanoparticle size and concentration by pumping small volumes of a nanoparticle 

solution through a small volume cell (less than 1 mL), while recording a video of the 

nanoparticles to track their Brownian motion. It uses a computer algorithm to calculate 

the sizes of nanoparticles based on the Brownian motion in the video. 
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Figure 5-8: Plots showing Nanosight data (size and concentration) for exosomes magnetically isolated 
using Ni-Au NWs (top row) and Fe-Au (bottom row) and the corresponding SEM images of the exosomes 

(Ni, top right, Fe, bottow right). 

For the preliminary experiments, both the Ni and Fe NWs were 20 nm diameter and 

~700 nm long. After adding the NWs to the OS cells, the cells were incubated for up to 

96 hours, with different samples taken at different time points. The exosomes were 

isolated through series of centrifugation, washing, and magnetic separation steps. 
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Figure 5-8 shows the Nanosight size and concentration data for exosomes magnetically 

isolated using Ni-Au NWs (top row), and Fe-Au (bottom row). The right-hand side shows 

the corresponding SEM images for the exosomes. These data demonstrate that both Ni-

Au and Fe-Au NWs were packaged in exosomes, to magnetically isolate them. It is 

curious how the cells packaged such large NWs into 100-200 nm vesicles. Even though 

the average NW length was ~ 700 nm, there are many smaller NW segments that were 

broken during sonication and handling. If the NWs are packaged in lysosomes after 

being endocytosed, then this acidic environment may dissolve the NWs into smaller 

fragments. Perhaps the NWs were bent over rigid microtubules and broken into smaller 

fragments inside of the cells. 

The cellular mechanisms involved in packaging the NWs into exosomes 

warranted further investigation. To elucidate how the NWs are processed inside the 

cells, NWs were incubated with OS cells which were then dehydrated, frozen, and sliced 

with a microtome to prepare cross sections that were imaged by TEM. The Fe-Au NWs 

were stained for easier visualization in the TEM. Figure 5-9a,b show cross-sectional TEM 

images of OS cells with Fe-Au NW fragments (stained black) inside the cells and 

lysosomes, while Figure 5-9c,d show similar OS cells with no NWs (control). These 

images indicate that the NWs were dissolved and broken down in lysosomes after 

endocytosis. 
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Figure 5-9: (a, b) Cross-sectional TEM images of OS cells with Fe-Au NW fragments (black) inside the cells 
and lysosomes. (c, d) Cross-sectional TEM images of OS cells without Fe-Au NW fragments. Images 
compliments of Dr. Zohreh Nemati. 

 

After successfully quantifying the exosomes using the Nanosight, next we 

wanted to use FACS to quantify the size and concentration of exosomes containing 

fluorescent NWs. First, we needed to verify that we could detect a fluorescent signal for 

the NWs inside the cells and membrane vesicles. For this experiment 3×105 OS-8 were 

cultured in a 6 well plate for 12 hours. Then different masses of Fe-Au NWs (5, 10, 15, 

20, 30, 35 µg), coated with SH-PEG-FITC, were added to the cells. The cells were 

transferred to 35 mm glass bottom dishes, and incubated for another 12 hours to allow 

the cells to adhere to the dishes for fluorescent imaging, and endocytose the NWs. Prior 
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to imaging, the OS cells were stained with blue nuclear stain and red membrane stain; 

the SH-PEG-FITC on the NWs appears green. The NWs were located throughout the 

cytosol, and some of them appear to be clustered in or around membrane vesicles, 

inside of the cells. 
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Figure 5-10: Fluorescent images of OS cells (stained with blue nuclear stain, DAPI, and red membrane 
stain) containing Fe-Au NWs coated with green SH-PEG-FITC. Cells we incubated for 12 hours with 5, 10, 
15, and 20, 30 and 35 µg of Fe NWs. Images compliments of Dr. Zohreh Nemati. 
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These images show that the NWs were endocytosed by the cells, and were apparent in 

fluorescent microscopy even at 5 µg of Fe. Also, previous groups have noted that higher 

concentrations of NWs tend to magnetically aggregate, so cells do not endocytose them 

effectively [66]. The OS cells were still able to endocytose the higher masses of NWs. 

Small Iron oxide (Fe3O4) nanorods (NRs) could also be useful to magnetically 

separate and isolate small exosome vesicles. The NRs can be more challenging to work 

with because Fe3O4 nanoparticles are hydrophobic, so they must be coated with a 

hydrophilic ligand to make them water-soluble. Since the NRs do not have an Au 

segment (like the NWs) the NRs require EDC-NHS chemistry to attach a fluorophore to 

the NR surface using a PEG-COOH linker. Dr. Raja Das (in Professor Hariharan Srikanth’s 

lab, at the University of South Florida) synthesized the NRs used for these experiments 

and mailed them to UMN. The NRs were synthesized using co-precipitation and coated 

with tetramethylammonium hydroxide (TMAH) (Figure 5-11), to make them water-

soluble, using the protocol described here [46]. Figure 5-11 has a table showing the 

lengths, diameters and aspect ratios for three different sized iron oxide NR samples. The 

hydrophobic CH3 groups on the TMAH coat the iron oxide surface, and the N+
 gives the 

NRs a polar charge, to make them water-soluble. It is easier to synthesize, separate and 

purify a large mass of small NRs than it is for NWs. However, the NRs have smaller Ms 

than high Ms NWs. 
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Figure 5-11: A table showing the lengths, diameters and aspect ratios for 3 different size iron oxide NR 
samples (left). Cartoon diagram (not to scale) showing how the TMAH coats the iron oxide surface to 

make the NR water-soluble. 

 

The iron oxide NRs can be coated with SH-PEG-FITC to make them fluorescent 

likely using the reaction below: 

−𝑁+ + 𝑂𝐻− + 𝑆𝐻−⇌ −𝑁𝑆 − +𝐻2𝑂. 

Alternatively, the TMAH can be displaced by a dopamide-PEG-COOH molecule by 

sonicating the NRs vigorously for several minutes in a solution with much higher 

concentration of the PEG molecule. The dopamide group has a strong affinity for Fe3O4 

surfaces. Then, EDC-NHS chemistry is used to attach a streptavidin fluorophore 

molecule to the –COOH group on the PEG. However, the dopamide-PEG-COOH must be 

synthesized first, by reacting dopamine with a NH2-PEG-COOH molecule using EDC-NHS 

chemistry. If the PEG molecule is unnecessary, then the TMAH can be replaced with 

caffeic acid, which has a catechol group and with at –COOH tail, to attach the 

streptavidin directly, using EDC-NHS. 
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Figure 5-12: Fluorescent microscopy images of OS cells (stained with blue nuclear stain, DAPI and red 
membrane stain) containing iron oxide NRs coated with green SH-PEG-FITC. Cells we incubated for 12 
hours with 20, 30, and 40 µg of Fe NWs. Images compliments of Dr. Zohreh Nemati. 

 

Different masses of NR samples were added to the OS cells, incubated for 12 

hours, stained, and imaged with fluorescent microscopy, like the NW study. Figure 5-12 

shows that the NRs were fluorescent, which means that the challenging 

functionalization protocol was successful, and there are some NRs inside the cells. There 

may be less NRs inside the cells than NWs, for the same Fe mass; it can be difficult to 

quantify from the fluorescent images alone. FACS is a more effective method to quantify 
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the number of cells with NWs vs. NRs, as well as the different signal intensity from both 

types of nanoparticles. 

FACS is especially useful for this application because it can rapidly count many 

cells, determining which cells or exosomes have NWs or NRs, or not. FACS can count if 

there are more signals from the cells than from nanoparticles, indicating that more 

nanoparticles should be used. It can also quantify the relative fluorescence intensity 

from the NRs versus the NWs, and between different fluorophores, such as FITC and PE. 

However, the fluorescence from FITC can be quenched by the acid pH inside of 

lysosomes and this would affect comparisons across all the experiments. Because of 

this, PE is preferred over FITC for these experiments.
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Figure 5-13: Flow cytometric analysis of different Fe-Au NW samples coated with FITC or PE fluorophores. 
(a) Fe-Au NWs coated with SH-PEG-FITC. (b) Fe-Au NWs coated with PEG and streptavidin PE. (c) Fe-Au 

NWs coated with SH-PEG-FITC, and cells stained with CellMask deep red membrane stain. (d) Fe-Au NWs 
coated with PEG and streptavidin PE, and cells stained with CellMask deep red membrane stain. Data 

compliments of Dr. Zohreh Nemati. 

 

5.8 Experimental methods for exosome isolation and analysis. 

The NWs used for exosome isolation were electrodeposited in AAO (1 cm2) with pore 

diameters 18 ± 3 nm or 40 ± 4 nm. The NWs were 0.6-1.7 µm long with diameters 

matching the AAO pore diameters. The NWs were electrodeposited using the same 

methods described in section 2.2. The NWs were coated with NH2-PEG-COOH, with the 

–COOH groups sticking out to couple with streptavidin-PE or APC using EDC-NHS 

chemistry), as described in section 5.6. The Au surfaces of the Fe-Au NWs were coated 

with SH-PEG-COOH (to couple with streptavidin-PE or APC using EDC-NHS chemistry) or 

SH-PEG-FITC, as described in section 5.6. After the NWs were coated with fluorophore 

molecules they were washed with 1 mL of DI water and resuspended in 1 mL of PBS and 

stored at 4 °C in the dark before added the NWs to the OS cells. The NRs were 

synthesized by Dr. Raja Das using the protocol in his paper [46]. 

Dr. Zohreh Nemati did the OS cell culture, added the NWs or nanorods to the cells, 

and fluorescently stained and imaged the OCSA cells. The cells were cultured at 37°C 

(3×105 cells) in a 6 well plate. After 12 hours, the nanoparticles were added to the cells 

(5 to 40 µg) in each well and incubated for 48 hrs (37°C.) Trypsin was used to detach the 

cells from the wells, and they were transferred to 35 mm glass bottom dishes and 

incubated for 12 hours with the nanoparticles before being stained for imaging. The OS 
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cells were stained with blue nuclear stain, DAPI, and red membrane stain and the Fe-Au 

NWs were coated with green SH-PEG-FITC. 

6 Magnetically Alligned Collagen Hydrogels 

I fabricated, characterized, and functionalized the NWs for these experiments. Dr. 

Anirudh Sharma and Dr. Michael Divito conceived the idea of magnetic hydrogels and 

helped fabricate and characterize the collagen hydrogels with NWs. Dr. Sharma did the 

SEM and optical imaging. We both did the FORC measurements. Dr. Alison Hubel 

provided technical and experimental guidance. 

6.1 Motivation for aligned collagen hydrogels 

Collagen hydrogel matrices are commonly used to study how cells, especially cancer 

cells, move and interact in a 3-D matrix that mimics natural body tissues. They are a 

useful tool to study how drug or biomolecule treatments affect healthy or cancer cell 

mobility in vitro. Aligning the collagen fibrils in vitro imparts structures and properties 

that replicate processes in connective tissues like tendons and ligaments. The anisotropy 

of the aligned collagen enables testing of cellular behavior as a function of various 

structural and textural cues. The nanocomposite collagen and NW matrix offers a 

controlled environment, where NWs are spaced evenly spaced among the collagen 

fibers. This mitigates NW aggregation and enhances the homogeneity of the hydrogel. 

The biomimetic alternating sheets of aligned collagen should have improved light 

transmission, compared to amorphous collagen. 
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6.2 Synthesis of NW aligned collagen hydrogels 

Type 1 collagen is commonly used to synthesize artificial matrices, both individually or 

when mixed with other constituents [81]. Therefore, Type 1 collagen was used for these 

hydrogel studies. Nickel NWs (35 nm diameter, 6 µm long) were used to make the NW- 

containing collagen hydrogels. The NWs were coated overnight with pH 7.0 NH2-PEG-

COOH (0.2% weight, as previously described) so the –NH2 tails would stick out from the 

surfaces. The 

PEG solution was decanted from the NWs and replaced with a 0.2 M 

carbonyldiimidazole (CDI) solution (0.1 mM HCl, pH 3). The sample was sonicated for 10 

minutes and stored at room temperature overnight to attach the CDI. The CDI was 

decanted, and the NWs were rinsed with 0.1 mM HCl acid. After rinsing, the NWs were 

suspended in a soluble type 1 collagen solution (5 mg/mL, pH 3) to chemically cross-link 

the collagen with the surfaces of the NWs, using CDI to react the -OH groups on the 

collagen with the -NH2 groups on the surfaces of the PEG coated Ni NWs (Figure 6-1a,b). 

The NW concentration was 10 million NWs/mL (high concentration); medium (1 million 

NWs/ml) and low (0.1 million/ml) concentrations of NWs were also used. The NWs were 

mixed in the collagen solution with a pipette, and kept in the collagen solution 

overnight. The solution was then mixed and poured into a PDMS rubber mold (~40 µL 

volume) to make a flat rectangular geometry with a 1 mm thickness. The solution was 

placed under a uniform magnetic field (0.1T) for 2 minutes, to align the NWs parallel 

with the field. The mechanical/structural properties of collagen were controlled by 

varying the concentration of collagen (mg/ml) and the NWs (number per well). The 
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collagen molecules self-assembled to form a gel by introducing ammonia vapors from 

2.5% NH4OH (30 µL) in a sealed container, for several minutes. The magnetic alignment 

of NWs in the collagen- NW mixture provided an anisotropic template for the self-

assembly of collagen molecules. Multi-segmented NWs are advantageous because the 

Ni segments can be cross-linked to the collagen, and additional growth factors (e.g., 

RGD) can be conjugated to the gold segments using a thiol linker (Figure 6-1b). 

 

 

Figure 6-1: Novel chemistry showing cross-linking of NWs to collagen fibers. (a) Cross-linking reaction 
using CDI. (b) Cross-linking scheme using -OH and -NH2 groups. 

 

Because this CDI reaction was successful with Ni NWs coated with –NH2 groups, it 

could be possible to use Fe-Au multilayered or segmented NWs, instead of the Ni NWs. 

The collagen molecules could be attached to the Fe-Au NWs by coating the Au surfaces 
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with cysteamine (C2H7NS), which is a small molecule with a –SH group at one end (that 

could covalently bond to the Au) and –NH2 at the other end, for reaction with CDI and 

collagen –OH. There are several advantages to using Fe instead of Ni. Firstly, Fe has a 

much higher Ms than Ni, so it should have better magnetic alignment using less Fe mass. 

Also, Fe can be slowly dissolved under acidic conditions such as pH 3.0 HCl, which is how 

commercially purchased collagen is typically stored. This means that after the NW 

hydrogel is aligned and formed it could be possible to dissolve and rinse away the Fe 

NWs, leaving only aligned collagen. This could be useful for cell studies, or if the collagen 

hydrogel were put in the body. Further experiments are needed to test this idea and 

develop a protocol. 

6.3 Characterization of synthetic matrix using DIC microscopy and SEM 

Differential interference contrast (DIC) microscopy (with two cross-polarizers) was used 

to characterize the topographical features of the hydrogel surface. Fixed concentrations 

of collagen (2 mg/mL) and cross-linking reagent (CDI) were used in these experiments. 

However, NW concentrations were varied relative to collagen concentration; three 

different NW concentrations were studied: High, medium and low concentration. Figure 

6-2 shows the surface texture of the matrices with high NW and collagen concentrations 

(a,b), and high NW and low collagen concentrations (c), respectively. 
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Figure 6-2: DIC microscopy images of top surfaces and edges of synthetically prepared artificial collagen-
NW matrices with high NW and collagen concentrations (a,b), and high NW and low collagen 

concentrations (c). Images compliments of Dr. Anirudh Sharma. 
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A definite topographical crisscross arrangement of collagen fibers formed only 

under one condition of high NW concentration coated with the CDI cross-linking reagent 

(Figure 6-2(a,b)). This structure is not found in plain self-assembled collagen films/gels. 

However, in naturally occurring bones and cornea, and under much higher 

concentrations of collagen (20-30 mg/mL), self-assembly leads to ordered structures 

[82]. This novel cross-linking approach, with a high concentration of NWs, aligned the 

collagen fibrils at a much lower collagen concentration of 2 mg/mL. This imparts the 

hydrogel with magnetic and electrical properties depending on the concentration and 

dimensions of the NWs. 

 SEM imaging confirmed the alignment of the collagen fibers in the same 

hydrogel (Figure 6-3). Note that the hydrogel was torn during dehydration, under high 

vacuum, during sample preparation. The NW-collagen matrices formed using the cross-

linking chemistry were compared to matrices formed without the CDI cross-linker, and 

alignment was only observed when the cross-linker was used. 
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Figure 6-3: SEM images of aligned collagen-NW matrices (2 mg/ml collagen and high NW concentration). 
(a) Shows an image taken from the top center of the collagen-NW gel. (b) Shows a cross-sectional view. 

Images compliments of Dr. Anirudh Sharma. 

 

Higher magnification SEM images, in conjunction with EDX analysis, were used identify 

the Ni NWs among the collagen fibers and verify that the observed alignment was due 

to cross-linking between NWs and collagen fibers with similar alignment angles (Figure 

6-4). 
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Figure 6-4: High magnification SEM and EDX analysis to showing alignment of Ni NWs and interactions 
between the NWs and collagen fibers. (a) SEM micrograph showing collagen fibers attached to the Ni 
surface of Au/Ni/Au NW. (b) EDX analysis of the NW-collagen cross-linked matrix shows spatial X-ray 

mapping of Ni (cyan color). Images compliments of Dr. Anirudh Sharma. 

 

 

6.3.1 Polarized light study of NW matrices 

While SEM is mostly a surface observation, transmittance of polarized light can 

be used to probe the bulk alignment of a matrix. To further characterize the anisotropy 

of the aligned nanowire-collagen matrices, transmittance of polarized light was 

measured through the matrix as the polarization of light was rotated by 360°.The 

transmittance of blank controls and unaligned matrices were relatively flat as a function 

of angle. However, a four-fold transmission pattern was seen for matrices containing 10 

million NWs/ml and 0.2 M CDI, Figure 6-5. This four-fold symmetry is consistent with the 

structure suggested by the DIC images in Figure 6-2, where the collagen fibrils are 

oriented in two directions. 
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Figure 6-5: Transmittance versus angle of polarized light (633 nm) as it passes through collagen matrices. 
The four-fold nature of transmittance for the first line would be expected for a matrix containing collagen 

aligned along two directions. (curves are spaced vertically for observation). Data compliments of Dr. 
Anirudh Sharma. 

 

 

The proposed reason for the observed bidirectional alignment is the native 

structure of the collagen fibril. The spiral structure of the collagen fibril contains a helical 

angle of ~49°–57° [83, 84] as the angle each collagen strand makes with the fibril axis. 

The observed range of angles from 41° to 54° of the fibrils with respect to the 

nanowires in the DIC images is similar to reported values of the alpha-helical angle 

associated with type I collagen and suggests that the nanowires potentially covalently 

bond to the collagen strands. 

After synthesizing magnetically aligned matrices, the next step was to test if 

these matrices are capable of eliciting mechanical responses from cells plated on these 

substrates. 
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For this study, arachnoid cells were used as these cells are sensitive to 

topographical cues from the extracellular matrix [85]. These cells were plated on 

magnetically-aligned matrices and incubated till confluence (~ 3 days) under controlled 

environmental conditions (37⁰C, 5% CO2). The cells were stained with a blue nuclear 

stain (DAPI) and a green actin filament stain following incubation. The hypothesis here 

was that actin stress fibers (stained green), which control the cytoskeletal shape of the 

cells, would exhibit an aligned geometry in relation to the aligned matrix. This, in turn, 

would influence the spreading of cells on this substrate, imparting them with a definite 

anisotropy. 

Figure 6-6(a,b), shows that an anisotropy was observed in the actin stress fibers 

(stained green) of the arachnoid cells in relation to the underlying aligned matrix. In 

contrast, the same cells do not exhibit this behavior when plated on plain, non-aligned, 

collagen gels (without NWs), Figure 6-6(c,d) 
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Figure 6-6: Contact alignment of arachnoid cells to magnetically aligned nanowire-collagen synthetic 
matrices. (a and b) Cellular actin stress filaments (stained green) are observed to accumulate and stretch 

along specific directions through confocal fluorescence microscopy (10X magnification). Nuclei are stained 
blue. Throughout the sample, the actin filaments were seen aligned along two directions. This correlates 
with the zig-zag structure proposed in figure 7.3(a). (c and d) Controls for contact alignment experiment. 

The confocal fluorescence and DIC images were taken form cells plated on unaligned collagen gels. Images 
compliments of Dr. Anirudh Sharma. 

 

 

6.3.2 Magnetic barcode readout by first order reversal curves (FORC) 

Osteosarcoma cells have been observed to internalize MNWs [19, 27], which 

leads to the possibility of barcoding matrices and cells with distinct signatures, pending 

a magnetic readout technique. For example, in immunotherapy in cancer, where many 
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leukocytes may reach a tumor site, and the important parameter under study is the 

ratio of cell types present. In these cases, ratios as low as 1:10 are of interest, and the 

total number of detected cells is not small. Another example is labeling, or ‘barcoding,’ 

artificial tissue such that tissue manufacturers, researchers, or medical personnel can 

identify the source of the tissue later. 

In first order reversal curve (FORC) analysis [86], a sample is saturated at a high 

positive field, then the field (H) is reduced to a reversal field (Hr) and the moment is 

measured as the field is swept back to positive saturation. A family of curves is taken 

using successively more negative reversal fields, and the double derivative 
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Equations 6-2: equations for interaction field and coercivity. 

As a proof of concept for using FORC to readout signatures of magnetic NWs, 

two types of magnetic NWs (Ni with diameter/length = 100 nm/6 μm & 18 nm/5 μm) 

were synthesized and mixed in known amounts for subsequent detection. It has been 

shown that the magnetic NW diameter is a critical parameter to determine the 

magnetization reversal mechanism, which in turn determines the magnetic NW 

coercivity [30, 31]. Here, the 100 nm-diameter NWs are likely to reverse by vortex 

domain walls, leading to a low coercivity as the magnetic field is swept parallel to the 

NW axes. The 18 nm-diameter NWs on the other hand are likely to reverse via coherent 
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rotation because they are too small to support a vortex core. Therefore, their coercivity 

is larger at fields parallel to their axes than those of the 100 nm-diameter NWs. A 

preliminary study determined the impact of interaction fields between NWs. Using 100 

nm diameter NWs, long (6 μm) and short (3 μm) NWs that were still in their templates 

produced high and medium interaction fields between the NWs, and 6 μm long NWs 

dispersed in a matrix produced negligible interaction fields on each other. The FORC 

analysis of coercivity distributions was found to broaden with increasing interaction 

field, making NWs more difficult to distinguish. Therefore, large interaction fields were 

used in this study as a worst-case study of the potential to use FORC for distinguishing 

NW barcode signatures. 

The FORC data, Figure 6-7, is shown as-measured and as-analyzed using Equation 

6-1 and Equations 6-2. A horizontal slice through the analyzed FORC plots shows the 

distribution of coercivities as plotted in Figure 6-7e. As expected, the 100 nm diameter 

NWs had lower coercivities (370 Oe) than the 18 nm diameter NWs (730 Oe). These end 

sample curves (100 nm : 18 nm = 1 : 0 and 0 : 1) were used in a regression analysis to 

determine the ratio of mixtures which were known to be 100 nm : 18 nm = 23 : 1 and 

115 : 1, respectively.  The regressions were both statistically linear and significant, 

yielding coefficients of ρ100nm : ρ18nm = 0.75 : 1.2 and 0.81 : 0.28, respectively. 

Before analyzing these ratios, it is important to recall that one type of nanowire 

(100 nm/6 μm) is larger than the other (18 nm/5 μm). They are both composed of pure 

Ni, so their volume ratios will equal their mass ratios and the ratios of their moments.  
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Therefore, their volume ratio ((50/9)2(6/5) = 37) can be used to normalize their FORC 

ratios. 

For the first mixture (known ratio of 100 nm : 18 nm = 23 : 1), the ratio of the 

linear regression coefficient, normalized for the volume ratios of the NW types, gives 

the numerical ratio of 100 nm-diameter NWs per 18 nm-diameter NW as 

N100nm/N18nm = (vol100nm/vol18nm) * (ρ100nm / ρ18nm) = 37 * (0.75/1.2) = 23 

which is exactly the known value within the error of measurement.  For the 

second mixture (known ratio of 100 nm : 18 nm = 115 : 1), the measured ratio is only 7% 

less than the known ratio: 

N100nm/N18nm = (vol100nm/vol18nm) * (ρ100nm / ρ18nm) = 37 * (0.81/0.28) = 107 
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Figure 6-7: VSM FORC measurements for NW ratios of 100 nm : 18 nm equal to (a) 0 : 1, (b) 1 : 23, (c) 1 : 
115,  and (d) 1 : 0 with insets showing the FORC analysis (ρ vs Hc vs Hu) using Equation 6-1 and Equations 
6-2. The FORC analysis first corrects for paramagnetic/diamagnetic backgrounds. (e) Integrated intensity 
of horizontal slices across each FORC analysis diagram. FORC data compliments of Dr. Anirudh Sharma. 

 

7 Conclusions & Future Work 

7.1 NWs as MRI contrast agents 

The Fe-Au multilayered NWs coated with PEG showed good potential as T2 MRI contrast 

agents, with r2 values comparable to those for currently approved commercial iron 

oxide nanoparticles [13]. Adding the Au multilayers with SH-PEG-COOH coating 

improved the particle stability and r2 values by ~10X. The NWs will need to be less than 
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100 nm long, possibly smaller for intravenous injection. Future work should include a 

detailed study of how the Fe and Au segment lengths affect the MRI contrast properties 

of the NWs. The MRI theory predicts there should be a peak relaxivity between 15-100 

nm sized nanoparticles, in the SDR. Starting with 10-12 nm long Fe segments (20 nm 

diameter NWs), the Fe segment length could be increased stepwise by up to ~100 nm 

long segments. It would be fascinating and useful to find the peak r2 value for 

electrodeposited NWs, as predicted by the theory and data observed for spherical and 

cube shaped nanoparticles. However, the Au segment length may need to be 

lengthened to ensure the Fe segment are magnetically independent, non-interacting. 

This could be studied by increasing the Au segment lengths in increments of 5 nm. The 

NW diameter could also be varied from 20-200 nm to see what effect that has on the 

magnetic anisotropy and relaxivity values. Wider diameter NWs should shift the easy 

access from parallel with the NWs length to perpendicular (for ~20 nm Fe segments). 

Wider, flat NW segments could increase the r1 values, as observed in my data. If optimal 

Fe dimensions were observed for maximum r2, say 20 nm Fe and 20 nm Au segments, 

then these multilayered NWs could be made with layers of Cu (using a separate Cu bath 

to ensure the purity of the Fe, Au, and Cu layers) and the Cu layers could be etched 

(after completing NW deposition) using 1M FeNO3. This could greatly increase the 

number of NW per AAO membrane, increasing the yield per NW batch. It would also be 

interesting to use the -COOH groups on the Au segments to attach certain bio-targeting 

molecules to attach to specific cell types for imaging, or to package the Fe-Au NWs into 
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cells, such as glioblastoma, (by endocytosis) and then put these cells in the body for 

imaging. 

7.2 Remote heating by magnetic hysteresis 

The CoFe NWs demonstrated excellent heating performance for nanowarming 

cryogenically preserved tissues, especially compared with commercial iron oxide 

particles. The high aspect ratio, high Ms, and magnetic alignment parallel to the AMF, 

yielded much higher SAR values than those observed for commercial iron oxide 

nanoparticles, as expected from the hysteresis curves and magnetic theories.  However, 

particle stability in suspension should be improved to ensure a uniform NW 

concentration throughout the volume. The first step is to increase the MW of the PEG 

molecules coating the NWs. The NWs used for measuring SAR we coated with 2,000 

MW PEG, but it is possible to buy 5,000, 10,000, 20,000 or 40,000 MW PEG molecules 

which could be used to coat the surface. These should help increase the hydrodynamic 

diameter and buoyancy of the NWs in suspension. If these are not sufficient then 

polyacrylate or other biocompatible, buoyant polymers could be potential alternatives. 

For using larger volumes, up to 80 or 100 mL, to warm organs it may be possible to use a 

pump or other mechanical mixing to prevent the NWs from settling. Ultra-sonication 

could be an option for mixing, however it must be verified that it will not damage the 

tissues. It could be likely that ultra-sonication should be safe for organs, since the ultra-

sonic waves are typically ineffective at penetrate body tissues, and the power, 

frequency and amplitude can be adjusted. This could be done by submerging the vessel 

in a water-ethanol bath with dry ice, to keep the temperature between -20°C to -30°C, 
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to prevent it from warming and help mitigate the toxicity effects from the VS55 or other 

CPAs. Another improvement is to design cryogenic safe vessel with a wire coiled around 

it that could be used to keep the NWs aligned in the external magnetic field as the VS55 

is cooled below freezing. Perhaps the applied field could be enough to prevent them 

from settling. It could be useful to use a controlled-rate cryogenic cooler for vitrifying 

the sample, rather than liquid N2. It will be challenging to uniformly cool larger volumes 

to cryogenic temperatures, to mitigate cracking during cooling. 

7.3 Magnetic cell separation 

The increased fluorophore loading on the NWs yielded strong fluorescence signal 

intensity in FACS, which is an improvement, compared to the tetramers with 

commercial paramagnetic beads. The Fe-Au multilayered NWs had better separation 

than Au-tipped Fe NWs. It would be useful to do a systematic study of how the Au 

segment length affects the fluorescence intensity, and to optimize the ratio of 

streptavidin-fluorophore to the Au surface area on the NW, to be certain the Au 

surfaces are saturated with monomers and fluorophores. This would also ensure 

expensive excess streptavidin and fluorophore are not wasted. It would be informative 

to coat the NW with an antibody, which has a much stronger binding affinity on the cell 

surface than the monomer, and test these NWs for cell separation. If the antibody 

targeting can separate more T cells than the monomer, as expected, this would indicate 

the poor monomer separation efficiency is due to NWs detaching from the cell surface 

due to stronger magnetic force and weaker binding affinity. Reducing the non-specific 

binding or endocytosis of the NWs would mitigate the number background CD8 cells 
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separated by the NWs, increasing cell purity. This could require a polymer or other 

coating which cells do not like to bind to or endocytose. 

 Lastly, coating the iron oxide nanorods with fluorescent streptavidin monomer 

and using these for cell separation would indicate if a weaker magnetic force is better to 

prevent the nanoparticles from detaching from the NW surfaces. The lower surface area 

of the nanorods could mitigate non-specific binding, improving separation purity. 

7.4 Magnetically aligned collagen hydrogels 

The studies of the Ni NWs aligned in collagen hydrogels demonstrated that it is possible 

to achieve bi-directional alignment of the collagen fibrils using magnetically aligned 

NWs. This aligned collagen structure is typically only observed at much higher collagen 

concentrations. FORC was used for “magnetic readout” of two different diameter NWs 

at different concentrations.  
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