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ABSTRACT

Extensive research on iron oxide nanoparticles for various applications including nanomedicine, energy applications, environmental remediation, and magnetic imaging have previously been performed. Many are currently FDA approved as magnetic resonance imaging contrast agents and tracers for magnetic particle imaging applications. Magnetic properties of such materials are crucial to obtain good contrast and resolution. However, studies have shown the magnetic properties of iron oxide nanoparticles are less in comparison to those found in pure iron nanoparticle. 

This research involves the synthesis and characterization of iron nanoparticles for applications in magnetic resonance imaging contrast agents, magnetic particle imaging tracers, and therapeutic agents for magnetic hyperthermia. Synthetic procedures include a thermal decomposition of iron pentacarbonyl and co-precipitation of iron salts to produce iron nanoparticles. Characterization methods include transmission electron microscopy (TEM), superconducting quantum interference magnetometry (SQUID), Mössbauer spectroscopy, X-ray diffraction (XRD), inductively coupled plasma optical emission spectroscopy (ICP-OES), zeta potential measurements, and cytotoxicity tests. 

Monodispersed particles with an average size of 14 nm consisting of an iron core and iron oxide shell were obtained using thermal decomposition of iron pentacarbonyl. The particles were successfully coated in a DSPE-mPEG polymer, which were stable for up to 3 months when refrigerated. The particles exhibited superparamagnetic properties with high magnetic saturation and displayed low cytotoxicity. Iron particles synthesized in this method display good potential for magnetic resonance imaging applications or usage in magnetic hyperthermia treatment. However, larger particles between 18 to 20 nm in size are needed to obtain optimal resolution signals for MPI applications.

From a co-precipitation synthesis of iron salts, particles displayed high magnetic saturation, and pure iron samples were obtained after further solid-gas reduction under H2 gas was performed. However, particles were large and sintered together, making them unfavorable for further MPI or cell viability tests. Coating particles with silica before solid-gas reactions at high temperatures showed promise in decreasing aggregation of particles. Further work is needed to determine the optimal coating thickness for reduction under H2 gas. 
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[bookmark: _Toc289175819][bookmark: _Toc101361731][bookmark: _Toc117352848]INTRODUCTION 
The aim of this research was to synthesize iron nanoparticles for potential use in magnetic imaging applications such as magnetic particle imaging and magnetic resonance imaging. Synthesis methods include thermal decomposition of iron pentacarbonyl and co-precipitation of iron salts. A polyethylene glycol coating was investigated to act as a protective and biocompatible layer on the particles. Characterization techniques include X-ray diffraction (XRD), Mössbauer spectroscopy, transmission electron microscopy (TEM), Zeta potential measurements, Superconducting quantum interference magnetometry (SQUID-VSM), inductively coupled plasma optical emission spectroscopy (ICP-OES), and cytotoxicity tests. 
[bookmark: _Toc117352849]Iron Nanoparticles
Extensive research has been performed on magnetic nanoparticles (MNPs) for various applications such as catalysis [1, 2], data storage [3], environmental remediation [4], and nanosensors [5]. MNPs are of particular interest in biomedical applications for biosensors, magnetic resonance imaging (MRI), magnetic particle imaging (MPI), and magnetic hyperthermia applications. In magnetic imaging applications, previous research has indicated the optimal size of magnetic nanoparticles is around 10-20 nm [6]. This is due to the superparamagnetic qualities achieved when a nanoparticle is small enough to contain a single magnetic domain. 

Iron based magnetic nanoparticles are among the most common synthesized for biomedical applications. Superparamagnetic iron oxide nanoparticles have been produced using various synthetic methods such as reduction [7], co-precipitation [8],  thermal decomposition [9], and hydrothermal reactions [10] for various medical imaging applications. The superparamagnetic property of magnetic nanoparticles is favorable for biomedical applications as they possess low remanence and coercivity and high magnetic susceptibility [11, 12]. Although iron oxide nanoparticles display good magnetic properties for magnetic imaging applications and biomedical applications such as magnetic resonance imaging (MRI) and magnetic hyperthermia, the magnetic properties of iron oxide nanoparticles can still be improved. 

Creating a superparamagnetic iron nanoparticle would achieve improved magnetic performance in biomedical applications compared to iron oxide nanoparticles since iron inherently possesses higher magnetic saturation and coercivity compared to iron oxides [13]. By using pure metallic iron nanoparticles in magnetic imaging applications, it would lead to increased sensitivity for MRI applications and increased resolution for MPI applications. 
[bookmark: _Toc117352850]Magnetic Particle Imaging 
Magnetic particle imaging (MPI) is an innovative, noninvasive tomographic technique developed in the early 2000s [14]. Compared to magnetic resonance imaging (MRI) and X-ray, MPI is an imaging technique similar to positron emission tomography (PET) and single-photon emission computed tomography (SPECT) that uses magnetic nanoparticles as positive contrast tracing materials [15, 16]. Quantitative 3D imaging with high temporal and spatial resolution can be achieved with MPI for vascular imaging [17, 18], oncology [19], and cell-tracking [20]. Current FDA approved superparamagnetic iron oxide nanoparticles (SPIONs) used in MR imaging can be used for MPI applications, such as Ferucarbotran (Resovist ®, Bayer Healthcare) and Feridex ® (Fermuoxides, Berlex Laboratories) [21]. However, research is continually being performed to improve magnetic nanoparticles to achieve higher resolution for cell tracking and tracing. 

Compared to MRI, the signal for MPI is derived from the electronic magnetization of the SPIONs. This allows the signal to be 22 million times stronger than MRI’s nuclear magnetization of water in a 7 Tesla field [22]. Therefore, no background signal is produced from the body in MPI, which results in very sensitive tracer-like images that can be compared to positron emission tomography or single-photon emission computed tomography [22].  

MPI is a radiation-free modality that possesses a high signal-to-noise ratio (SNR) and positive contrast, no view limitations, and no attenuation with depth for quantitative images [23]. A schematic of the MPI scanner is shown in Figure 1. Two permanent magnets are used to create a magnetic field gradient that saturates the magnetic nanoparticles at a central region called the field-free point (FFP). Magnetic driving coils assist in oscillating the magnetic field to allow the FFP to shift over the imaging volume to produce the image. From this mechanism, large fields of view can be traversed by using a slow-shifting external field. The signal is produced when the FFP moves across the magnetic nanoparticles’ location, and the SPION’s magnetic moment changes nonlinearly in response. From the magnetization produced from the SPIONs, a voltage is produced in a receiving coil, which correlates with the instantaneous FFP location to product a magnetic particle image [15]. 
[bookmark: _Toc117352851]Magnetic Resonance Imaging
Magnetic resonance imaging (MRI) is an important noninvasive imaging technique that produces three dimensional anatomical images, and is a powerful diagnostic tool for disease detection and treatment monitoring. Gadolinium (Gd) based contrast agents are among the most common MRI agents, but in 2006, Gd based contrast agents were shown to cause nephrogenic systemic fibrosis in patients experiencing chronic kidney disease [24-26]. Therefore, research has been performed on creating alternative contrast agent materials, specifically

[image: ]
[bookmark: _Toc116985682]Figure 1: MPI scanner set up. Two permanent magnetics (red/blue) generate the selection field, which is the field-free point (FFP) (yellow). The driving coils (green) move the FFP over the imaging area for receiving coils (purple) to detect tracer signals. 


superparamagnetic iron oxide nanoparticles such as maghemite (γ-Fe2O3) and magnetite (Fe3O4) [27]. Iron based nanoparticles have been shown to offer improved contrast properties and have been used in combination with hyperthermic therapies for accurate tumor treatment. 

MRI signals arise from the excitation of low-energy nuclear spins formed in a permanent magnetic field generated from protons in water molecules in the body [28]. The magnetic spins of protons in the body are naturally randomly oriented, but will align with the magnetic field generated from the MRI machine. Once protons are aligned with the magnetic field, radiofrequency pulses are introduced, which cause protons to flip either 90 or 180 degrees within the static magnetic field. Once the radiofrequency pulse is removed, the protons realign with the magnetic field and release electromagnetic energy that the MRI machine will detect. Variations in the water concentration of various areas of the body result in different signal strengths and provide contrasts between tissue, bone, and fat. T1 contrast agents provide a positive contrast by altering the longitudinal relaxation times of water protons [29]. T2 agents provide negative contrast by altering the transverse relaxation times of water protons. Superparamagnetic iron oxide nanoparticles are typically used as T2 contrast agents due to possessing high sensitivity and biocompatibility [30]. 

High magnetic saturation must be achieved for MRI contrast agents. Bulk iron possesses a magnetic saturation value of 217 emu/g, whereas bulk γ-Fe2O3 and Fe3O4 possess around 76 and 90 emu/g respectively, therefore, making iron a more ideal option as an MRI contrast agent compared to iron oxides. Pure iron is one of the best materials to use as an MRI contrast agent due to its biocompatibility and high magnetization at room temperature [31]. However, pure iron is unstable and is easily oxidized when exposed to ambient conditions, so a protective iron oxide shell generally forms when the particles are exposed to air [32]. Due to iron possessing more favorable magnetic properties compared to iron oxides, a pure iron nanoparticle is of interest for MRI contrast applications. Iron nanoparticles possess higher magnetic saturation per unit volume and could allow the administered dosage amount to be decreased, thereby improving patients’ safety and easier removal of the nanoparticles from the body after imaging. 
[bookmark: _Toc117352852]Magnetic Hyperthermia
Magnetic hyperthermia is an alternative approach for targeted treatment of tumors. Magnetic nanoparticles are used to generate heat in the tumor when an alternating magnetic field is applied. Magnetic hyperthermia treatment can deliver therapeutic heating to cancer cells, which leads to more local and homogeneous heating to provide better selectivity and effective treatment [33]. Local temperature within a tumor can range between 43-46 oC, inducing apoptosis or necrosis of the cancerous cells [34-36]. Among current magnetic nanoparticles, iron oxide nanoparticles are mainly researched as magnetic hyperthermic agents due to their well-known biocompatibility and magnetic properties. However, improvement of magnetic susceptibility to achieve optimal heating properties is still being investigated [37-39]. 

Pure iron nanoparticles, compared to iron oxides, possess higher magnetic saturation susceptibility at room temperature, which make them favorable for potential magnetic hyperthermic agents. Magnetic hyperthermia is often used in conjunction with MPI and MRI usage to accurately detect and track the nanoparticles’ location within the body and tumor to provide accurate hyperthermic treatment. Therefore, a pure iron nanoparticle has multiple biomedical applications as both MPI tracers, MRI contrast agents, and magnetic hyperthermic agents for cancer treatment. 


[bookmark: _Toc289175825][bookmark: _Toc101361737][bookmark: _Toc117352853]CHAPTER I
Thermal Decomposition 




A version of this chapter will be published by A. G. Williams. A. G. Williams was responsible for researching and writing in this article excerpt as noted: L. Liu assisted in synthesis and characterization, C. E. Johnson assisted in the analysis of Mössbauer spectroscopy, J. A. Johnson provided critical feedback and overall guidance. 
[bookmark: _Toc117352854]Abstract	
Iron nanoparticles were synthesized using thermal decomposition of Fe(CO)5 at 180 oC reaction temperature. Reaction time and surfactant amounts were modified to investigate possible size, shape, and dispersion variations. Characterizations included TEM, XRD, Mössbauer Spectroscopy, SQUID-VSM, ICP-OES, zeta potential, and cytotoxicity studies. From this method, monodispersed particles around 14 nm in size were produced and displayed good colloidal stability and high magnetic saturation up to 120 emu/g. Iron nanoparticles were coated with a DPSE-mPEG polymer to increase biocompatibility and showed low cytotoxicity. The particles reported display high potential for magnetic imaging and magnetic hyperthermia applications. 

[bookmark: _Toc117352855][bookmark: _Toc289175826][bookmark: _Toc101361738]Introduction 
Magnetic resonance imaging (MRI) has become a powerful tool to accurately diagnose and treat diseases. MRI offers excellent depth penetration and spatial resolution, making it one of the most commonly used diagnostic imaging tools [40-42]. However, current T1 contrast agents continue to show poor sensitivity in molecular imaging, and T2 contrast agents like iron oxides nanoparticles produce negative contrasts that are difficult to distinguish between bone and lung tissues. Therefore, magnetic particle imaging (MPI) was proposed in the early 2000s by Gleich and Weizenecker as a new magnetic imaging modality [14, 16]. Compared to MRI, MPI works by directly detecting the location of magnetic nanoparticle tracers and creates a positive contrast to allow for real time tracking of magnetic nanoparticles. MPI offers increased depth penetration, no radiation, no background signal from tissues, and allows for real-time quantitative analysis of cells [43, 44]. In addition, current FDA approved iron oxide nanoparticles used for MRI applications can be used for MPI applications. 

Continued research in creating more favorable magnetic nanoparticles for MPI applications are being performed. Currently, superparamagnetic iron oxide nanoparticles (SPIONs) between 20-30 nm in size coated with a polymer have displayed good MPI results [45, 46], but the magnetic saturation values reach a maximum of 70 emu/g [47]. In order to obtain high signal intensity and spatial resolution in MPI, tracers must possess high saturation magnetization values and be superparamagnetic [48]. Therefore, studies in creating metallic iron nanoparticles have been performed in this research, since iron inherently possesses higher magnetic saturation compared to iron oxides. 
Synthesis of monodisperse iron nanoparticles have been previously researched, with thermal decomposition of various metallic precursors being the most favored. Thermal decomposition using organo-metallic precursors such as Fe[N(SiMe3)2]2 [49], metal oleates [50], metal acetonates, [M(acac)n], (M= Fe, Mn, Co, Ni, Cr; n=2 or 3, acac=acetylacetonate) [51], metal cupferronates [MxCupx] (M= metal ion; Cup= N-nitrosophenylhydroxylamine, C6H5N(NO)O-), and carbonyls [52] have previously been studied. However, decomposition of Fe(CO)5 is among the most common. When compared to other synthetic processes, thermal decomposition of organo-metallic precursors often yields monodispersed, spherical particles with superparamagnetic properties. Therefore, an investigation in the synthesis and characterization of iron nanoparticles using this particular method was performed to obtain iron nanoparticles for magnetic resonance imaging and magnetic particle imaging applications. Variations in the reaction time and initial surfactant ratio amounts were studied to determine if such parameter variations affected the particle size, shape, and distribution.  
[bookmark: _Toc117352856]Materials and Methods
[bookmark: _Toc117352857]Chemicals
Chemicals included the following. Iron (0) pentacarbonyl [Fe(CO)5, >99.99%], hexadecylamine (HDA, 98%), oleic acid (90%), 1-octadecene (90%), diethylether (anhydrous, ≥99.0%), pentane (anhydrous, ≥99%), tetrahydrofuran (THF, ≥99.9%), hexanes, oleylamine (70%), chloroform 1,2- distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy- (polyethylene glycol)-2000] (ammonium salt) (DSPE-mPEG), aqueous hydrochloric acid (HCl, 37%), and dimethyl sulfoxide (DMSO) were purchased from Sigma Aldrich. Anhydrous ethanol was purchased from Decon Labs. 
[bookmark: _Toc117352858]Synthesis and Setup
Synthesis of HDA.HCl surfactant is performed 24 hours before the FeNP synthesis. 0.488 g of HDA is dissolved in 100 mL of pentane and stirred with a magnetic stir bar. A mixture of 250 μl of HCl in 30 mL diethylether is slowly poured into the HDA-pentane solution and stirred for 1 min 30 sec. The resulting white solid precipitate is gravity filtered through Whatman filter paper and washed three times with 20 mL of Tetrahydrofuran by centrifugation at 9000 RPM in a Beckman Coulter C0650 fixed-angle rotor for 5 minutes. The resulting white product is dried in a vacuum oven overnight at 30 °C.

Figure 2 depicts the setup of the FeNP synthesis. 0.2779 g of HDA.HCl was dissolved in 0.084 mL of oleylamine, 0.207 mL oleic acid, and 20 mL of 1-octadecene in a 100 mL four-neck round-bottom flask. The solution was stirred with a magnetic stir bar and vacuumed and purged with Ar 3 times under a 

[image: page10image11603824]
[bookmark: _Toc116985683]Figure 2: FeNP Synthesis setup 


Schlenk line. The solution is heated to 120 °C at a 15 oC/ min rate and held for 2 hours. Then, the temperature is raised to 180 °C at a 2 oC/ min rate and 0.7 mL of Fe(CO)5 was directly injected into the solution. The solution turned black upon injection and a yellowish-green gas formed inside the flask. The solution was stirred for 90 min at 180 °C and then cooled to room temperature. A permanent magnetic was placed at the bottom of the flask and the liquid solution is decanted leaving the collected iron nanoparticles on the magnetic stir bar. The nanoparticles and stir bar were transferred to a polystyrene weigh boat for initial washing. Hexanes was used to collect particles from the magnetic stir bar before particles were washed with 200 proof absolute ethanol. 60 mL of ethanol was used to wash the iron nanoparticles by centrifugation at 8000 rpm for 10 min in a Beckman Coulter C0650 fixed-angle rotor, three times. Half of the total yield was dispersed in 5 mL of chloroform and kept in a refrigerator for subsequent PEG coating; the other half was dried into powder and stored in an argon atmosphere glovebox for further characterization. 
[bookmark: _Toc117352859]Synthesis of Time series
Various reaction times of the initial synthesis were performed to investigate possible effects on particle size or crystallinity. The initial chemical synthesis of HDA∙HCl and FeNPs was the same except for the reaction time after the Fe(CO)5 was injected. Varying times included 30 min, 60 min, 80 min, 90 min, 24 hrs, and 48 hrs. 
[bookmark: _Toc117352860]Synthesis Varying Surfactant Amounts
Quantities of surfactants, oleic acid, and oleylamine were varied in the first synthesis to determine if size or shape of the particles were affected. Surfactants are added to nanoparticle syntheses to allow for slower nucleation and growth of the particles and assist in stabilization. Therefore, investigation on whether more surfactant added would affect particle growth and size was performed. Varying amounts of oleic acid and oleylamine tested was compared to the initial 1x amount. 1.5x, 2x, 3x, and 4x the original starting amounts of oleylamine and oleic acid (OAm/OA) were used. The reaction time and temperature after Fe(CO)5 injection was kept consistent with a 90 min reaction time at 180 °C.
[bookmark: _Toc117352861]DSPE-mPEG Coating
Iron nanoparticles were coated with 1,2- distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy- (polyethylene glycol)-2000] (ammonium salt) (DSPE-mPEG) Y-shaped PEG polymer to increase biocompatibility and colloidal stability. 2 mL of chloroform dispersed nanoparticles was mixed with 0.4 mL of DSPE-mPEG and 9.6 mL of chloroform in a 100 mL round bottom flask. The solution was evaporated with a rotary evaporator for 1 hr in a 60 oC water bath under vacuum. 4 mL of ultrapure water was added to the flask after evaporation and sonicated for 1 minute to evenly disperse particles in water. The solution was pipetted into Vivaspin Turbo 15 filter tubes (Sartorius) and centrifuged at 5000 rpm for 1 hr to remove excess DPSE-mPEG from the solution. Coated particles in the filter tube were pipetted into a storage vial and 1 mL of ultrapure water was added to redisperse the particles into aqueous medium. Particles were stored in a refrigerator for further cytotoxicity testing. 
[bookmark: _Toc117352862]Acid Digestion Process for ICP-OES Measurements
To accurately measure the Fe concentration of the samples prior to cytotoxicity tests, inductively coupled plasma-optical emission spectrometry (ICP-OES) was performed. Acid digestion was performed to prepare samples for ICP-OES analysis. 500 μL of coated FeNPs dispersed in water was mixed with 2 mL of 1M nitric acid and 2 mL of 37% HCl in a 25 mL volumetric flask. The solution was sonicated for 5 minutes before heating in an 80 oC water bath for 1 hour to allow particles to fully dissolve. Whatman filter paper with a pore size of 0.45 μm was used to gravity filter the solution into a 200 mL volumetric flask. The initial volumetric flasks were rinsed with ultrapure water and poured onto the filter for the solution to drip into the 200 mL volumetric flask. The final solution was brought to the appropriate 200 mL volume with ultrapure water to obtain a 50 mg/L iron concentration. 10 mL of the final solution was used for final ICP-OES measurements. 
[bookmark: _Toc117352863]Results
[bookmark: _Toc117352864]Transmission Electron Microscopy (TEM)
Transmission electron microscopy (TEM) was performed at the Vanderbilt Institute of Nanoscience and Engineering (VINSE), Vanderbilt University. An FEI Tecnai Osiris TEM system was operated between 80 kV – 200 kV. Diameters were determined using ImageJ processing software. 

From the varying time series, average particle size, iron core, and iron oxide shell size are summarized in Table 1. The reaction times of 30 min, 60 min, 80 min, and 90 min displayed similar overall particle sizes as well as iron core and iron oxide shell ratios. In addition, all particles appeared to be spherical and monodispersed. TEM results of the 30 min reaction possessed an average size of 14.3  1.1 nm consisting of a 9.4 nm Fe core and 2.4 iron oxide shell (Figure 3). A 60 min reaction yielded an average particle size of 14.2  2.5 consisting of a 9.1 nm iron core and 2.5 nm iron oxide shell (Figure 4). An 80 min reaction produced 12.7  1.3 nm particles with 8 nm iron core and 2.4 nm iron oxide shell (Figure 5). Particles from a 90 min reaction averaged a 14.4  1.1 nm total size with a 9.4 nm iron core and 2.5 nm iron oxide shell (Figure 6). For the 24-hour and 48-hour reaction times, as shown in Figures 7 and 8 respectively, the particles were more irregularly shaped. The 24-hour reaction time yielded an average particle size of 12.6  1.7 nm, with a 9 nm core and 1.8 nm iron oxide shell. The 48-hour reaction time sample produced around 14.4  1.8 nm sized particles consisting of a 9.8 nm iron core and 2.3 nm iron oxide shell.
[bookmark: _Toc117352888]Table 1: Varying time series of total particle size, Fe-core size, and iron oxide shell size. A total of 200 particles were measured for each sample to determine averages. 
	Reaction Time
	Average Particle Size (nm)
	Fe-Core Size
(nm)
	Iron Oxide Shell Size (nm)

	30 min
	14.3  1.1
	9.4  1.0
	2.4  0.5

	60 min
	14.2  2.5
	9.1  0.9
	2.5  0.5

	80 min
	12.7  1.3
	8.0  0.9
	2.4  0.4

	90 min
	14.4  1.1
	9.4  0.9
	2.5  0.5

	24 hr
	12.6  1.7
	9.0  0.8
	1.8  0.3

	48 hr
	14.4  1.8
	9.8  1.0
	2.3  0.4
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[bookmark: _Toc116985684]Figure 3: TEM images of 30 min reaction time. Scale bars for A, B, and C are 100 nm, 20 nm, and 10 nm respectively. 
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[bookmark: _Toc116985685]Figure 4: TEM images of 60 min reaction time. Scale bars for A, B, and C are 100 nm, 20 nm, and 10 nm respectively. 
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[bookmark: _Toc116985686]Figure 5: TEM images of 80 min reaction time. Scale bars for A, B, and C are 100 nm, 20 nm, and 10 nm respectively.
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[bookmark: _Toc116985687]Figure 6: TEM images of 90 min reaction time. Scale bars for A, B, and C are 100 nm, 20 nm, and 10 nm respectively.
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[bookmark: _Toc116985688]Figure 7: TEM images of 24 hrs reaction time. Scale bars for A, B, and C are 100 nm, 20 nm, and 10 nm respectively. 
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[bookmark: _Toc116985689]Figure 8: TEM images of 48 hrs reaction time. Scale bars for A, B, and C are 100 nm, 20 nm, and 10 nm respectively. 


For the varying OAm/OA surfactant ratio series, average particle size, iron core, and iron oxide shell sizes are summarized in Table 2. Initial equal OAm/OA starting amounts yielded particles with an average size of 14.4  1.1, consisting of a 9.4 nm iron core and 2.5 nm iron oxide shell (Figure 9). The 1.5x OAm/OA amounts produced slightly larger particles with an average size of 15.4  2.6 nm, which consisted of a 10.3 nm iron core and 2.5 nm iron oxide shell (Figure 10). Using 2x OAm/OA amounts yielded an average particle size of 12.8  2.4 nm with an 8 nm iron core and 2.4 nm iron oxide shell (Figure 11). Adding 3 times initial OAm/OA amounts produced an average particle size of 13.7  2.4. nm with an 8.9 nm iron core and 2.4 iron oxide shell (Figure 12). Adding 4 times the initial OAm/OA amounts resulted in polydisperse particles consisting mostly of iron oxide particles (Figure 13). However, an experimental error was introduced during the 4 times surfactant synthesis where the injection temperature was 260 oC compared to the previous 180 °C. Therefore, consistent comparison is skewed since it is difficult to discern whether the surfactant amount or reaction temperature contributed to the change in particle size, shape, and composition.
[bookmark: _Toc117352865]X-ray Diffraction (XRD)
Powder XRD measurements were performed using a Rigaku SmartLab3kW X-ray Diffractometer with a Cu Kα X-ray source in a 2θ range of 20o to 80o as shown in Figure 14. Figure 15 displays the varying time series XRD spectra and Figure 16 displays the XRD spectra for the varying surfactant ratio series. 

Little difference in XRD spectra of the 30 min, 60 min, 80 min, and 90 min was found as each spectrum displays characteristic α-Fe peaks at 45, 65, and 82 degrees (DB # 1100108). However, the 24-hour spectrum indicated peaks characteristic of ⍺-Fe at 45, 65, and 82 degrees and small peaks attributed to γ-Fe2O3 at 35, 37, 43, and 63 degrees (DB # 2108027). The 48 hr sample displayed peaks characteristic of mostly Fe3O4 at 30, 35, 43, 57, and 62 degrees (DB # 7228110) with a small α-Fe peak at 45 degrees. One reason all of the samples, except for the 24 and 48 hr samples, displayed only α-Fe peaks could be that the iron oxide layer was not as crystalized when compared to the 24 and 48 hr sample. The longer reaction times may have helped to increase crystalline formation of the oxide layer, and thus displayed more prominent oxide peaks in the spectra.

XRD spectra from varying OAm/OA surfactant amounts were similar with characteristic α-Fe peaks with the exception of the 4x OAm/OA amount. The 4x OAm/OA have sharp peaks indicating Fe3O4 at 30, 35, 40, 43, 45, 53, 57, 63, 74, 86, and 90 degrees (DB # 7228110). The formation of Fe3O4 in the 4x OAm/OA surfactant sample may be due to the increased temperature reaction at 260 oC, which is expected as iron oxide nanoparticles commonly form at higher reaction temperatures.
[bookmark: _Toc117352889]
Table 2: Varying initial OAm/OA surfactant ratio series of total particle size, Fe-core size, and iron oxide shell size. A total of 200 particles were measured for each sample to determine averages.
	OAm/OA Amounts
	Average Particle Size (nm)
	Fe-Core Size
(nm)
	Iron Oxide Shell Size (nm)

	1
	14.4  1.1
	9.4 ± 1.0
	2.5 ± 0.5

	1.5
	15.4  2.6
	10.3 ± 1.5
	2.5 ± 0.5

	2
	12.8  2.4
	8.0 ± 0.9
	2.4 ± 0.4

	3
	13.7  2.4
	8.9 ± 1.1
	2.4 ± 0.4

	4
	Polydisperse
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[bookmark: _Toc116985690]Figure 9: TEM images of 1x OAm/OA surfactant amount. Scale bars for A, B, and C are 100 nm, 20 nm, and 10 nm respectively. 
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[bookmark: _Toc116985691]Figure 10: TEM images of 1.5x OAm/OA surfactant amount. Scale bars for A, B, and C are 100 nm, 20 nm, and 10 nm respectively. 
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[bookmark: _Toc116985692]Figure 11: TEM images of 2x OAm/OA surfactant amount. Scale bars for A, B, and C are 100 nm, 20 nm, and 10 nm respectively. 
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[bookmark: _Toc116985693]Figure 12: TEM images of 3x OAm/OA surfactant amount. Scale bars for A, B, and C are 100 nm, 20 nm, and 10 nm respectively. 
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[bookmark: _Toc116985694]Figure 13: TEM images of 4x OAm/OA surfactant amount. Scale bars for A, B, and C are 100 nm, 20 nm, and 10 nm respectively. 
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[bookmark: _Toc116985695]Figure 14: Rigaku SmartLab XRD Machine 
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[bookmark: _Toc116985696]Figure 15: XRD stacked plot of varying reaction time series.
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[bookmark: _Toc116985697]Figure 16: XRD stacked plot of varying OAm/OA surfactant series.
[bookmark: _Toc117352866]
Mössbauer Spectroscopy
Mössbauer Spectroscopy experiments were performed with a 57Co source, a Janis SHI-850-5 cryogen-free cryostat, Lakeshore 325 Temperature Controller (Figure 17). A room temperature Mössbauer setup is shown in Figure 18. Hyperfine interaction parameters were analyzed using a least-squares fitting model with Mössbauer GenFit Software (R. S. Preston and D. E. Brown). After synthesis, samples were dried in powders and stored in an Ar glovebox. The powders were loaded and sealed into Mössbauer sample cups (Figure 19) for characterization at 293K and 6K. 

The stacked Mössbauer results of varying reaction times measured at 293K are shown in Figure 20, and values from hyperfine fitting parameters are displayed in Table 3. From Mössbauer results, little variation in iron and iron oxide composition was displayed among all time increments with exception of the 48-hour reaction time. The 30 min, 60 min, 80 min, 90 min, and 24 hr spectra consisted of 2 components that includes a narrow sextet and a doublet pattern. Component 1 possessed a narrow sextet pattern with a hyperfine field around 33.7 T, isomer shift of 0.00 mm/s, and quadrupole splitting 0.00 mm/s, characteristic of α-Fe. Component 2 consists of a broad doublet pattern with a hyperfine field of 0.00 T, isomer shift between 0.28 - 0.47 mm/s, and quadrupole splitting around 0.5-1.19 mm/s, which is indicative of γ-Fe2O3. 

The 48-hour reaction sample consisted of 3 components at 293K with a broad sextet, a broad doublet, and narrow sextet. Component 1 is a broad sextet pattern with a hyperfine field of 45.3T, isomer shift of 0.63 mm/s, and quadrupole splitting of 0.04 mm/s. Component 2 consists of a broad doublet with a hyperfine field of 0.00 mm/s, isomer shift of 0.34 mm/s, and quadrupole splitting of 0.73 mm/s. Component 3 consists of a narrow sextet with a hyperfine field of 48.7 T, isomer shift 0.25 mm/s, and quadrupole splitting of 0.00 mm/s. From the three components, each is characteristic of a mixture of iron oxides attributed to γ-Fe2O3 and Fe3O4. Component 1 and 3 can be attributed to the B (octahedral) sites and A (tetrahedral) sites characteristic of Fe3O4 respectively. Component 2 is characteristic of γ-Fe2O3.

Stacked Mössbauer spectra for low temperature measurements at 6K for varied reaction times are shown in Figure 21 and hyperfine fitting parameters are summarized in Table 4. Low temperature measurements were performed on the 30 min, 60 min, 80 min, and 90 min reaction time samples to confirm the magnetic components of the spectrum. All spectra were similar, consisting of 2 sextet components. Component 1 displayed a narrow sextet with a hyperfine field of 34.3 T, isomer shift of 0.12 mm/s and quadrupole splitting 0.00 mm/s, indicative of α-Fe. The second component contained a broad sextet with a hyperfine field between 47.7- 49.6 T, isomer shift between 0.45 – 0.48 mm/s, and quadrupole splitting between 0.00 – 0.04 mm/s, which is associated with γ-Fe2O3. 
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[bookmark: _Toc116985698]Figure 17: Low temperature Mössbauer apparatus with cryostat for low temperature measurements


[image: ]
[bookmark: _Toc116985699]Figure 18: Room temperature Mössbauer apparatus
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[bookmark: _Toc116985700]Figure 19: Mössbauer sample holder
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[bookmark: _Toc116985701]Figure 20: Stacked 57Fe Mössbauer spectra of varied reaction time samples at 293K.
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Table 3: Values of hyperfine parameters for varied reaction time series at 293K. Bhf is the hyperfine magnetic field, δ is the isomer shift, ΔEQ is the quadrupole splitting, and Γ is the linewidth (FWHM). Typical errors are ±0.03 mm/s for Bhf, ±0.5 mm/s for δ, ΔEQ, and Γ and ±3% for relative area.

	Reaction Time 
	Component
	Bhf (T)
	δ (mm/s)
	ΔEQ (mm/s)
	Γ (mm/s)
	Relative area (%)
	Attribution

	
	1
	33.4
	0.07
	0.00
	0.39
	54
	α-Fe

	30 min
	2
	0.00
	0.45
	1.19
	0.77
	45
	Superparamagnetic γ-Fe2O3

	
	1
	33.2
	0.00
	0.00
	0.40
	54
	α-Fe

	60 min
	2
	0.00
	0.45
	1.10
	3.32
	46
	Superparamagnetic γ-Fe2O3

	
	1
	32.3
	0.00
	0.00
	0.39
	48
	α-Fe

	80 min
	2
	0.00
	0.28
	1.02
	0.70
	52
	Superparamagnetic γ-Fe2O3

	
	1
	32.3
	0.00
	0.00
	0.43
	53
	α-Fe

	90 min
	2
	0.00
	0.28
	1.01
	0.60
	47
	Superparamagnetic γ-Fe2O3

	
	1
	32.7
	0.00
	0.00
	0.34
	47
	α-Fe

	24 hr
	2
	0.00
	0.47
	0.94
	0.52
	53
	Superparamagnetic γ-Fe2O3

	
	1
	45.3
	0.63
	0.04
	0.38
	29
	Fe3O4

	48 hr
	2
	0.00
	0.34
	0.73
	0.72
	34
	Superparamagnetic γ-Fe2O3

	
	3
	48.7
	0.25
	0.00
	0.23
	37
	Fe3O4



 
[image: ]
[bookmark: _Toc116985702]Figure 21: Stacked 57Fe Mössbauer spectra of varied reaction time samples at 6K.
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Table 4: Values of hyperfine parameters for varied reaction time series at 6K. Bhf is the hyperfine magnetic field, δ is the isomer shift, ΔEQ is the quadrupole splitting, and Γ is the linewidth (FWHM). Typical errors are ±0.03 mm/s for Bhf, ±0.5 mm/s for δ, ΔEQ, and Γ and ±3% for relative area.

	Reaction Time
	Component
	Bhf (T)
	δ (mm/s)
	ΔEQ (mm/s)
	Γ (mm/s)
	Relative area (%)
	Attribution

	
	1
	34.3
	0.12
	0.00
	0.42
	50
	α-Fe

	30 min
	2
	47.7
	0.45
	0.00
	1.00
	50
	Superparamagnetic γ-Fe2O3

	
	1
	34.3
	0.12
	0.00
	0.38
	42
	α-Fe

	60 min
	2
	48.5
	0.48
	0.01
	1.18
	58
	Superparamagnetic γ-Fe2O3

	
	1
	34.4
	0.12
	0.01
	0.36
	36
	α-Fe

	80 min
	2
	49.6
	0.48
	0.04
	1.04
	64
	Superparamagnetic γ-Fe2O3

	
	1
	34.3
	0.12
	0.00
	0.42
	45
	α-Fe

	90 min
	2
	48.0
	0.47
	0.00
	1.17
	54
	Superparamagnetic γ-Fe2O3



 

Stacked Mössbauer results of varying OAm/OA surfactant amounts measured at 293K are shown in Figure 22, and values from hyperfine fitting parameters are displayed in Table 5. All sample spectra except for the 4x OAm/OA sample consisted of 2 components, a narrow sextet and a broad doublet pattern. The 4x OAm/OA sample included a broad doublet and 2 broad sextet patterns. Component 1 for the 1x, 1.5x, 2x, and 3x OAm/OA samples was a narrow sextet pattern with a hyperfine field between 31.5 – 34.8 T, isomer shift of 0.00 mm/s, and quadrupole splitting 0.00 mm/s, which is attributed to α-Fe. The second component includes a broad doublet pattern with a hyperfine field of 0.00 T, isomer shift between 0.28 - 0.36 mm/s, and quadrupole splitting between 0.98 – 1.09 mm/s, which is indicative of γ-Fe2O3. Component 1 for the 4x OAm/OA sample consisted of a broad sextet with a hyperfine field of 45.3 T, isomer shift of 0.63 mm/s, and quadrupole splitting 0.04 mm/s, which is attributed to the B (octahedral) sites of Fe3O4. Component 2 included a broad doublet with a hyperfine field of 0.00 T, isomer shift of 0.34 mm/s, and quadrupole splitting of 0.73 mm/s, attributed to γ-Fe2O3. Component 3 included a broad sextet pattern with a hyperfine field of 48.7 T, isomer shift of 0.25 mm/s, and quadrupole splitting of 0.00 mm/s, which is associated to the A (tetrahedral) sites of Fe3O4. 

Stacked Mössbauer results of varying OAm/OA surfactant amounts measured at 6K are displayed in Figure 23 and hyperfine fitting parameters are detailed in Table 6. No low temperature Mössbauer measurement was performed on the 4x OAm/OA sample due to it consisting of large iron oxides from the 293K spectrum. All spectra for the samples were similar, consisting of 2 components, a narrow and broad sextet. Component 1 was comprised of a narrow sextet with a hyperfine field of 34.3 T, isomer shift of 0.12 mm/s and quadrupole splitting of 0.00 mm/s, attributed to α-Fe. Component 2 consisted of a broad sextet with a hyperfine field between 47.5 – 48.0 T, isomer shift between 0.45 – 0.52 mm/s, and quadrupole splitting of 0.00 mm/s, which is indicative of γ-Fe2O3. From low temperature measurements, the γ-Fe2O3 component displays superparamagnetic properties due to the relaxation from a doublet pattern in 293K spectra, to a sextet at 6K. 
[bookmark: _Toc117352867]Superconducting Quantum Interference Device - Vibrating Magnetometry (SQUID-VSM)
SQUID-VSM measurements were performed at the Joint Institute for Advanced Materials (JIAM) at the University of Tennessee Knoxville. Measurements were performed in a ± 1000 mT field at 300K and 3K. 

The varying surfactant OAm/OA series was used for SQUID-VSM tests, which included the 1x, 1.5x, 2x, and 3x OAm/OA samples. The M-H curves of the 1x, 1.5x, 2x, and 3x samples at 300K can be seen in Figures 24, 26, 28, and 30 respectively. Derivation of the point spread function from the M-H curves of the 1x, 1.5x, 2x, and 3x OAm/OA samples are shown in Figures 25, 27, 29, and 31 
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[bookmark: _Toc116985703]Figure 22: Stacked 57Fe Mössbauer spectra of varied OAm/OA samples at 293K.
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Table 5: Values of hyperfine parameters for varied OAm/OA amounts at 293K. Bhf is the hyperfine magnetic field, δ is the isomer shift, ΔEQ is the quadrupole splitting, and Γ is the linewidth (FWHM). Typical errors are ±0.03 mm/s for Bhf, ±0.5 mm/s for δ, ΔEQ, and Γ and ±3% for relative area.

	OAm/OA Amount
	Component
	Bhf (T)
	δ (mm/s)
	ΔEQ (mm/s)
	Γ (mm/s)
	Relative area (%)
	Attribution

	
	1
	32.3
	0.00
	0.00
	0.43
	53
	α-Fe

	1x
	2
	0.00
	0.28
	1.01
	0.60
	47
	Superparamagnetic γ-Fe2O3

	
	1
	32.7
	0.00
	0.00
	0.41
	58
	α-Fe

	1.5x
	2
	0.00
	0.39
	1.09
	1.06
	42
	Superparamagnetic γ-Fe2O3

	
	1
	31.5
	0.00
	0.00
	0.58
	43
	α-Fe

	2x
	2
	0.00
	0.37
	1.04
	0.90
	57
	Superparamagnetic γ-Fe2O3

	
	1
	31.6
	0.00
	0.00
	0.40
	13
	α-Fe

	3x
	2
	0.00
	0.36
	0.98
	0.87
	87
	Superparamagnetic γ-Fe2O3

	
	1
	46.1
	0.66
	0.00
	0.58
	51
	 Fe3O4

	4x
	2
	0.00
	0.43
	0.58
	0.50
	18
	γ-Fe2O3

	
	3
	49.6
	0.29
	0.03
	0.42
	31
	Fe3O4
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[bookmark: _Toc116985704]Figure 23: Stacked 57Fe Mössbauer spectra of varied OAm/OA samples at 6K.
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Table 6: Values of hyperfine parameters for varied OAm/OA amounts at 6K. Bhf is the hyperfine magnetic field, δ is the isomer shift, ΔEQ is the quadrupole splitting, and Γ is the linewidth (FWHM). Typical errors are ±0.03 mm/s for Bhf, ±0.5 mm/s for δ, ΔEQ, and Γ and ±3% for relative area.

	OAm/OA Amount
	Component
	Bhf (T)
	δ (mm/s)
	ΔEQ (mm/s)
	Γ (mm/s)
	Relative area (%)
	Attribution

	
	1
	34.3
	0.12
	0.00
	0.42
	45
	α-Fe

	1x
	2
	48.0
	0.47
	0.00
	1.17
	54
	Superparamagnetic γ-Fe2O3

	
	1
	34.3
	0.12
	0.00
	0.42
	42
	α-Fe

	1.5x
	2
	47.8
	0.52
	0.04
	1.19
	53
	Superparamagnetic γ-Fe2O3

	
	1
	34.4
	0.12
	0.00
	0.42
	47
	α-Fe

	2x
	2
	47.5
	0.45
	0.00
	1.16
	53
	Superparamagnetic γ-Fe2O3

	
	1
	34.4
	0.12
	0.00
	0.39
	32
	α-Fe

	3x
	2
	47.6
	0.49
	0.00
	1.16
	68
	Superparamagnetic γ-Fe2O3
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[bookmark: _Toc116985705]Figure 24: M-H Curve of 1x OAm/OA surfactant ratio sample at 300K.
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[bookmark: _Toc116985706]Figure 25: Point spread function of 1x OAm/OA surfactant ratio sample fitted with Lorentzian function to obtain FWHM of 242.1 mT. 
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[bookmark: _Toc116985707]Figure 26: M-H Curve of 1.5x OAm/OA surfactant ratio sample at 300K.
 








[image: Chart, line chart

Description automatically generated]
[bookmark: _Toc116985708]Figure 27: Point spread function of 1.5x OAm/OA surfactant ratio sample fitted with Lorentzian function to obtain FWHM of 355.3 mT. 
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[bookmark: _Toc116985709]Figure 28: M-H Curve of 2x OAm/OA surfactant ratio sample at 300K.
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[bookmark: _Toc116985710]Figure 29: Point spread function of 2x OAm/OA surfactant ratio sample fitted with Lorentzian function to obtain FWHM of 161.9 mT. 
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[bookmark: _Toc116985711]Figure 30: M-H Curve of 3x OAm/OA surfactant ratio sample at 300K.
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[bookmark: _Toc116985712]Figure 31: Point spread function of 3x OAm/OA surfactant ratio sample fitted with Lorentzian function to obtain FWHM of 84.6 mT. 


respectively. From the M-H curves, all samples displayed superparamagnetic characteristics with little to no hysteresis present and possessed high magnetic saturation between 100 - 120 emu/g. The M-H curve was fitted with a Langevin function in OriginLabs and the derivative was taken to obtain the point spread function (PSF). A Lorentzian function was used to fit the PSF curve to determine the full-width-half maximum (FWHM) to find theoretical resolution the particles could achieve when testing in actual MPI machinery. Currently, good tracers have a FWHM resolution between 6-10 mT. However, the best results achieved were around 84.6 mT from the 3x OAm/OA sample. The FWHM of the 1x OAm/OA sample was 242.1 mT, 1.5x OAm/OA sample was 355.3 mT, and 2x OAm/OA was 161.9 mT.
[bookmark: _Toc117352868]Zeta Potential
Zeta potential measurements were performed using a Particulate Systems NanoPlus Zeta/Nano Particle Analyzer. Analysis was performed using the NanoPlus software program. Coated nanoparticle samples were prepared so that concentrations were 100 μg/ mL in water. Samples 1x, 2x, and 3x OAm/OA were analyzed prior to biocompatibility tests. 

Results of Zeta Potential measurements can be seen in Table 7. Zeta potential for samples were between -21 to -25 mV, suggesting good colloidal stability [53] and are typical values for surfaces coated with PEG polymers to provide effective electrostatic stabilization. 
[bookmark: _Toc117352869]Cytotoxicity 
ICP-OES was performed at the Civil and Environmental Engineering building at Vanderbilt University prior to biocompatibility tests to determine DPSE-mPEG coated Fe nanoparticle concentrations in order to calculate proper dose concentrations.

Biocompatibility studies were performed at VINSE using 4T1 murine breast cancer cell lines. 4T1 cells were seeded into a 96-well plate with cell media 24 hours prior to FeNP introduction. 3 samples of coated FeNPs were introduced to the cells that included the 1x OAm/OA, 2x OAm/OA and 3x OAm/OA samples at 4 varying doses. Serial dilutions were performed with cell media to create 4 doses that included 100, 50, 25, and 12.5 μg/mL. Cells incubated for 24 hrs after FeNP doses were introduced, and a Celltiter-Glo assay (Promega) was performed to determine cell viability. 

Results of the biocompatibility tests are shown in Figure 32. The highest dose of 100 μg/mL yielded around 95% cell viability for the 1x OAm/OA sample, 88% 
[bookmark: _Toc117352894]Table 7: Zeta Potential of samples used for cytotoxicity studies. 
	Sample
	Zeta Potential (mV)

	1x OAm/OA
	-21.73 ± 2.17

	2x OAm/OA
	-24.86 ± 2.48

	3x OAm/OA
	-23.64 ± 2.36
















[bookmark: _Toc116985713]Figure 32: Cell viability results of coated 1x, 2x and 3x OAm/OA samples at 100, 50, 25, and 12.5 μg/mL doses.

from 2x OAm/OA sample, and 93% from the 3x OAm/OA sample. From these results, low cytotoxicity is concluded from these particles. Little variation in cell viability was found among the varying doses, but from the highest dose of 100 μg/mL, the nanoparticles displayed low cytotoxicity, which confirms they have good potential for further in vivo testing.
[bookmark: _Toc117352870]Discussion 
From TEM results, little variation in size and shape occurred when the reaction time varied from 30 min to 90 min. Alterations in the shape of the particles began to occur after 24 hrs and 48 hrs reaction times. After 24 hours, particles began to form irregular shapes and break apart. For both the 24 hrs and 48 hrs reaction time samples, the presence of oxides increased, but increased crystallinity of the particles was observed after XRD was performed. 

Increasing the OAm/OA surfactant amounts had little effect in size and shape of the nanoparticles, with the exception of the 4x OAm/OA sample. The 4x OAm/OA sample displayed irregular and varying sized particles that possessed no core shell structure, thus indicated the particles were composed of iron oxide. The main reason the 4x OAm/OA sample formed iron oxides is because the reaction temperature was 260 °C compared to the previous 180 °C [54]. The temperature difference is a confounding variable when comparing the 4x OAm/OA sample with the previous samples in the series. Although no drastic size and structure changes appeared in the TEM images from the varied OAm/OA series, it was found that after synthesis, increasing the amount of surfactant made the particles more difficult to wash. Therefore, longer washing procedures are needed in order to properly wash all solvents and surfactants from the particles before further coating steps can be performed. However, longer washing is not optimal for the particles as the longer they are exposed to ambient conditions, the higher the likelihood that oxidation could occur. 

XRD analysis of the varying reaction time and surfactant ratio series agreed with composition of particles from TEM images. From the varying reaction time series, distinct α-Fe peaks at 44.6, 65, and 82 degrees for all samples were obtained. However, small iron oxide peaks were present in the 24 hr sample with α-Fe peaks. Due to the longer reaction time of 24 hours, crystallinity of the iron oxide outer layer may increase compared to the 30-, 60-, 80-, and 90-min samples, as longer reaction times are known to increase the crystalline structure [55]. In addition, the oxide layer could become slightly thicker to where XRD could begin to detect some presence of iron oxide. The 48 hr sample contained no α-Fe peaks, and, instead, displayed strong iron oxide peaks. From the varying OAm/OA surfactant series, all samples except the 4x OAm/OA sample displayed similar XRD spectra, with distinct α-Fe peaks. From the XRD spectrum of the 4x OAm/OA sample, strong peaks indicated iron oxide with no presence of α-Fe. 

Mössbauer studies were performed at 293K and 6K on the samples in order to better characterize the iron oxide shell on the surface of the nanoparticles and to determine if superparamagnetic components are present. Mössbauer studies were consistent with TEM and XRD results for the varying reaction time series. For the 30-, 60-, 80-, and 90-min reaction times, the particles consisted of 2 components, an α-Fe and iron oxide component. After further Mössbauer investigation, the iron oxide present was γ-Fe2O3. Compared to XRD evaluations, Mössbauer spectroscopy allows for more distinction between magnetite and maghemite [56]. The 48-hr reaction results from TEM, XRD, and Mössbauer spectroscopy were in agreement, showing the particles were fully oxidized. From XRD studies, peaks characteristic of Fe3O4 were present, but further Mössbauer studies showed that γ-Fe2O3 was also present within the sample. 

From the varied OAm/OA surfactant series, Mössbauer spectroscopy results aligned with XRD and TEM data. Increasing the initial OAm/OA surfactant amounts caused an increase in overall iron oxide percentage and less α-Fe content. Although no apparent XRD peaks for iron oxide are present for samples 1x, 1.5x, 2x, and 3x OAm/OA, obvious increases in γ-Fe2O3 content are apparent in the Mössbauer spectra. Oxide peaks may not have appeared in XRD spectra since the crystalline size was too small for XRD to detect [57]. In addition, the 4x OAm/OA sample results from Mössbauer studies were congruent with XRD and TEM data. No obvious α-Fe peaks were present in XRD analysis and lack of core-shell structure was observed in TEM images for the 4x OAm/OA sample. As previously mentioned, the reaction temperature of the sample was 260 oC compared to 180 oC, which increases the likelihood of producing iron oxide nanoparticles. Mössbauer measurements assisted in determining the composition of the sample as being a mixture of Fe3O4 and γ-Fe2O3. 

From low temperature Mössbauer studies, the γ-Fe2O3 oxide shell component displayed superparamagnetic characteristics for all samples in the time series and varying OAm/OA surfactant series, with the exception of the 24-hr, 48-hr, and 4x OAm/OA samples. The doublet component associated with γ-Fe2O3 in the 293K spectrum relaxed into a sextet pattern at 6K, which is characteristic of superparamagnetic behavior [58].

From magnetization measurements, all tested samples displayed superparamagnetic behavior due to the lack of magnetic hysteresis from the M-H curves [59]. High magnetic saturation values between 100-120 emu/g were also obtained. From the calculated FWHM of the PSF derived from the M-H curves, the 3x OAm/OA sample displayed the best FWHM of 84.6 mT for potential MPI imaging resolution. However, the FWHM value is still larger than current MPI approved tracers that possess FWHM between 6-10 mT [60]. Although the particles fail to meet current MPI standards, due to the superparamagnetic quality and high magnetic saturation the nanoparticles exhibit, uses in magnetic hyperthermia or magnetic resonance imaging is still attractive.

Finally, from cytotoxicity studies from the varying OAm/OA surfactant series, little variation in cell viability was observed among the different dose concentrations. All DPSE-mPEG coated samples tested with 4T1 cell lines displayed low cell toxicity, with the highest cell viability being around 95% at the highest dose of 100 μg/mL. Due to the low cytotoxicity of the particles, further in vitro and in vivo tests would be viable in the future. 

Since the image quality of MPI is dependent on the magnetic nanoparticle tracer, the size and composition of the tracer are important factors to consider. Spatial resolution in MPI is closely linked to the M-H magnetization curve produced from magnetic nanoparticles [61]. A steeper M-H curve results in a narrower X-space point spread function, which leads to better resolution. The 3x OAm/OA sample possessed the best FWHM from the PSF at around 84.6 mT, but the FWHM is still far from optimal compared to MPI tracers currently used. Commercial MPI tracers such as Resovist and Vivotrax have a spatial resolution around 10-12 mT [60], but excellent tracers are within a 6-8 mT resolution range [62].

Previous studies have shown that MPI spatial resolution varies with nanoparticle size and have concluded that larger SPIONs have longer magnetic relaxation times [62, 63]. Optimal core size for iron oxide nanoparticles has been reported to be around 25 nm [64, 65]. However, once iron oxide nanoparticles are above 30 nm, spatial resolution begins to decrease due to the delay between the time-domain MPI signal and the applied field, due to the increased magnetic relaxation [62, 63]. This is attributed to the Brownian relaxation blurring effect [22]. The relaxation of SPIONs is influenced by both the Néel time constant (τΝ) and the Brownian time constant (τB), which results in the net relaxation (τ) as shown in Equation 1. 

									 (1)

The Néel relaxation time constant is attributed to the time the internal magnetic moment of the particle aligns with the external magnetic field and is defined in equation 2, where K is the magnetic anisotropy constant, Vc is the particle core volume, and τ0 is the time characteristic of the material [66]. 

									(2)


The Brownian time constant (τB) is defined as the physical rotation of the hydrodynamic volume of a SPION. The Brownian time constant is dependent on the temperature (T) and viscosity (η) of the surrounding fluid, the hydrodynamic particle volume (VH), and the Boltzmann’s constant (kB) as shown in Equation 3 [22, 66, 67].

										(3)


Therefore, once particles become larger than 30 nm, the Brownian relaxation times increase, and cause delays in the magnetic flipping response time in an applied magnetic field. This delay causes lower induced MPI signals and blurring in overall resolution [61]. 

Although iron nanoparticles contain higher magnetic saturation compared to iron oxides, more work is needed to increase the size of the particles to achieve better spatial resolution for MPI applications. Previous studies investigating iron nanoparticles have found that increasing core size to around 19 nm improved MPI resolution [68]. A larger iron nanoparticle could achieve faster relaxation to produce steeper M-H curves to obtain better spatial resolution. Since the magnetic saturation is larger than iron oxides, consideration into preventing agglomerations will need to be performed. Although the current particles that were produced in this study did not meet appropriate MPI requirements, they do have potential for improved contrast agents for MRI and magnetic hyperthermia. Further MRI relaxometry studies will need to be performed in order to verify potential MRI contrast usages. 

[bookmark: _Toc117352871]Conclusion 
Monodispersed FeNP’s were synthesized by a thermal decomposition of Fe(CO)5. Two series were performed that included variations in the reaction time and starting OAm/OA surfactant amounts. The results show that very little change occurred when reaction time was varied, but reaction times over 24 hours produced irregularly shaped particles and produced higher iron oxide content. Increasing the OAm/OA surfactant ratio produced an increase in iron oxide content of particles as well. Therefore, from these studies, optimal FeNPs parameters were determined to be equal OAm/OA surfactant amounts with a 90 minute reaction time after injection of Fe(CO)5. Particle size averaged around 14 nm that consisted of distinct core-shell structures. Samples displayed good magnetic saturation up to 120 emu/g, and possessed superparamagnetic characteristics. From cytotoxicity studies, DPSE-mPEG coated FeNPs displayed good cell viability. Further work is needed to produce larger particles in order to obtain steeper M-H curves and smaller FWHM of the PSF to be optimal tracers in MPI applications. However, other magnetic imaging modalities, such as MRI contrast agent usage could be viable as well as potential in magnetic hyperthermia treatment for cancer. 
[bookmark: _Toc289175833][bookmark: _Toc101361745][bookmark: _Toc117352872]CHAPTER II
Co-precipitation and Solid-Gas Reduction synthesis


[bookmark: _Toc289175834][bookmark: _Toc101361746]A version of this chapter will be published by A. G. Williams. A. G. Williams was responsible for researching and writing in this article excerpt as noted: L. Liu assisted in synthesis and characterization, C. E. Johnson assisted in the analysis of Mössbauer spectroscopy, J. A. Johnson provided critical feedback and overall guidance. 
[bookmark: _Toc117352873]Abstract
Co-precipitation of iron salts and further solid-gas reduction methods were employed to produce pure iron nanoparticles. Initial co-precipitation with a mixture of FeCl3 and FeCl2 salts was used to produced Fe3O4 nanoparticles. The Fe3O4 nanoparticles were then oxidized in a tube furnace at 500oC to produce γ-Fe2O3 nanoparticles. γ-Fe2O3 nanoparticles were subsequently reduced under H2 gas at 500 °C to obtain pure α-Fe nanoparticles. α-Fe nanoparticles displayed high magnetic saturation around 221 emu/g. Although pure iron was obtained, sintering occurred between the nanoparticles during the reduction and oxidation process. Therefore, silica was added as a coating to prevent large agglomerations during the oxidation and reduction process. Further studies are needed to obtain smaller, less sintered particles for potential magnetic imaging applications. 
[bookmark: _Toc289175835][bookmark: _Toc101361747][bookmark: _Toc117352874]Introduction
Magnetic nanoparticles have been extensively studied for biomedical applications including theranostics, drug delivery, biomaterial coatings, and tissue engineering. Among magnetic based biomedical applications, magnetic resonance imaging (MRI), magnetic particle imaging (MPI), and magnetic hyperthermia therapy are of particular interest. MRI has become a powerful diagnostic tool and is a standard technique used for differentiating normal and abnormal tissues in the body. MRI is a non-invasive diagnostic technique with high spatial resolution that uses non-ionizing radiation to produce 3D tomographic images [69, 70]. However, it lacks sensitivity to molecular signals [69, 71]. Therefore, magnetic nanoparticles are of interest since they create stronger signals to increase MRI sensitivity during imaging [72]. Superparamagnetic iron oxide nanoparticles (SPIONs) are commonly used as negative MRI contrast agents, since they possess stronger magnetic susceptibility than gadolinium-based contrast agents [73]. SPIONs efficiently shorten T2 relaxation of water protons by inducing strong magnetic susceptibility effects on the water protons around the particles [74]. 

In contrast to MRI, magnetic particle imaging (MPI) is a magnetic imaging technique proposed in the early 2000s that has the potential to become a leading diagnostic instrument for biomedical imaging [48]. Compared to MRI, MPI is dependent on magnetic nanoparticle tracers to accurately image real-time areas of the body for cell tracking, perfusion imaging, and hyperthermia treatment. MPI tracers produce a positive contrast in images similar to PET or SPECT imaging modalities. Linear quantification and localization of magnetic nanoparticles can be achieved with MPI due to its low signal to noise ratio and lack of tissue depth attenuation [75]. MPI directly detects the location of magnetic nanoparticle tracers by receiving signals generated by the switching of magnetic spins in a field free region created by 2 permanent magnets [16, 76]. Similar to MRI, iron oxide nanoparticles are among the most commonly used tracers that can achieve a 600 μm spatial resolution [47]. However, continuation of research is being performed to further improve MPI tracers to obtain resolutions below 100 μm [68, 76]. 

To achieve high spatial resolution and signal intensity, MPI tracers must be superparamagnetic and possess high magnetic saturation [48]. Currently, superparamagnetic iron oxide nanoparticles around 25 nm in size have been fabricated and shown to display the best performance [14, 46]. However, potentially smaller magnetic nanoparticles around 20 nm in size could achieve similar, if not better, MPI results. In order to achieve slightly smaller tracers that produce good MPI signal, nanoparticles with metallic iron cores are needed. Therefore, the creation of metallic iron nanoparticles has been proposed, since pure iron possesses higher magnetic saturation values than iron oxide nanoparticles. 

Co-precipitation of Fe3+ and Fe2+ salts is a facile method to produce iron oxide nanoparticles [77]. The shape, size, and composition of nanoparticles produced from this method is dependent on the reaction temperature, pH, and Fe2+/Fe3+ ratios [6]. This chapter will discuss a co-precipitation reaction of iron salts to produce initial iron oxide particles that are further reduced using solid-gas reactions to obtain iron nanoparticles for uses in magnetic imaging applications. Pure iron nanoparticles are expected to be produced that yield high magnetic saturation values that could have potential for magnetic imaging applications. 
[bookmark: _Toc117352875]Methods and Materials
[bookmark: _Toc289175839][bookmark: _Toc101361751][bookmark: _Toc117352876]Chemicals
Ferric chloride (FeCl3, 99%), Ferrous chloride tetra hydrate (FeCl2: 4H2O, 98%), hydrochloric acid (HCl, 37%), ammonium hydroxide (NH4OH, 28-30% of ammonia), tetraethyl orthosilicate (TEOS), ethyl acetate (anhydrous, 99.8%), 2- propanol (reagent grade, ≥99.5%), hexadecyltrimethylammonium bromide (CTAB ≥98%), and de-ionized water were purchased from Sigma Aldrich. Anhydrous ethanol 200 proof was purchased from Decon Labs. 
[bookmark: _Toc117352877]Synthesis and Setup
1M (0.5839 g) FeCl3: 2M (0.9126 g) FeCl2: 2M (0.6 mL) HCl ratio was mixed with 22.4 mL of DI H2O in a 100 mL beaker with a magnetic stir bar. Initial measured pH was around 1-2. Around 2 mL of 28-30% NH4OH was added dropwise to the solution to raise the pH to 9. Precipitate began forming as the pH increased. Once a pH of 9 was reached, the entire mixture stirred for 40 min at room temperature. After reacting, the mixture was placed on a magnet and the liquid was decanted leaving the magnetic nanoparticles in the beaker. The particles were washed 3-5 times with DI water and 3 times with absolute EtOH. Particles dried in a box furnace at 80 °C overnight to obtain a brown Fe3O4 powder. 

Around 1 g of Fe3O4 nanoparticles was added into ceramic boats and placed into a Mellen tube furnace (Figure 33). The powder was oxidized at 500 °C for 2 hours under ambient conditions. After the furnace was cooled to room temperature, the brown powder had turned red, indicating full oxidation had occurred. XRD analysis further confirmed the red powder to be γ-Fe2O3. The red γ-Fe2O3 powder was further reduced under H2 gas at 500 °C for 2 hours to obtain black α-Fe nanoparticles. Images of the original Fe3O4 powder, oxidized γ-Fe2O3 powder, and α-Fe powder are shown in Figure 34.

Direct reduction of the initial Fe3O4 nanoparticles was also performed without prior oxidation to test if the oxidation step was necessary in order to obtain pure iron. 1 g of Fe3O4 nanopowder was added into a ceramic boat and reduced under H2 gas at 500 °C for 2 hrs. After reduction, the powder had turned black.  

Porous silica coatings were added to the original Fe3O4 nanoparticles produced from co-precipitation to investigate if it could prevent agglomeration of particles during the oxidation and reduction process. 0.025 g of Fe3O4 nanoparticles, 40 mL of 2-propoanol, 1.1 g of NH4OH, 1.42 g of H2O, and 0.1g of CTAB were added to a Bruker flask and sonicated for 1 hr. The solution was mechanically stirred while a silica solution of 0.5 g TEOS, 0.75 mL 2-propanol, and 0.25 mL EtOAc was injected at 0.4 mL/min with a syringe pump, and was stirred overnight (Figure 35). The next morning, silica coated particles were washed 3 times with absolute EtOH and dried in a crucible at 70 oC in a box furnace overnight.  
[bookmark: _Toc117352878] Results
[bookmark: _Toc117352879]Transmission Electron Microscopy (TEM) and Scanning Electron Microscopy (SEM)
Transmission electron microscopy (TEM) and Scanning electron microscopy (SEM) were performed at the Vanderbilt Institute of Nanoscience and Engineering (VINSE) at Vanderbilt University. An FEI Tecnai Osiris TEM system operating between 80 kV – 200 kV was used for TEM imaging. A Zeiss Merlin 
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[bookmark: _Toc116985714]Figure 33: Tube Furnace setup
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[bookmark: _Toc116985715]Figure 34: A. Fe3O4 nanoparticles from co-precipitation, B. Fe3O4 oxidized to γ-Fe2O3 C. γ-Fe2O3 reduced to pure Fe.
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[bookmark: _Toc116985716]Figure 35: Silica coating setup.



SEM was used at 5 kV for larger powdered samples that appeared to have sintered together. Diameters for TEM images were determined using ImageJ processing software.

From TEM images, initial Fe3O4 product diameters ranged between 8-10 nm. Particles were polydisperse with small areas of agglomerations (Figure 36). From SEM images, both the γ-Fe2O3 particles (Figure 37) and α-Fe nanoparticles (Figure 38) were similar in shape and size. Small agglomerations are present, most likely from the high temperature required when oxidizing and reducing.

TEM images of the Fe3O4 particles directly reduced under H2 at 500 °C without prior oxidation are shown in Figure 39. Sintering of particles is apparent in the images and particles were irregularly shaped.  

Due to the particles sintering together after oxidation and reduction at a high temperature, porous silica coating was added to the initial Fe3O4 nanoparticles before oxidation and reduction to prevent agglomeration formation. TEM images of initial Fe3O4 silica coated particles are shown in Figure 40. Clear silica coatings around particles are shown as a white outer layer around the particles. Polydisperse particles are present and slightly less agglomerations were formed. Direct reduction of the silica coated Fe3O4 nanoparticles was performed without prior oxidation under H2 gas at 500 °C and TEM images are shown in Figure 41. The particles appeared to be less agglomerated after reduction compared to uncoated Fe3O4 nanoparticles. However, slight sintering was still present and irregular shapes of nanoparticles persisted. 
[bookmark: _Toc117352880]X-ray Diffraction (XRD)
Powder XRD measurements were performed using a Rigaku SmartLab3kW X-ray Diffractometer with a Cu Kα X-ray Source in a 2θ range of 20° to 80°. 

Stacked XRD spectra of the initial Fe3O4 nanoparticles from co-precipitation of iron salts, γ-Fe2O3 nanoparticles, and α-Fe nanoparticles are shown in Figure 42. From the results, characteristic peaks with 2θ values of the initial Fe3O4 nanoparticles are apparent at 30.3°, 32.6°, 35.5°, 43.2°, 53.6°, 57.2°, 62.8°, and 74.4° (DB # 7228110). The XRD results for the oxidized Fe3O4 sample displayed characteristic γ-Fe2O3 peaks and suggested good crystalline structure based on the 2θ values at 22.8°, 24.1°, 33.1°, 35.5°, 40.8°, 49.4°, 54°, 57.5°, 62.3°, 64°, 71.9°, 75.4°, 84.9°, and 88.5° (DB # 2108027). The final reduced γ-Fe2O3 sample displayed characteristic α-Fe XRD peaks with 2θ values at 44.6°, 65°, and 82.3° (DB # 1100108), and the sample displayed good crystallinity as well.

XRD of the directly reduced Fe3O4 sample without prior oxidation is shown in Figure 43. A mixture of α-Fe and iron oxide was present from the spectrum. Distinct α-Fe peaks are present based on 2θ values at 44.6°, 65°, and 82.3° 
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[bookmark: _Toc116985717]Figure 36: TEM images of initial Fe3O4 nanoparticles from a co-precipitation of iron salts. Scale bar for A is 200 nm, and 50 nm for B and C.
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[bookmark: _Toc116985718]Figure 37: SEM images οf γ-Fe2O3 nanoparticles after oxidizing Fe3O4. Scale bars for A and B are 1 μm and 200 nm respectively.
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[bookmark: _Toc116985719]Figure 38: SEM images of α-Fe nanoparticles from H2 reduction of γ-Fe2O3. Scale bars for A and B are 1 μm and 200 nm respectively.
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[bookmark: _Toc116985720]Figure 39: TEM images of uncoated Fe3O4 nanoparticles directly reduced without prior oxidation. Scale bars for A and B are 500 nm and 200 nm respectively.
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[bookmark: _Toc116985721]Figure 40: TEM images of Fe3O4 nanoparticles coated with silica. Scale bars for A, B, and C are 100, 200 and 10 nm respectively.

[image: ]
[bookmark: _Toc116985722]Figure 41: TEM images of Fe3O4 nanoparticles coated with silica and reduced under H2 without prior oxidation. Scale bars for A, B, and C are 100, 20, and 10 nm respectively. 
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[bookmark: _Toc116985723]Figure 42: Stacked XRD spectra of initial Fe3O4 nanoparticles, oxidation to form γ-Fe2O3, and further reduction to form α-Fe. 
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[bookmark: _Toc116985724]Figure 43: XRD spectrum of Fe3O4 nanoparticles directly reduced under H2 without prior oxidation

(DB# 1100108), and iron oxide peaks were present at 35.3°, 35.8°, 42°, 60.4°, and 62.5° (DB # 2108027).

Stacked XRD spectra of the silica coated Fe3O4 sample and directly reduced silica coated Fe3O4 sample are shown in Figure 44. XRD analysis confirmed no chemical changes of the Fe3O4 nanoparticles occurred after the addition of silica coatings. From the spectrum, silica coating of the original product produced from co-precipitation continued to possess distinct peaks of Fe3O4 based on 2θ values at 35.4°, 35.6°, 43.4°, 77°, 60°, 63°, 59°, and 74.3° (DB # 1011032). XRD spectrum of the silica coated sample that was directly reduced under H2 showed little change in the XRD spectrum, as it still indicated Fe3O4 was present. 
[bookmark: _Toc117352881]Mössbauer Spectroscopy
Mössbauer Spectroscopy experiments were performed with a 57Co source, a Janis SHI-850-5 cryogen-free cryostat, Lakeshore 325 Temperature Controller. Hyperfine interaction parameters were analyzed using a least-squared fitting model with Mössbauer GenFit Software (R. S. Preston and D. E. Brown). After synthesis, samples were dried into powders and stored in an Ar atmosphere glovebox. The powders were loaded and sealed into Mössbauer sample cups for characterization. 

The Mössbauer spectra at 293K of the initial co-precipitated Fe3O4 product, oxidized Fe3O4 to γ-Fe2O3, and reduced γ-Fe2O3 to α-Fe sample series is shown in a stacked plot in Figure 45. Values from hyperfine fitting parameters are displayed in Table 8. From Mössbauer spectroscopy, the initial Fe3O4 sample consisted of 3 broad sextet patterns. The first component consisted of a
hyperfine field of 41.7 T, isomer shift of 0.45 mm/s, and quadrupole splitting of 0.00 mm/s. The second component consisted of a broad sextet with a hyperfine field of 51.4 T, isomer shift of 0.36 mm/s, and quadrupole splitting of 0.00 mm/s. The third component consisted of a broad sextet with a hyperfine field of 47.6 T, isomer shift of 0.36 mm/s, and quadrupole splitting of 0.00 mm/s. From the spectrum, there appears to be a slight mixture of Fe3O4 and γ-Fe2O3.

The γ-Fe2O3 sample produced from oxidizing Fe3O4 nanoparticles consisted of 1 sextet component with a hyperfine field of 50.7 T, isomer shift of 0.37 mm/s, and quadrupole splitting of 0.21 mm/s, which is indicative of γ-Fe2O3 [78]. From the Mössbauer spectrum, full oxidation to γ-Fe2O3 could be determined.

Finally, the α-Fe sample produced from reducing γ-Fe2O3 particles under H2 gas at 500 °C was measured with Mössbauer spectroscopy at 293K. From the results, pure α-Fe was obtained with the spectrum consisting of 1 sextet component with a hyperfine field of 32.4 T, isomer shift of 0.00 mm/s, and quadrupole splitting of 0.00 mm/s.
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[bookmark: _Toc116985725]Figure 44: XRD spectra of silica coated Fe3O4 and silica coated Fe3O4 reduced.
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[bookmark: _Toc116985726]Figure 45: Stacked Mössbauer spectra at 293K for the initial Fe3O4 nanoparticles formed from co-precipitation, oxidation to form γ-Fe2O3, and further reduction to form α-Fe. 
[bookmark: _Toc117352895]
Table 8: Values of hyperfine parameters for Fe3O4, γ-Fe2O3, and α-Fe at 293K. Bhf is the hyperfine magnetic field, δ is the isomer shift, ΔEQ is the quadrupole splitting, and Γ is the linewidth (FWHM). Typical errors are ±0.03 mm/s for Bhf, ±0.5 mm/s for δ, ΔEQ, and Γ and ±3% for relative area.
	Samples at 293K
	Component
	Bhf (T)
	δ (mm/s)
	ΔEQ (mm/s)
	Γ (mm/s)
	Relative area (%)
	Attribution

	
	1
	41.7
	0.45
	0.00
	1.34
	25
	Fe3O4

	Initial Fe3O4
	2
	51.4
	0.36
	0.00
	0.65
	40
	γ-Fe2O3

	
	3
	47.6
	0.36
	0.00
	1.04
	35
	Fe3O4

	
	
	
	
	
	
	
	

	Oxidized
	1
	50.7
	0.37
	0.21
	0.50
	100
	γ-Fe2O3

	
	
	
	
	
	
	
	

	Reduced 
	1
	32.4
	0.00
	0.00
	0.46
	100
	α-Fe




Mössbauer measurements of the directly reduced Fe3O4 sample without prior
oxidation at 293K is shown in Figure 46, which consists of 2 sextets and a broad doublet. Values from hyperfine fitting parameters are displayed in Table 9. Component 1 consisted of a hyperfine field of 32.4 T, isomer shift of 0.00 mm/s, and quadrupole splitting of 0.00 mm/s, indicative of α-Fe. Component 2 consisted of a hyperfine field of 0.00 T, isomer shift of 0.51 mm/s, and quadrupole splitting of 0.93 mm/s, characteristic of γ-Fe2O3. Component 3 consisted of a broad sextet with a hyperfine field of 45.0 T, isomer shift of 0.41 mm/s, and quadrupole splitting of 0.44 mm/s, indicative of Fe3O4 

The stacked Mössbauer spectra of reduced silica coated Fe3O4 samples are shown in Figure 47 at 293K and 6K. Table 10 displays values from hyperfine fitting parameters.  From the results, the 293K spectrum consisted of 3 components, which includes 2 broad sextets and a broad singlet. Component 1 possessed a hyperfine field of 44.0 T, isomer shift of 0.48 mm/s, and quadrupole splitting of 0.50 mm/s, which is characteristic of the A sites of Fe3O4. Component 2 consisted of a broad sextet with a hyperfine field of 43.0 T, isomer shift of 0.65 mm/s, and quadrupole splitting of 0.40 mm/s characteristics of the B sties of Fe3O4 [79]. Component 3 consisted of a singlet with a hyperfine field of 0.00 T, isomer shift of 0.45 mm/s, and quadrupole splitting of 0.29 mm/s, which represents a superparamagnetic γ-Fe2O3 component. From the 6K spectrum, the singlet pattern from the 293K spectrum split into a broad sextet magnetic component, with a hyperfine field of 45.7 T, isomer shift of 0.96 mm/s, and quadrupole splitting of 0.54 mm/s. The previous sextet patterns attributed to the A and B sites of Fe3O4 remained in the 6K spectrum. The first sextet possessed a hyperfine field of 50.9 T, isomer shift of 0.46 mm/s, and quadrupole splitting of 
0.59 mm/s. The second sextet possessed a hyperfine field of 50.9 T, isomer shift of 0.65 mm/s, and quadrupole splitting of 0.47 mm/s, attributing to Fe3O4.
[bookmark: _Toc117352882]Superconducting Quantum Interference Device- Vibrating Sample Magnetometry (SQUID-VSM)
SQUID-VSM measurements were performed at the Joint Institute for Advanced Materials (JIAM) at the University of Tennessee Knoxville. Measurements were performed at 300K and 3K in a ± 1000 mT field. M-H curves and derived point spread functions were plotted in OriginLabs. M-H curve were fitted with a Langevin function. Point spread functions were derived from M-H curves and fitted with Lorentzian functions to determine full-width-half-maximum (FWHM) values.

Three samples were chosen for SQUID-VSM measurements, which included the pure α-Fe sample, directly reduced Fe3O4 sample without prior oxidation, and silica coated Fe3O4 sample. From SQUID-VSM measurements, all three samples displayed low coercivity, but only the silica coated Fe3O4 sample displayed close 
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[bookmark: _Toc116985727]Figure 46: Mössbauer spectrum of reduced Fe3O4 nanoparticles without prior oxidation at 293K.











[bookmark: _Toc117352896]Table 9: Values of hyperfine parameters for reduced Fe3O4 nanoparticles without prior oxidation at 293K. Bhf is the hyperfine magnetic field, δ is the isomer shift, ΔEQ is the quadrupole splitting, and Γ is the linewidth (FWHM). Typical errors are ±0.03 mm/s for Bhf, ±0.5 mm/s for δ, ΔEQ, and Γ and ±3% for relative area.
	Directly Reduced Fe3O4
	Component
	Bhf (T)
	δ (mm/s)
	ΔEQ (mm/s)
	Γ (mm/s)
	Relative area (%)
	Attribution

	293K
	1
	32.4
	0.00
	0.00
	0.34
	64
	α-Fe

	
	2
	0.00
	0.51
	0.93
	0.44
	30
	Superparamagnetic
γ-Fe2O3

	
	3
	45.0
	0.41
	0.44
	0.50
	6
	Fe3O4
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[bookmark: _Toc116985728]Figure 47: Stacked Mössbauer spectra of silica coated Fe3O4 reduced under H2 gas without prior oxidation at 293K and 6K.

[bookmark: _Toc117352897]
Table 10: Values of hyperfine parameters for reduced silica coated Fe3O4 nanoparticles at 293K. Bhf is the hyperfine magnetic field, δ is the isomer shift, ΔEQ is the quadrupole splitting, and Γ is the linewidth (FWHM). Typical errors are ±0.03 mm/s for Bhf, ±0.5 mm/s for δ, ΔEQ, and Γ and ±3% for relative area.
	Temperature
	Component
	Bhf (T)
	δ (mm/s)
	ΔEQ (mm/s)
	Γ (mm/s)
	Relative area (%)
	Attribution

	
	1
	44.0
	0.48
	0.50
	1.09
	35
	Fe3O4

	293K
	2
	43.0
	0.65
	0.40
	0.93
	26
	Fe3O4

	
	3
	0.00
	0.45
	0.29
	1.88
	39
	Superparamagnetic γ-Fe2O3

	
	
	
	
	
	
	
	

	
	1
	50.9
	0.46
	0.16
	0.59
	56
	Fe3O4

	6K
	2
	50.9
	0.65
	0.47
	0.48
	17
	Fe3O4

	
	3
	45.7
	0.96
	0.54
	0.86
	27
	Superparamagnetic γ-Fe2O3



 

to zero hysteresis, thus possessing stronger superparamagnetic quality. The α-Fe sample displayed high magnetic saturation around 221 emu/g, which is higher than previously reported average Fe magnetic saturation values of 217 emu/g [80]. Although the magnetic saturation of the α-Fe sample was high, the sample was not entirely superparamagnetic due to an apparent hysteretic remanence from the M-H curve (Figure 48). When determining potential resolution for potential MPI applications, the FWHM of the PSF was around 344.5 mT, making it ineligible for MPI usage since optimal FWHM is around 6 mT [60, 81] (Figure 49).

The reduced sample of Fe3O4 without prior oxidation displayed a similar M-H curve to the α-Fe sample (Figure 50). Small presence of magnetic remanence was shown in the measurements, which made it not completely superparamagnetic. From the FWHM of the PSF, 351.5 mT was found to be the FWHM of the sample, which makes it unfavorable for potential MPI usages (Figure 51).

Finally, the reduced silica coated Fe3O4 sample displayed superparamagnetic qualities compared to the previously measured samples. The reduced silica coated Fe3O4 sample displayed a steeper M-H curve and a lack of magnetic remanence (Figure 52). The FWHM of the PSF was found to be 106.7 mT (Figure 53). Although the FWHM is still high for MPI usage, it was significantly improved compared to the 2 previously measured samples.
[bookmark: _Toc117352883]Discussion
From TEM images, Fe3O4 nanoparticles initially synthesized from a co-precipitation of iron salts formed particles between 8-10 nm. The particles were slightly irregular in shape, but further tuning of the surfactant and pH could allow for more evenly dispersed particles [6]. Little differences in particle shape and size were determined when comparing the γ-Fe2O3 nanoparticles with α-Fe nanoparticles produced from further solid-gas reactions. However, clear
aggregations and sintering of particles were observed in the γ-Fe2O3 and α-Fe samples, most likely due to the high temperatures used during oxidation and reduction in the tube furnace.

Further confirmation that the higher temperature of 500 °C used during the oxidation and reduction process most likely caused sintering of particles can be seen in the TEM images in Figure 39 of Fe3O4 nanoparticles being directly reduced without prior oxidation [82]. Clear agglomerations formed, but areas of iron in the center of the formations can be seen with areas of iron oxide surrounding the masses. 

Due to the high potential for aggregation of Fe3O4 nanoparticles in solid-gas
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[bookmark: _Toc116985729]Figure 48: M-H curve of pure α-Fe sample obtained from reducing γ-Fe2O3 nanoparticles under H2 gas. 
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[bookmark: _Toc116985730]Figure 49: PSF of pure α-Fe sample obtained from reducing γ-Fe2O3 nanoparticles under H2 gas.
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[bookmark: _Toc116985731]Figure 50: M-H curve of directly reduced Fe3O4 nanoparticle without prior oxidation 
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[bookmark: _Toc116985732]Figure 51: PSF of directly reduced Fe3O4 nanoparticles without prior oxidation
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[bookmark: _Toc116985733]Figure 52: M-H curve of silica coated Fe3O4 nanoparticles directly reduced under H2 gas without prior oxidation.
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[bookmark: _Toc116985734]Figure 53: PSF of silica coated Fe3O4 nanoparticles directly reduced under H2 gas without prior oxidation.

reactions, silica coatings were applied to the nanoparticles to act as a barrier in preventing sintering. From TEM images, it was confirmed that the silica coating 
aided in reducing sintering of particles after subsequent solid-gas reactions were performed [82]. 

XRD analysis correlated with Mössbauer spectroscopy measurements. Characteristic XRD peaks were obtained for the initial Fe3O4 nanoparticles, oxidized γ-Fe2O3, and α-Fe nanoparticles. For initial Fe3O4 nanoparticles, Mössbauer studies indicated a mixture of Fe3O4 and γ-Fe2O3 was present. XRD lacks sensitivity in determining a mixture of magnetite and maghemite in materials [56], so Mössbauer spectra allows for better differentiation of the chemical composition of the nanoparticles.  

Sharper XRD peaks were observed in the γ-Fe2O3 and α-Fe samples, most likely due to better crystallization from the high temperature reaction or increase in particle size from sintering [83, 84]. When compared to Mössbauer spectroscopy measurements, the chemical compositions are in agreement. After oxidation of the Fe3O4 nanoparticles to obtain γ-Fe2O3, the Mössbauer spectrum confirmed that pure γ-Fe2O3 was achieved. In addition, pure α-Fe nanoparticles were achieved based on Mössbauer spectrum consisting of 1 α-Fe component. 

The XRD measurements of the directly reduced Fe3O4 nanoparticles without prior oxidation agree with Mössbauer studies. A mixture of sharp α-Fe peaks and iron oxide peaks are present in the XRD spectrum. When compared to the Mössbauer spectrum, a mixture of α-Fe and iron oxides was present in the sample. About 6% of Fe3O4 and 30% of γ-Fe2O3 was still present in the directly reduced sample, and 64% consisted of α-Fe. The iron oxides present in the directly reduced Fe3O4 sample may be due to the impurities the original sample possessed or the particles were too large to fully reduce to α-Fe. In addition, from magnetic measurements, the directly reduced Fe3O4 sample displayed a small amount of magnetic remanence, but was very close to being superparamagnetic. The hysteretic remanence present in the M-H curve is most likely attributed to the iron oxides present in the sample, thus decreasing the magnetic coercivity and saturation of the pure iron present [85, 86]. From the data, it is clear that oxidation of the initial uncoated Fe3O4 particles produced was necessary in order to obtain pure α-Fe. Since the initial Fe3O4 was not completely pure, direct reduction to α-Fe was not possible since a small mixture of iron oxides remained.

The silica coated Fe3O4 nanoparticles directly reduced under H2 gas failed to produce α-Fe and remained as a mixture of Fe3O4 and γ-Fe2O3 nanoparticles based on the XRD and Mössbauer spectra. Although the silica coating assisted in decreasing sintering of Fe3O4 nanoparticles, reduction from the H2 gas was not achieved. The silica coating could have been too thick or lacked enough porosity for the H2 gas to fully penetrate during reduction. Further considerations in porous silica coatings and optimal thickness are needed in order to achieve reduced α-Fe nanoparticles by a solid-gas reduction method [87].

Although the silica coated Fe3O4 nanoparticles did not reduce under H2 gas, the sample successfully displayed superparamagnetic qualities from SQUID-VSM measurements compared to the pure α-Fe sample and uncoated Fe3O4 nanoparticles directly reduced. One reason the α-Fe sample and reduced Fe3O4 sample without prior oxidation could have shown some magnetic remanence could be attributed to the aggregations that formed [88]. Also, the directly reduced uncoated Fe3O4 sample without oxidation was a mixture of iron oxides and α-Fe. Since SQUID-VSM is a combined measurement of the material, the lower magnetic susceptibility of the oxides present could have interfered with it possessing complete superparamagnetic qualities [85]. 

In addition, the reduced silica coated Fe3O4 sample may have displayed better magnetic M-H curves due to it being smaller iron oxide nanoparticles. The PSF of the sample was better than the previously measured samples, but it failed to meet typical FWHM MPI standards of around 6-10 mT. This can be attributed to the nanoparticles not being well dispersed and lacking high magnetic saturation.

[bookmark: _Toc117352884]Conclusion 
An investigation into the synthesis and characterization of FeNPs for magnetic imaging applications using a co-precipitation of iron salts with solid-gas reactions has been investigated. A pure iron sample was obtained that displayed high magnetic saturation value of 221 emu/g, which is higher than current reported values. High magnetic saturation is a major factor in MPI and MRI based applications, but the pure α-Fe sample displayed small instances of magnetic remanence and produced a large FWHM from the PSF around 344.5 mT. A potential cause for the large FWHM of the α-Fe sample is that the iron nanoparticles were sintered together. The larger sintered particles affected the Brownian relaxation of the particles to produce steep M-H curves that are need for MPI applications. It is also concluded that unless pure Fe3O4 nanoparticles are obtained from a co-precipitation method, prior oxidation steps to obtain γ-Fe2O3 are needed to fully reduce to pure α-Fe nanoparticles. Coating particles with silica before high temperature solid-gas reductions are performed is also needed to prevent sintering of particles. However, porous silica and correct thickness is needed in order to properly reduce the particles to pure iron. Further work is needed in order to determine correct silica pore size and thickness on iron oxide nanoparticles in order to obtain pure iron through a solid-gas reduction method. Although the iron nanoparticles produced from a co-precipitation of iron salts is not optimal for MPI uses, the particles could still have potential for MRI or magnetic hyperthermia applications. 

[bookmark: _Toc289175843][bookmark: _Toc101361756][bookmark: _Toc117352885]CONCLUSION

Iron nanoparticles were successfully synthesized using two synthetic methods including a thermal decomposition of Fe(CO)5 and co-precipitation of iron chloride salts. From the thermal decomposition method, spherical, monodisperse particles around 14 nm in size were produced with distinct core-shell structures. Little variations in particle size and shape were observed when reaction times and surfactant amounts were varied, with the exception of a 48-hour synthesis. Particles from thermal decomposition synthesis exhibited superparamagnetic qualities from SQUID-VSM measurements and displayed low cytotoxicity. However, despite displaying good superparamagnetic qualities, from the derivation of the PSF, it is concluded the particles are not yet suitable for MPI tracer usages. Future investigation into synthesizing slightly larger particles between 18 - 20 nm in size will be performed in order to obtained steeper MH-curves. Although the particles did not meet MPI standards, they still have potential as MRI contrast agents and magnetic hyperthermia agents. 

From a co-precipitation synthesis and further solid-gas reactions, pure α-Fe nanoparticles were obtained. Initial Fe3O4 particles were synthesized from co-precipitation, and further oxidized to γ-Fe2O3. γ-Fe2O3 nanoparticles were successfully reduced under H2 gas to form pure α-Fe. The particles formed from this method were large and irregularly shaped with more tendency to form agglomerations during the oxidation and reduction process under high temperature. The α-Fe particles produced a high magnetic saturation value of around 221 emu/g. Due to possessing a high magnetic saturation, the particles could have potential for further magnetic imaging usages and be used for magnetic hyperthermia. Further work is needed in order to produce less agglomerated particles. However, from the magnetic measurements, the slope of the M-H curve is not steep enough to produce a good PSF for potential MPI tracer uses. Further silica coating of the original Fe3O4 particles was performed in order to mitigate potential sintering of particles at high temperatures. The silica coated particles appeared to be less agglomerated, but full reduction under H2 gas of the particles was not achieved, which could be due to lack of pores in the silica coating. Further investigation in more porous silica coatings and oxidizing and reducing will need to be performed in order to synthesize proper size nanoparticles for further magnetic imaging uses. 

Magnetic particle imaging is a promising imaging technique that can provide better tumor localization and cell tracking for enhanced drug delivery and therapy. The results of this research show promise in creating FeNPs that could provide better magnetic properties compared to commercially available iron oxide nanoparticles. A thermal decomposition synthesis produced the most optimal particles in size, shape, dispersion, and magnetic properties. Therefore, further research will be performed in order to produce larger iron nanoparticles for potential MPI and magnetic imaging applications. 
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