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Magnetic particle imaging (MPI) is a real-time, quantitative and clinically safe imaging 

technique, potentially applicable for future clinical applications such as cancer imaging, 

cardiovascular imaging or stem cell labeling and tracking. MPI performance (i.e. spatial 

resolution and sensitivity) is highly dependent on nanoparticles (NPs) size distribution, 

magnetization and environment. Therefore, NPs MPI signal is different after distribution 

into tissues or binding to the cells. In this project, we evaluated the potential capabilities 

of MPI for tissue targeted imaging applications such as cancer imaging. To do this, we 

used two preliminary experimental models to predict the performance of the tracers in a 

tissue equivalent environment and an acidic lysosome-like solution. For efficient 

targeting and specific binding of the NPs to specific cells (e.g. cancers), it is required to 

conjugate additional biomolecules that can be recognized by receptors on the membranes 

of these cells. Therefore, we introduced functional groups (such as amine, carboxyl and 

maleimide groups) to the surface of our optimized MPI tracers and used them for bonding 

of a brain cancer targeting peptide (lactoferrin) to the NPs and evaluated the targeting 



efficacy of these MPI tracers using an in vivo glioma xenograft model. We also 

conjugated Cy5.5 near infra-red fluorescent (NIRF) molecules to these functional groups 

and evaluated NPs performance as multimodal MPI tracers. This additional modality 

enabled us to study the biodistribution and pharmacokinetics of our optimized MPI 

tracers more accurately, since NIRF revealed more details of microstructural distribution 

of the NPs in different organs. In addition, we investigated the pharmacokinetics and 

biodistribution of the intravenously injected NPs and evaluated MPI performance of the 

NPs after their accumulation in reticuloendothelial system (RES) organs (e.g. liver and 

spleen), and glioma xenografts.  
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Chapter 1. 

INTRODUCTION 

 

 

Magnetic particle imaging is a quantitative tomographic imaging technique for 

visualizing magnetic nanoparticle tracers in a wide range of potential diagnostic and 

therapeutic applications, such as cardiovascular imaging and early cancer detection. 

When MPI tracers are in blood circulation, their magnetic response to applied magnetic 

field can be used for construction of images, revealing their flow in the blood vessels. As 

we will show in this thesis (Chapters 2, 3 and 4), biocompatible iron oxide nanoparticles 

are the only type of tracers being developed for MPI. Therefore, MPI can be used as an 

alternative, but clinically safer method for computed tomography (CT), because CT is 

based on using iodinated contrast agents that are not safe for patients with chronic kidney 

disease (CKD). When MPI tracers are accumulated in targeted tissues such as cancers or 

heart lesions, they can be used to visualize these tissues for various diagnosis purposes. 

Similarly, using iron oxide nanoparticles as MPI tracers will facilitate translation of this 

technique to the clinics as a safer method compared with positron emission tomography 

(PET) and magnetic resonance imaging (MRI), which respectively use radionuclides and 

gadolinium based contrast agents for imaging. In this chapter, we discuss the basic 

concepts of MPI for image generation along with physiochemical properties of iron oxide 

nanoparticles as its contrast agents.  

  

1.1. Magnetic Particle Imaging (MPI) 

Theoretical models of MPI pedict a mass sensitivity of the order of nanograms 

(Fe) and a spatial resolution of 0.2-0.5mm!(assuming!magnetite!nanoparticle!tracers!of!

optimum! size! (23627nm)! and! field! gradient! of! about! 3! Tµ061m61), making it a  

promising tool for full-body imaging, in comparison with other techniques such as PET 

and MRI.[1, 2] High sensitivity and contrast are promising for cancer imaging; for 

example, direct imaging of the intra-tumor distribution of therapeutic magnetic NPs to 
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verify if they are distributed in the layers around the tumor cortex rather than the desired 

accumulation in the core for effective theranostic application.[3] Also, linearity of the 

signals and higher tracer sensitivity without any interfering background signal makes 

MPI a potentially non-invasive technique for cellular imaging applications such as in vivo 

stem cell tracking.[4, 5]  

The first animal MPI image obtained from the blood flow in mouse heart is shown 

in Fig. 1.1. Here, the NPs (ResovistTM) were injected through mouse tail vein and NPs 

flowing through the heart was recorded after about 8 seconds. Also, recently reported 

MPI images of a rat 2 hours after injection of the monodisperse nanoparticles are shown 

in Fig. 1.2. As it can be seen in the images, MPI features depth independent signal and 

outstanding contrast, since signal is generated solely by magnetic nanoparticles and there 

is no interfering signal from diamagnetic tissues surrounding the nanoparticles.[6, 7] 

Also, MPI can provide real-time positive-contrast images of the nanoparticles uptake by 

various organs.[6] Such characteristics make MPI a suitable technique with higher tracer 

localization accuracy, specially when compared with other methods such as MRI and 

fluorescent imaging. In MRI, surrounding tissues generate a background signal due to 

their unavoidable relaxivity. Background signals in fluorescent imaging is also usually 

generated due to auto-fluorescence of the surrounding tissues.  

 

 
Fig. 1.1. Cardiovascular MPI image of the blood flow in mouse heart fused with MRI 
images. Adapted from [6].%
%

%
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%
 
Fig. 1.2. MPI images generated 2 hours after injection of highly monodisperse iron oxide 
nanoparticles into an anesthetized Fisher 344 rat. Parts (a) and (b) show the saggital 
images of the abdominal and thorax (part of the body between neck and diaphragm) 
regions and anterior (head and neck), [Field of view (FOV): 6 cm × 4 cm; Scan time 20 
min]. Parts (c) and (d) show the coronal images of a sacrificed rat [FOV: 11 cm × 4.5 cm 
× 3.75 cm, Scan time: 10 min]. Note that the jugular vein and heart are brighter due to 
presence of nanoparticles in blood. Also, the signal blushing was correlated to the 
nanoparticles present in the blood pool.[8]%
%

Note that even though these theoretically predicted values for spatial resolution 

and spatial resolution mentioned earlier, were reported more than a decade ago by MPI 

inventors at Philips,[1] there are still challenges to achieve highest quality MPI images, 

specially in biological environments such as blood and tissues. This is due to the fact that 

the most important effect of the magnetic relaxation mechanism and possibly magnetic 

interaction of the nanoparticles during MPI measurements were not considered in the first 

experimental analyses. As we will show later in Chapters 3, the magnetic relaxation of 

the nanoparticles and therefore their MPI performance is highly dependent on their core 

size (median size and monodispersity) and environment. Therefore, the MPI signals (i.e. 

spatial resolution and signal intensity) are different after nanoparticles internalization into 

cells or tissues. In addition, the MPI instrumentation is still under development to find the  
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%
Fig. 1.3. Phantom images generated by highly monodisperse iron oxide nanoparticles 
with a median core size of about 23-27nm (shown as UW-1), compared with Resovist 
(Res), at the same iron concentrations. The images show improved signal intensity and 
spatial resolution when optimized nanoparticles were used for imaging. The channels in 
the phantoms were 1.5mm wide and 1.5mm deep.[9]  
 
 
optimal nanoparticles excitation parameters (e.g. magnetic field frequencies and 

amplitudes) for each application. Such MPI scanner optimizations should be done using 

highly monodisperse types of tracers with a median core size of 23-27nm, synthesized by 

thermal decomposition and optimized for MPI (Appendix A). However, unfortunately, 

most of the MPI optimization studies have been done using a commercially available 

tracer (Resovist), which is formed from non-uniform clusters of iron oxide nanoparticles, 

as the magnetic core, coated with a dextran polysaccharide layer. Resovist was originally 

synthesized as a MRI contrast agent and is not optimal for MPI. In addition, its short 

blood half-life limits its application for biomedical purposes.[10] A comparison between 

MPI images of a phantom filled with Resovist and highly monodispersed nanoparticles 

with a median core size of 23-27nm, prepared in our laboratory is shown in Fig. 1.3. 

Generally, in MPI, time-dependent magnetization of the nanoparticles (NPs) 

caused by an alternating magnetic field (typically in the range of 3-25kHz) induces a 

voltage in a receiver coil.[1, 2] This signal is proportional to dm/dt, in which m is the NPs 

magnetic moment. Later in Chapter 3 and Appendix A, we will show that this parameter 

is highly dependent on nanoparticles size and monodispersity. Furthermore, it is the non-

linear magnetization! of superparamagnetic NPs that enables signal localization and 

makes MPI possible. Note that MPI signal intensity is changing linearly with 
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concentration of the NPs, but it varies non-linearly with field (see Chapter 3). A gradient 

field is applied which features a field-free point (FFP), or a field free line (FFL),[11] and 

to form an image, the FFP is scanned across the sample; NPs located at the FFP 

experience a rapid change in magnetization as the FFP passes and generate signal, while 

NPs spatially removed from the FFP have saturated magnetization, and therefore 

experience no change in magnetization and thus generate no signal (Fig. 1.4).[7]   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1.4.% Schematic showing the signal localization mechanism in MPI. A 
gradient field, featuring a field free point (FFP) or field free line (FFL) surrounded by 
non-zero fields is scanned across an imaging volume (voxel). When this FFP (or FFL) 
reaches a nanoparticle or a point source (shown here by black dots), it generates a signal 
originated from the nanoparticles magnetic relaxation.[12] 
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Fig. 1.5. Nonlinear magnetization of the tracers in the presence of an AC magnetic field 
generates a time-dependent signal, dm/dt, which is proportional to the rate of variation of 
the magnetization with field, dm/dH.[12]%We use this dm/dH as the basis for evaluation 
of the resolution and sensitivity levels of our NPs as MPI tracers. 

 

Based upon this simple principle, two approaches for MPI image reconstruction 

have been developed: system matrix and x-space. In system matrix reconstruction, the 

signal’s higher-order harmonic content can be distinguished from the applied AC field 

using Fourier analysis.[1, 13, 14] In the x-space reconstruction, which is the approach 

used for most of the discussions related to MPI data in this thesis, an image is formed by 

relating signal intensity to FFP location at all points within the imaging volume.[11, 15, 

16] As shown in Fig. 1.5, in x-space MPI, the Point Spread Function (PSF) is a product 

of the derivative of the magnetization, dm/dH, which is purely a property of the tracer, 

and the instrument-dependent field gradient, dH/dx, in which x is the distance.[10, 17] 

We emphasize that the principles of tracer optimization are the same for both 

reconstruction approaches, which are simply linked by the Fourier transform. The time-
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rate of change of tracer magnetization should be maximized for a given alternating 

applied field. Relevant to system matrix reconstruction the number of measurable 

harmonics and their relative intensity will thus both be maximized. Relevant for x-space 

reconstruction, the dm/dH height is maximized for sensitivity and its full width at half 

maximum (FHWM) is minimized for spatial resolution.[18] In our lab, we use a home-

built Magnetic Particle Spectormetery (MPS) to determine the dm/dH response of the 

NPs and use it to predict the spatial resolution and signal intensity that can be generated 

in a MPI scanner. MPS is now an established method for rapid screening of NPs to 

determine their suitability for MPI.[16, 19, 20] In the next parts of this thesis, we will 

discuss NPs characteristics required for efficient magnetic particle imaging. 

 

1.2. MPI tracers 

In spite of all the advantages highlighted above, in practice it remains a challenge 

to optimize MPI tracers for maximum resolution and signal intensity. Superparamagnetic 

iron oxide is the most favorable tracer for MPI, due to its biocompatibility and adequate 

magnetic properties,[21] with several formulations of superparamagnetic iron oxides 

having already been approved by the FDA for clinical applications such as MRI or iron 

delivery in anemia.[22-25] However, iron oxide NPs prepared for MPI should be 

designed delicately to have the highest size monodispersity and lowest magnetic 

anisotropy, in order to provide highest spatial resolution and signal intensity during 

applications [13, 21] within the constraints of limits set by peripheral nerve stimulation 

and specific absorption.[15] 

Superparamagnetic behavior of the NPs is the key characteristic of the tracers in 

MPI and iron oxide with the crystallographic structure of magnetite (Fe3O4) has been 

reported as the best candidate for this application. Magnetite has both divalent (Fe2+) and 

trivalent (Fe3+) iron ions in an inverse spinel lattice structure, in which 32 oxygen ions 

make a face centered cubic (FCC), and eight Fe3+ and eight Fe2+ ions occupy the 

tetrahedral sites and eight additional Fe3+ sit on octahedral sites, as shown in Figs. 1.6 and 

1.7.  Bulk magnetite is a ferrimagnetic material, and its magnetic hysteresis is similar to 
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ferromagnetic materials, with remnant magnetization and coercively. As shown in Fig.  

1.7, 16 octahedral sites of magnetite unit cell are occupied by 8 Fe3+ ions (S=2, magnetic 

moments µ ≈ 4µB, spheres with down arrows) and 8 Fe2+ ions (S=5/2, µ ≈ 5µB, spheres  

 

 
Fig. 1.6. Crystal structure of the magnetite (left) and criterion needed for 
superparamagnetism (right).[21]  
 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
Fig. 1.7. Spin lattice structure showing the origin of ferrimagnetic behavior in magnetite 
(Fe3O4). Magnetite unit cell contains, 32 oxygen anions (O2-, shown here by larger and 
brighter spheres) and 24 iron cations (Fe2+ and Fe3+, shown here by smaller and darker 
spheres).[26] 
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with up arrows). In addition, there are 8 other co-aligned Fe3+ ions (again S=2, µ ≈ 4µB, 

spheres with down arrows) in the unit cells, occupying the tetrahedral cites. Such atomic 

arrangement results in a net ferrimagnetic moment of 4µB per unit cell in magnetite. 

However, considering a single domain particle, and a measurement time of about 100s 

(used in routine magnetic measurement techniques such as a vibrating sample 

magnetometer or VSM used in this thesis), with decreasing the size below a critical value 

of about 27nm, the magnetic properties of this material changes to 

superparamagnetic.[27]   

Superparamagnetic magnetite has a closed magnetization loop, and follows the 

Langevine function for magnetization. The NPs are very small and therefore their 

magnetic anisotropy energy, KV (K: magnetic anisotropy energy per unit volume; V: NP 

volume) is smaller than the available thermal energy barrier, KBT, (KB: Boltzman’s 

constant and T: temperature) for rotating between easy magnetization axes (Fig. 1.6). 

Therefore, they show spontaneous reversal of the magnetic moments with zero net 

magnetization, even in the absence of an external field.[21] Later in section 3.1, we will 

discuss the details of these reversal mechanisms in correlation with the amplitudes and 

frequency of the applied magnetic fields in MPI systems.  

In this thesis, we first review general NPs physiochemical properties required for 

any diagnostic and therapeutic application, including MPI, in Chapter 2. Also, we present 

strategies for synthesis and phase transfer of highly monodisperse iron oxide core 

nanoparticles with optimum size range and crystalline structure (Chapter 3 and Appendix 

A). As it will be discussed later, tuning the size and phase purity of iron oxide 

nanoparticles can significantly improve the MPI signal intensity and spatial resolution 

(Appendix A and Chapter 5). We also report strategies for phase transfer of the NPs to 

aqueous media and their surface functionalization in Chapters 3-5, based on the desired 

applications. We show that using a proper phase transfer approach by coating the 

nanoparticles with specific polymers, such as polyethylene glycol (PEG) and its 

derivatives or co-polymers, can significantly improve the stability, blood circulation half-

life and targeting efficiency of the NPs during in vivo applications (Chapter 4). Also, we 
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discuss how various surface functionalization approaches, such as functionalization of the 

NPs with amine groups or maleimide groups enable us to conjugate various types of 

molecules (e.g. fluorescent tags and targeting peptides) to the NPs for multimodal 

imaging and targeting purposes. Finally, in Chapter 5, we evaluate MPI for targeted 

imaging of cancers using athymic nude mice with glioma (brain tumor) xenografts 

generated in them by subcutaneous injection of the C6 brain cancer cells. 
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Chapter 2. 

IN VIVO DELIVERY, PHARMACOKINETICS, BIODISTRIBUTION AND 

TOXICITY OF IRON OXIDE NANOPARTICLES 

 

 

 As discussed earlier in Chapter 1, iron oxide nanoparticles (IONPs) are the only 

type of tracers that have been used for MPI, due to their long-term successful history in 

various biomedical applications. In fact, IONPs are the only type of magnetic 

nanoparticles approved by US Food and Drug Administration (FDA). IONPs have been 

extensively used during the last two decades, either as effective bio-imaging contrast 

agents or as carriers of biomolecules such as drugs, nucleic acids and peptides for 

controlled delivery to specific organs and tissues. Most of these novel applications 

(including MPI) require elaborate tuning of the physiochemical and surface properties of 

the IONPs. As new IONPs designs are envisioned, synergistic consideration of the body’s 

innate biological barriers against the administered nanoparticles and the short and long-

term side effects of the IONPs become even more essential.  

There are several important criteria (e.g. size and size-distribution, charge, coating 

molecules, and plasma protein adsorption) that can be effectively tuned to control the in 

vivo pharmacokinetics and biodistribution of the IONPs. These important parameters, 

also define the performance of the tracers in different kinds of MPI applications. In this 

chapter, we review the crucial IONPs parameters, in light of biological barriers in the 

body, and the latest IONPs design strategies used to overcome them. These strategies 

should be carefully considered for design of the effective MPI tracers and their potential 

translation to the clinics. For example, blood half-life of the nanoparticles, which is one 

of the most critical factors in MPI cardiovascular and cancer imaging (since longer 

circulation time increases the chance of nanoparticles uptake by tumors), is highly 

dependent on their size and surface charge (Chapter 5). We will show in Chapter 4, that 

choosing a proper functionalization method can increase the blood circulation time of  
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MPI tracers in mice, by decreasing their hydrodynamic size. We will also discuss the size 

dependent performance of the MPI tracers in tissue-equivalent environments (Chapter 3). 

A careful review of the long-term biodistribution and side effects of the IONPs in 

relation to nanoparticle design has to be considered for proper design and screening of the 

efficient MPI tracers. This is specially important for evaluation of IONPs with larger core 

sizes (~23-27nm), which have shown significant improvements in MPI spatial resolution 

and signal intensity, due to their size-dependent higher saturation magnetizations 

(Appendix A). Finally, while the discussions presented in this chapter are specific to 

IONPs, some of the information can be readily applied to other nanoparticle systems, 

such as gold, silver, silica, calcium phosphates and various polymers. 

 

2.1. Introduction 

Superparamagnetic iron oxide (γ-Fe2O3 and Fe3O4) nanoparticles (IONPs) are 

biocompatible, biodegradable, and non-toxic, and have been used for a wide range of 

biomedical applications such as tumors or vascular imaging,[21, 28, 29] drug 

delivery,[22] gene therapy,[30] in vivo tracking of labeled cells,[5] magnetic separation 

of cells or molecules,[31] or as an iron supplement for patients with anemia.[32] 

Immediately after their administration in vivo, a host of innate immunological 

mechanisms start to recognize and collect these foreign particles and direct them to the 

major elimination pathways of the body.[33] Therefore, there is always a competition 

between the desired distributions of the IONPs in specific organs and their highly active 

clearance mechanisms.[34] The amount and distribution pattern of the IONPs in different 

organs and tissues, during or after any clinical diagnostic or therapeutic application 

(ranging from several minutes to several years, depending on the application), is 

generally considered as biodistribution and the rate of their recognition and removal by 

the immune system, metabolism and excretion from the body is usually referred to as 

pharmacokinetics. Knowing these two parameters is crucial to enhance the expected 

functionality of the IONPs in any selected region or organ of the body, and to minimize 
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their toxicological side effects due to any undesirable biodistribution or pharmacokinetic 

behavior.[35]  

Recent progress in synthesis, characterization and most importantly, surface 

functionality of the IONPs have enabled researchers to improve these two important 

parameters and answer some important questions related to their clinical applications.[36] 

It is well known that whilst the size of the iron oxide crystals determines the magnetic 

properties of IONPs, the additional molecules on their surface act as the main interface 

between the IONPs and the body’s immune system.[21] Therefore, depending on how the 

IONPs were synthesized, their surface chemistry, the desired application and 

administration methods, the expected pharmacokinetic and biodistribution behavior of the 

IONPs may be different.[37]  

Iron oxide nanoparticles are prepared by two major chemical methods. Co-

precipitation of Fe2+ (ferrous) and Fe3+ (ferric) ions in an alkaline solution is a well-

established conventional IONPs synthesis method.[38] Further, these IONPs can be 

coated in situ with different types of polymers (e.g. dextran,[39] chitosan[22] and 

starch[40]) by the synthesis of the IONPs in the presence of these molecules in solution. 

These types of IONPs have been extensively investigated during the last two decades and 

have been successfully translated to the clinic.[41] While the method can be easily scaled 

up for mass production of the IONPs, it is difficult to obtain uniform iron oxide core sizes 

with narrow size distributions and controlled magnetic properties using such aqueous co-

precipitation methods.[22] Alternatively, thermal decomposition of organic complexes of 

iron (e.g. iron pentacarbonyl, iron oleate or FeOOH) in the presence of capping agents 

(e.g. oleic acid and oleyl amine), results in excellent control of size, shape and 

monodispersity of the IONPs, and the desired magnetic properties.[10, 42-44] We have 

developed highly standard procedures for repeatable and large-scale synthesis of these 

types of nanoparticles,[45] by significant modification of previously reported 

methods.[46-48] The main drawback of this approach is the hydrophobicity of the 

synthesized IONPs, which requires elaborate, multi-step surface modifications to transfer 

them to aqueous media and improve their bio-functionality.[22, 36] 
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This chapter provides a comprehensive review of the in vivo biological barriers 

encountered by IONPs. Furthermore, parameters that play key roles in the clearance 

pathways, body distribution and ultimate fate of IONPs are discussed. We will show that 

synergistic consideration of all these parameters is required in order to develop standard 

criteria for tuning the pharmacokinetics and biodistribution of the IONPs for a specific 

clinical application. If this information is carefully considered in future studies, it will 

help decrease costs associated with clinical trials and potentially reduce the number of 

animal studies by avoiding unnecessary experiments. Also, it can expedite the clinical 

translation of the IONPs to various imaging or therapeutic applications (e.g. early 

diagnosis and treatment of cancers, heart and brain plaques and lesions and efficient 

regenerative tissue engineering). Additionally, pharmacokinetics, biodistribution and 

clearance pathway of the IONPs administrated through various in vivo routes such as 

intravenous and retro-orbital injection, intrapulmonary or oral delivery, will be discussed 

along with their physiological limitations and the IONPs properties required for each one 

of them. Note that, even though we only show MPI applications for intravenously 

injected IONPs in this thesis, MPI can be potentially used for various other applications 

such as imaging of the respiration system and gastro-intenstinal (GI) pathway (similar to 

MRI). Also, retro-orbital injection of the IONPs has been used for some cancer imaging 

applications. Therefore, here, we briefly review their relevant biodistribution and 

clearance mechanisms for future references. Recent progress in successful clinical 

applications of IONPs and any reported side-effects on humans will be also discussed in 

detail.  

 

2.2. IONPs pharmacokinetics 

Depending on the desired biomedical application, iron oxide nanoparticles have been 

mostly administrated through intravenous injection (IV), oral delivery or intranasal 

(inhalation) pathway (also see section 2.2.2). Regardless of the biological barriers (e.g. 

acidic gastric pH and the general stability of the IONPs) specific to each administration 

method, the body’s immune system responds quickly to the presence of IONPs, trying to 
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eliminate them through phagocytic, metabolic and degradative processes in immune cells 

(i.e. circulating white blood cells such as monocytes and residential tissue macrophages, 

discussed in section 2.2.1.2). Based on previous reports, summarized in this chapter, 

tissue (e.g. liver and spleen) macrophages are the most critical cells in the elimination of 

IONPs from the blood circulation. In this section, we describe the pharmacokinetic 

performance and the desired characteristics of the IONPs for each administration method.  

 

2.2.1. Intravenously injected IONPs 

Intravenous injection is the most commonly used approach for administration of 

IONPs. It is the only administration method used for MPI up to now.  Fortunately, this 

method has been extensively used for MRI applications. Therefore, a review of MRI 

related literature helps to estimate biodistribution, pharmacokinetics and clearance 

mechanisms of the MPI tracers. Basic characteristics of some of the IONPs that are 

approved for clinical use as intravenously injected contrast agents for MRI are shown in 

Table 2.1. In the 1990’s, ultrasmall superparamagnetic iron oxide (USPIO) nanoparticles 

were developed for diagnostic and therapeutic clinical applications of MRI by Weissleder 

et al.[49] and other research groups,[50] with the most commonly used ones being AMI-

227 (Sinerem® by Guerbet, and Combidex® by Advanced Magnetics, also called as 

monocrystalline iron oxide nanoparticle or MION[50, 51]), SHU55C (Schering AG) and 

NC100150 (Clariscan, Nycomed). Compared to the first generation of IONPs with 

hydrodynamic size, dH ~ 150nm, USPIOs were smaller (dH ~20-30nm) and showed a 

longer blood circulation time (e.g. 4h 30min in rats).[52, 53] This enabled the use of 

USPIOs extensively as blood pool MRI contrast agents. Later, cross-linked iron oxide 

(CLIO) nanoparticles were prepared to prevent the detachment of the dextran coating 

because of its weak bonding with hydroxyl groups on the surface of the IONPs.[54] In 

contrast to USPIOs, CLIO series of IONPs had several iron oxide crystallites as their 

core.[53, 54]!This group of IONPs has also been widely investigated for different types of 

biomedical imaging applications. Considering these MRI studies are important since 

Resovist, one of the commonly used MPI tracers, is synthesized by using a similar 
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approach (note that Resovist was originally synthesized as a MRI contrast agent). 

Generally, for each MPI application, it is important to know the blood circulation time of 

the injected IONPs (i.e., the time between injection and elimination from the blood) and 

utilize this data to tune the IONPs characteristics based on the desired circulation time for 

that specific application. 

 

2.2.1.1. Blood half-life 

Blood or plasma half-life (t1/2) of the NPs is the time it takes for the concentration of 

the injected NPs in the blood to decrease to half its initial value and is a helpful measure 

to monitor the pharmacokinetics of the NPs. This decrease in concentration is due to the 

elimination of the NPs through various organs (details to be discussed in the next sections 

of this chapter). For magnetic nanoparticles (i.e. IONPs) the half-life can also be defined 

as the time in which the magnetic signal intensity generated from the blood (e.g. MRI T2 

or T1 relaxation rates of the blood) reduces to half its initial value immediately (ranging 

from second to several minutes, depending on the measurements technique) after the 

injection of the NPs.[55, 56] Assuming a one-compartment pharmacokinetic model for 

IONPs, i.e. they do not disintegrate after injection and their distribution in blood after 

injection remains uniform, the decrease in concentration often follows a mono-

exponential decay function (equation 1). A simple fitting of the data (e.g. IONPs 

concentrations or changes in MRI contrast or fluorescent signal intensity of the blood 

samples) to this equation is used to calculate half-life (t1/2) accurately (equation 3).[40, 

49] The general form of the expression is as follows: 

!" = !" exp(− ! ∗ !)   (1) 

where, R is the elimination rate constant that can be simply determined by data analysis 

softwares such as Excel, ED is the effective dose (the dose remaining in the blood plasma 

at the desired therapeutic time point, t) and ID is the injected dose. To calculate the blood 

half-life (!!/!) we have:[50] 
!"
!! =

!
! = exp!(−!!/! ∗ !)   (2) 
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By rearranging the above equation, we get the following expression for blood half-life of 

the IONPs: 

!!/! = !" !
!                 (3) 

The blood half-life of different types of IONPs, shown in Table 2.1, ranges from several 

minutes[49] to several days[57] in rodents and from 1 hour (VSOP-C184)[58] to 24 

hours (AMI-227)[59] in humans. These values depend on various IONPs characteristics 

that will be discussed in next sections of this chapter. Further, blood half-life values are 

highly dependent on dose levels of the injected IONPs (this parameter is discussed later 

in section 2.2.1.4).    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



!
18!

Table 2.1. Blood half-lives (t1/2) of the different types of iron oxide nanoparticles 
(IONPs) after their injection into animal models or human. The iron dosages are reported 
here based on mg Fe/kg body weight unit for easier comparison.  

CS/HS Coating 
molecule 

Name Charge 
(mV) 

Model Dose 
(mg Fe/kg) 

t1/2 Applications/Notes Ref. 

4-7/72 Dextran SPIO 
(AMI25) 

NA Rats 0.224 6m General MRI applications 
 

[49] 

4-6/150 1.12 16m [50] 

4-6/20 USPIO  
(AMI 227) 

NA 1.12 2h 
 

[50] 

4-7/17 MION-46 NA 0.224 81m MRI/Made by size 
fractionation of AMI-25 

[49, 

60] 

4-6/NA USPIO NA 15 2h MRI of spinal cord [61] 

NA/35 Ferumoxtran-
10 
(Sinerem) 

NA Rabbits 56 Several days MRI of Atherosclerotic Plaque [62, 

63] 

5/30 NA Human 2.6 21-30h MRI of lymph nodes [64] 

5/30 BMS 
180549/USPIO 

NA Rats 0.14-1.68 3.7h  General MRI evaluation [65] 

NA Human 1.7 >24h  General MRI evaluation [59] 

5/30 USPIO 
Sinerem 

NA Rats 11.2 4h30m Tumor MRI [53] 

4-6/227 Ferumoxides 
(Feridex) or 
Endorem 

NA Human 0.56-0.84 2h Liver MRI [66] 

NA/121  Feridex NA Rabbits 4.8 0.46h MR Imaging of Atherosclerosis [67] 
 NA/15 Fractionated 

Feridex 
15.9h 

NA/50-80 Dextran 
(20kDa) 

Amino-
dextran SPIO- 
Micromod 

–4.95 to 
–0.77 

Mice 4 5-60m Protein adsorption analysis [68] 

12/50 Dextran 
(40kDa) 

NA 0 Rats 5 50m MRI of myocardial infarction 
and brain tumor 

[69, 

70] 

3-5/60-80 Carboxy 
dextran 
 
 

SHU 555 C 
(Resovist) 

Anionic Rats 5.6 56±17m Imaging of Inflammatory 
Bowel Disease 

[71] 

Rats 2.8 35m General MRI applications [72] 
Human NR 6h 

NA/25 SPIO -20 Rats 11.2 90m MR Lymphography [73] 

USPIO NA Rabbits 6h MRI of atherosclerotic plaques [74] 

7/30 Ferumoxytol 
(AMI7228) 

Anionic Human <4 10-14h MR angiography [72, 

75] 

Rats 2.24 67m [72] 

20/42 Dextran+ 
antibody 

Ocean 
Nanotech 

NA Mice NR 7.5h Brain tumor targeting and MRI 
(0.2mL, concentration NR) 

[76] 

30/30×70 Dextran-PEG Nanoworms NA 
 

Mice 3 16-19h Tumor targeting [77] 

NA/30 Dextran-PEG+ 
targeting 
molecule 

NA NA 17.9-19.6h 

NA Nanoworms NA Mice 3.3(a) 12h(b) Atherosclerotic plaques/one 
dimensional clusters with 80-
110nm length and 30nm width 

[78] 



!
19!

NA/250 Cross-linked 
dextran 
(20kDa) 

Nanoworms NA Mice ~5(a) 10h MRI, protein adsorption and 
blood half-life analysis 

[79] 

5-7/20 Starch FeO-BPA NA Pigs 4 150m Abdominal MR Angiography [80] 
Rodents 1-3 45-100m 

NA/60-90 NA -12.3 to 
3.9 

Rats 11.2 13m  MR Lymphography [73] 

5-7/20 PEG+ starch NC100150 
(Clariscan) 

Anionic Rabbits 0.25-1 45-120m MRI of renal perfusion [81] 

5-7/25 Human 3-4 3-4h MR angiography [82] 

<10/142 PEG (5kDa)- 
starch(c) 

NA +24.4 Rats 12 7.29h  Tumor targeting-By increasing 
the PEG MW to 20kDa, HS 
and half-life increased to 
168nm 11.75h 

[40] 

7/30 Chitosan-PEG-
chlorotoxin-
cy5.5 

NA 0 Mice 6.7(a) 7-8h Cancer targeting and 
imaging/NIR fluorescence 
Scanner for half blood life/ 

[83] 

5/10 PEG+ lipid NA NA Rats 6 
 

45m Kidney targeting /imaging (ϒ-
Fe2O3 core crystals) 

[84] 

10-15/35  LSPIO NA Mice 3.9 1.02h (b) MRI detection of 
atherosclerotic lesions / The 
Half-lives in wild type mice 
reduced to 1.01 (no targeting) 
and 1.12 (with targeting) for 
LSPIO and reduced to 1.41 (no 
targeting) and 1.55 (with 
targeting) for LUSPIO 

[85] 

NA/10  LUSPIO NA 1.52h (b) 
10-15/36 PEG+ lipid+ 

antibody 
LSPIO NA 7.28-7.42h (b) 

NA/12-16 LUSPIO NA 9-9.3h(b) 

4/8.6 Citrate coating VSOP-C184 NA Rats 2.52 21±5m  MRI Pre-clinical 
characterizations 

[86] 
Pigs 36±4m 

4/7 NA Human 0.84-4.2 0.5-1.5h General MRI applications [58] 

NA/12 VSOP-C43 NA Rats 1.68 8.4 ±0.9m Effect of age on half-life/ half-
life increased to 15.9±2.4 in 
old rats 

[87] 

19.6/117.3 PEG+ 
polyaniline+BC
NU drug 

NA NA Mice 15 62h(d) Brain tumor imaging and drug 
delivery 

[57] 

8/24 DMSA NA Anionic Mice 22.4 Several 
hours 

Tumor MRI and targeting 
(Maghemite core crystals)  

[88] 

12/42 DMSA NA -35 Rats 5  10m General MRI application/ 
highly monodisperse cores  

[89] 

12/49 DMSA- 
PEG(2kDa) 

-15 20m 

17/86 PMAO-
PEG(5kDa) 

NA Neutral Mice 7 4m Designed for magnetic particle 
imaging (MPI)/highly 
monodisperse cores 

[90, 

91] 20/42 19m 

27/78 PMAO-
PEG(20kDa) 

160m 

19.7/98 PEG NA -3 to -7 Mice 7 12-14m [92] 

19.7/43 12-14m 
10/63 Polyacrilamide

+PEG (0, 0.6, 
2, 10kDa) 

NA NA Rats 7 28, 25, 38 
and 150m 

Brain tumor MRI/Larger PEG 
MWs increase the half-life 
time. 

[93] 
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4-8/21 phosphonate P904 NA Rabbits 56 3.5h MRI of atherosclerotic plaques [62, 

63] 

70/NA Silica+PEG NA NA Rats 5.7 2.5h General MRI [56] 

NA/1.6µm P(S/V-COOH) 
polymer 

MPIO-Bangs NA Mice 0.0145 1m MRI of myocardial infarction [94, 

95] 

Abbreviations: [Core size and hydrodynamic size (CS/HS)]-[Blood half-life (t1/2)]-[Not available (NA)]-
[monocrystalline iron oxide nanoparticles (MION)]-[Lipid-coated ultra-small superparamagnetic iron 
particles (LUSPIOs)]-[larger lipid-coated superparamagnetic iron oxide particles (LSPIOs)]-[meso-2,3-
dimercaptosuccinic acid (DMSA)]-[1,3-bis(2-chloro-ethyl)-1-nitroso-urea (BCNU)]-[poly(maleic 
anhydride-alt-1-octadecene) (PMAO)] 
(a) Assuming that each mouse weighed 30g. 
(b) IONPs injected through retro-orbital route.  
(c) cross-linked starch 
(d) Half-life reported for the BCNU drug loaded to the IONPs. 
 

2.2.1.2. Mononuclear phagocytic system (MPS): the major clearance route 

Intravenously injected IONPs, are selectively taken up by the liver and spleen (see 

our mice biodistribution study results in Chapter 4.8), with few reports also showing the 

presence of a smaller fraction of the injected IONPs in the lung.[96, 97] Liver and spleen 

are, in fact, the major clearance pathways for the IONPs in the blood and these organs 

form part of the important immune system known as mononuclear phagocytic system 

(MPS) or monocyte-macrophage system also known classically as reticuloendothelial 

system (RES).[98, 99] Note that using MPS terminology for this clearance system is 

more more consistent with the current literature. However, we use RES for monocyte-

macrophage clearance system to avoid confusions with magnetic particle spectrometry 

(MPS), which is commonly used in this thesis. In this section, details about the various 

physiological components of the RES and their role in the clearance pathways are 

provided. Later (section 2.2.1.4), we will consider the physicochemical properties of 

IONPs (e.g. size, surface charge, surface coating density) that affect their biodistribution 

and clearance by the RES.[100]  

The RES system includes monocytes circulating in the blood and macrophages 

located in different organs, such as liver, spleen, lymph nodes, bone marrow, lung and 

brain.[101] Generally, macrophage precursor cells form from hematopoietic stem cells in 

bone marrow and then get released into circulation as monocytes. These circulating 



!
21!

monocytes then extravasate through the endothelium and migrate to tissues followed by 

differentiation into various larger size macrophage subsets, depending on their 

anatomical location and functional phenotype.[102] The major specialized tissue-resident 

macrophages are Kupffer cells in liver, alveolar macrophages in lungs, osteoclasts in 

bones and histiocytes in interstitial connective tissues. Distinct macrophage populations 

also exist in secondary lymphoid organs, including the macrophages residing in spleen 

marginal zones and sub-capsular sinus macrophages in lymph nodes. Tissue-specific 

macrophages also patrol highly immune-privileged organs such as brain (microglia), eyes 

and testes.[103] All these tissue-distributed macrophages clear the body of the presence 

of pathogens or foreign bodies such as bacteria, viruses, abnormal and old cells and 

IONPs, by phagocytosis (i.e. engulfing them followed by their degradation and 

metabolism, as discussed in section 2.3), or by recruiting additional macrophages from 

circulation to strengthen the innate defense mechanisms (during infections or 

injuries).[104]  

In general, liver and spleen are usually the dominant organs for clearance of the 

nanoparticles from the bloodstream.[83] However, when injected in high dosages, the 

liver and spleen macrophages can only eliminate a fraction of the IONPs from the 

bloodstream and the excess IONPs get accumulated in other macrophage-rich tissues 

such as lung and adipose tissue.[105] Uptake of the IONPs by the macrophages of liver 

and spleen is usually preceded by a) opsonization, b) recognition by the macrophages and 

c) phagocytosis (Fig. 2.1). Briefly, during the opsonization process, plasma proteins 

deposit on the surface of the injected IONPs, a process similar to other immunogenic 

species (e.g. viruses and bacteria) and one that specifically signals the Kupffer or 

reticular macrophages to recognize and eliminate them from the circulation.[54, 55] 

Kupffer cells are located inside the sinusoidal blood vessels of the liver  (Fig. 2.2) and 

are the most active phagocytes in uptaking the IONPs. Kupffer cells first attach 

themselves to the approaching IONPs. Then they form foot-like extrusions around the 

IONPs, called pseudopodia, and encapsulate them in phagocytic vesicles or phagosomes. 

The wall of the phagosomes comes in contact with lysosomes, which are intracellular 



!
22!

organelles containing an acidic environment responsible for degradation and metabolism 

of internalized species, and their membranes fuse with each other. Then, digestive 

enzymes are released from the lysosomes, which degrade the IONPs. The exact 

intracellular degradation rates of the IONPs remain unknown.  

 

 
Fig. 2.1. Adsorption of the plasma proteins on the IONPs followed by their uptake by 
Kupffer cells and their accumulation in liver; Presence of PEG prevents the opsonization 
and decreases the uptake of the IONPs by macrophages.[106] 

 

IONPs that are carefully synthesized to stealthily pass the Kupffer cells, usually have 

longer circulation time but may have greater uptake by phagocytic cells of RES organs 

other than liver.   For example, Cole et al.[107] reported a higher uptake of the 

nanoparticles in spleen compared to liver, after addition of a polyethylene glycol (PEG) 

layer around the cross-linked starch-coated IONPs. The exact mechanism of such 

selective uptake of these IONPs by spleen macrophages is still unknown. The authors 

reported two possible scenarios for this observation: first, PEGylation reduced the uptake 

by liver Kupffer cells, increased the half-life from 7.29h to 11.75h, and therefore 

macrophages in spleen had more time to remove the IONPs from the blood. Second, the 

higher spleen uptake might be due to increase of the hydrodynamic size of the IONPs to 

values larger than 200nm after injection, because of plasma proteins adsorption or 

possible aggregation. The critical role of the hydrodynamic size on liver and spleen 

uptake will be discussed later in section 2.2.1.4. 

Recent reports also demonstrate that either nanoparticles or monocyte-macrophages 

can be selectively manipulated to facilitate their phagocytosis and targeting abilities.[108, 

109] For instance by either specific coating of nanoparticles (e.g. Immunoglobulin G or 
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IgG coated IONPs[108]) or by pre-treating phagocytic cells with specific cytokines[109] 

the phagocytic and tissue or lesion homing capabilities of particle containing phagocytes 

can be influenced.  These approaches can potentially enable nanoparticle containing 

monocytes or macrophages to be targeted to sites of infection, inflammation or neoplasia 

for therapeutic or imaging purposes.[110]   

It is also possible to manipulate the immune system of the body to prolong the 

circulation time of the IONPs. For example, reducing the number of active Kupffer cells 

by pre-injection of another material, such as liposome particles coated with a chelated 

Ni2+ layer.  Ni2+ has a higher affinity to adsorb the plasma protein through opsonization 

and therefore it has a high rate of initial macrophage uptake. The IONPs injected after 

this pre-treatment step showed a prolonged half-life up to 5 times more than the IONPs 

directly injected without administration of decoy liposome particles.[111] However, for 

further clinical applications of this approach, it is also necessary to evaluate the long-term 

toxicity of these decoy particles, in addition to all other concerns related to safety of the 

IONPs. As an alternative approach, Wang et al.[112] labeled red blood cells with IONPs 

and observed a significantly longer blood circulation time and efficient tumor targeting 

after intravenous administration of these cells.  

It is important to note that macrophage uptake of the IONPs can have either beneficial 

or detrimental effects, based on the desired application.[113] For example, for targeting 

cancers in various tissues,[114] or identifying metastatic cancers in the lymph 

nodes,[115, 116] and vascular angiography,[117, 118] longer circulation time as a result 

of lower macrophage uptake is desired. On the other hand, for some other imaging 

applications such as evaluation of brain lesions,[119-121] assessment of rejection of the 

transplants or grafts,[122] visualization of heart plaques[74, 123] and various other 

inflammation-mediated diseases[54, 124-126] higher uptake rates of the injected IONPs 

by specific macrophages (other than the Kupffer cells) or circulating monocytes and their 

subsequent homing to specific tissues is desired. 
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• Liver: 

Liver blood vessels contain highly fenestrated sinusoids, with a certain average pore 

size of 100-200nm (depending on the animal or human species), lined by Kupffer cells 

(Fig. 2.2).[127, 128] As described earlier, Kupffer cells are the most effective 

macrophages to quickly phagocytize the nearby IONPs from the blood.[129] Liver uptake 

of IONPs has been reported as the most effective elimination pathway of the 

nanoparticles, even when the IONPs are tuned for specific targeting of tissues or organs 

(e.g. tumors).[85] Due to the high rate of IONPs accumulation in the liver,[130] the organ 

can be easily imaged using the IONPs as T2 contrast enhancement agents in MRI or as 

tracers for MPI (see Chapter 4).[92] As we will show later (Chapters 4, 5 and Appendix 

A), the optimal core size for MPI tracers is 20-27nm. Phase transfer of these larger core 

sizes, usually results in larger hydrodynamic sizes and therefore faster uptake of these 

ideal MPI tracers by liver. In particular, rapid uptake of the IONPs by liver is helpful in 

MR imaging of potential liver cancers, since the IONPs that are taken up by the Kupffer 

cells in the healthy liver generate a dark contrast in T2-weighted MRI, on the other hand, 

the tumor sites, lack Kupffer cells and thus phagocytized IONPs, and appear as bright 

regions.[131, 132] However, this rapid liver uptake is a challenge in MPI, since currently 

available MPI scanners lack the required sub-millimeter high resolution to detect these 

microstructural regions in organs, similar to MRI. T2-weighted MRI images and their use 

for quantification of the IONPs in organs are discussed in section 4.7.  

Hepatocytes are physically separated from the sinusoids in the liver by a region called 

the space of Disse (Fig. 2.2).[133] As discussed in section 2.3.1, hepatocytes also 

accumulate the biodegradation byproducts of IONPs in the form of a protein-iron 

complex, called ferritin. Although the Kupffer cells found in the sinusoids are normally 

the main entrapment sites,[134] if suitably functionalized, IONPs can also accumulate in 

hepatocytes.[135] Hepatocyte delivery of the IONPs can be enhanced by addition of 

molecules with high hepatocyte binding affinities (e.g. linoleic acid[136] and lactobionic 

acid[137]) to the surface of the IONPs, or by increasing the percentage of antifouling 
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molecules such as PEG[133] on the surface of the IONPs to decrease their rate of 

opsonization.  

Accurate mapping of the distribution of IONPs in the liver demands detailed 

experimental studies. For example, Van Beers et al.[138] used different imaging 

techniques to study the distribution of ultrasmall dextran coated IONPs (Ferumoxtran, 

core size, dC ~5nm, dH ~30-35nm) in the liver using a rat model. They used chemical 

staining of the ferric ions (Fe3+), in liver sections and showed by light microscopy 

analyses that maximum uptake of the IONPs (injection dose of 15 µmol Fe/kg) by the 

Kupffer cells occurred after 1-4 hours of injection. This peak was delayed to 8-24 hours 

when the dosage was increased to 150 µmol Fe/kg. MR images on the other hand, 

showed a change in liver contrast, 1 hour after injection of the higher dosage (150 µmol 

Fe/kg), suggesting IONPs were still distributed in the extracellular blood and interstitum, 

rather than Kupffer cells or hepatocytes. Closer inspection using electron microscopy 

analysis in ultrathin sections of the liver showed only sparse IONP uptake in the 

hepatocytes after 24 hours of administering the higher dosage (150 µmol Fe/kg).  
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Fig. 2.2. (a) Scanning electron microscopy (SEM) image of the liver sinusoids. (b) 
Kupffer cells located in liver sinusoids phagocytize the IONPs from the 
bloodstream.[127, 133] 
 
• Spleen: 

Macrophages residing in the reticular meshwork of the spleen and bone marrow also 

act as efficient filters for removing the IONPs from the bloodstream. For example, an 

artery entering the splenic pulp terminates in small, highly porous capillaries that allow 

the blood to enter into the marginal and red pulp zones and then get squeezed into 

collecting veins through the fenestrated venules in the red pulp regions (Fig. 2.3).[139] 

The macrophages present in marginal and red pulp zones of the spleen phagocytize the 

IONPs (see section 4.8.3).[140] Studies on rats and mice have shown the presence of the 
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IONPs either in the red pulp or particularly in the marginal zones around the white pulp 

regions of the spleen.[92, 141] The filtered blood then passes through the endothelial 

walls of the venous sinusoids and finally returns to circulation. Macrophages lining these 

venous sinuses also act as the secondary filtering barrier for the IONPs.[139]  

 

 

Fig. 2.3. The spleen microstructural anatomy and pathway of the IONPs entering the 
spleen through its central arteriole. This artery terminates in highly porous small 
capillaries that direct the IONP into the marginal zones around the white pulp where 
macrophages actively take up the nanoparticles.[142] 
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Fig. 2.4. Pathway of the IONPs in lymph node system. IONPs get taken up from the 
blood vessel by the lymph node macrophages (histiocytes) and then get shuttled to the 
lymph vessel through afferent lymphatics.[143]!
 

• Lymph nodes: 

Lymph nodes are widely distributed in the body and linked together by a network of 

lymphatic vessels. If IONPs enter a tissue, they ultimately may enter the lymph 

surrounding that tissue.[139] They, then get directed to the regional lymph nodes by way 

of afferent lymphatics and get trapped in the sinusoidal reticular meshwork lined with 

macrophages.[143-145] The IONPs in tissues may also be phagocytized by histiocytes 
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present in the interstitum. These histiocytes then migrate to the lymph nodes through 

lymph vessels as shown in Fig 2.4.[143, 144] The filtered lymph passes out of the node 

through efferent lymphatic vessels and finally reaches the venous blood.[145] The major 

fraction of the IV injected IONPs usually get filtered first by the liver and spleen, before 

reaching any other organs and their surrounding lymph nodes. An exception would be 

IONPs that are injected intramuscularly or subcutaneously. In these cases regional lymph 

nodes may be the initial filter point. 

 

2.2.1.3. Renal clearance: a non-phagocytizing pathway 

Nephrons are the major functional and structural units of the kidney and each kidney 

has over a million nephrons. They help the kidneys maintain the homeostasis of body 

fluids and electrolytes among intracellular, extracellular, and extravascular 

compartments. They are also responsible for selective filtering of carbohydrates and 

proteins from the blood, as well as ions and even nanoparticles with dH < 10-15nm, if 

present. The generally agreed size range constraints for clearance of the nanoparticles 

through kidneys and other organs (e.g. liver and spleen)[34, 146, 147] will be discussed 

in detail in section 2.2.1.4.  

The intravenously injected IONPs enter the blood vessels of the nephrons through the 

renal hilum and are eventually excreted in urine via the ureter, then via the urinary 

bladder. However, first they must pass through the glomerulus. During this clearance 

pathway, the IONPs or their degradation products, first reach the glomerular capillaries – 

the blood filtration sites in the nephrons – through afferent arterioles and the filtered 

blood leaves the glomeruli through efferent arterioles. The elements for excretion that are 

filtered from the blood (ultrafiltrates), enter Bowman’s space after passing through gaps 

between the podocytes (Fig. 2.5), forming the glomerular basement layer of the 

capsules.[148] These intercellular filtering slits are also referred to as fenestrae. Note that 

the filtration mechanism in the kidney is physically different from the mechanisms in 

liver and spleen. The kidney fenestrae act as filters that only allow species smaller than a 

certain size (dH~10-15nm) to leave the bloodstream and get excreted from the body, but  
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Fig. 2.5. (A) Excretion pathway of the IONPs or their degradation products through 
kidney. IONPs enter the glomerular capillaries through the afferent arterioles. IONPs 
smaller than 10-15nm, their detached coating molecules, therapeutic agents (e.g. siRNA) 
or degradation bi-products present in the blood can pass the glomerular endothelium and 
fenestrations between the podocytes, where they actually get transferred to renal tubules 
and are excreted in the urine via the bladder. Transmission electron microscopy (TEM) 
images in parts (B), (C) and (D) show that nanoparticles (NP) were trapped in these 
fenestrae due to their large sizes (~60-100nm). (BM: Basement membrane; FB: Filtration 
barrier, (I/D)-NP: (intact/disassembling) nanoparticle; P: podoyctes; U: Urinary space; 
PF: podocyte foot process; M: Mesangium, PC: peritubule capillary; E: Endothelial cell; 
R: Erythrocyte).[149] 

 

liver and spleen sinusoids act as filters that entrap blood borne elements larger than a 

certain size (see section 2.2.1.4). The hydrodynamics of the blood pressure, flow and 
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viscosity and the filterable elements size and charge determine the filtering efficiency of 

the nephrons.[150] In addition, the number and size of these channels is controlled by 

physiological and pathological conditions and varies from species to species. Eventually, 

the ultrafiltrate solution containing any IONPs reaches the renal pelvis, where they get 

transferred to the urinary bladder via the ureters.  

If renal clearance is the appropriate clearance route for a specific type of IONPs, a 

large percentage of the administrated IONPs dosage should be excreted through 

urine.[146] However, due to size constraints, no specific reports describe the presence of 

the non-degraded IONPs in urine.[151] However, small coating molecules that are 

detached from the surface of the IONPs due to their weak bonding and other small 

biodegradation byproducts may be excreted through kidney (Fig. 5).[149, 152]  

Note that labeling of IONPs by coating molecules (e.g. by fluorescent molecules) is 

not necessarily a reliable approach to prove the presence of the IONPs in urine, since in 

most of the cases the coating materials (even those covalently bonded to IONPs surface) 

can get degraded and independently be cleared out of the body through the kidneys much 

faster than the iron oxide core of the IONPs.[153, 154] When IONPs coating molecules 

are labeled with fluorophores, it is possible to study the co-localization of the IONPs and 

their coatings in tissue sections by confirming the presence of blue foci generated by the 

Prussian Blue staining of the iron in the core and the fluorescent signal from the coating 

of the IONPs at the same location in tissues.[83] Even though there are some reports of 

the accumulation of the IONPs in kidney,[155, 156] the critical evidence for renal 

clearance, i.e. traces of IONPs in urine, were not presented in these studies. The observed 

MRI or fluorescent contrast enhancements in the kidney might be only due to the 

presence of the blood circulating IONPs or their micron size aggregates in the efferent 

and afferent blood in the capillaries and arterioles in the renal cortex and not necessarily 

from the glomerular uptake.[83, 107, 157, 158]  
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2.2.1.4. Parameters determining the blood clearance pharmacokinetics 

• Hydrodynamic size and stability of the IONPs: 

Hydrodynamic size of the IONPs is one of the most important factors that determines 

their biodistribution kinetics.[159] This is the most important parameter that should be 

carefully considered for development of efficient MPI tracers, since the MPI performance 

of the nanoparticles (i.e. signal intensity and resolution and blood circulation time) is 

usually dependent on their size and stability in biological environments. The effect of 

hydrodynamic size, dH, on the pharmacokinetics of polymer and gold nanoparticles have 

been discussed at length,[33, 146, 147, 160, 161] and it is reasonable to expect similar 

behavior for IONPs as well. A recent study has clearly shown the decrease of the blood 

half-life of IONPs from 50 to 3 minutes by increasing their hydrodynamic size from 20 to 

85nm.[162] As shown in Fig. 2.6, IONPs with dH > 100nm quickly accumulate in the 

liver and spleen through macrophage phagocytosis and entrapment in liver and spleen 

sinusoids (section 2.2.1.2).[85, 163] In addition, it has been reported that IONPs with dH 

> 200nm have higher rates of uptake by the spleen when compared with the liver, due to 

their mechanical filtration followed by macrophage phagocytosis in spleen.[107, 164, 

165] Pinocytosis (a mechanism for cellular uptake of the smaller nanoparticles occurring 

by a non-specific and non-receptor mediated cell membrane absorption) by liver and 

spleen macrophages has been reported as the main internalization pathway for dextran-

coated IONPs with dH < 20nm.[166, 167] Larger IONPs can get internalized through 

receptor-dependent endocytosis.[166] In both cases, the internalized IONPs get 

transferred to lysosomes. Finally, it is highly likely that IONPs with dH, < 10-15nm[100, 

146] are eliminated via the kidneys according to the mechanisms discussed earlier in 

section 2.2.1.3 (Fig. 2.6). Due to variation in IONPs characteristics and experimental 

parameters(such as animal models, quantification techniques etc.) used in different 

studies, the exact upper and lower size limits to avoid, or enhance hepatic and renal 

clearance, are not well-defined, but the range of sizes provided here are the most agreed 

upon values for each of the IONPs elimination mechanism discussed above.[37] 

Therefore, based on these size limits, we try to adjust the synthesis  
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Fig. 2.6. Schematic showing the size dependent physiological barriers against 
nanoparticles blood circulation. (A) In human kidneys, nanoparticles with dH < 15 nm in 
diameter are filtered out, thus imposing a lower size limit for designing long circulating 
nanoparticles. (B) Sinusoidal capillaries in the liver are fenestrated (50-180 nm) and lined 
with the Kupffer cells, which rapidly uptake large nanoparticles or agglomerates tagged 
with opsonins, and smaller nanoparticles are trapped in the Disse space and can be taken 
up by hepatocytes. Meanwhile, nanoparticles <100 nm in diameter with non-fouling 
(prevent protein adsorption) and non-immunogenic (prevent immune response) coatings 
continue circulating. (C) The Spleen imposes a true upper limit in optimal size for 
circulation – nanoparticles larger than about 200 nm get trapped in the marginal zones 
and red pulp, where they are sequestered by the splenic macrophages. (D) Finally, 
opsonization is the tagging of nanoparticles with specialized proteins called opsonins for 
removal by phagocytic cells of mononuclear phagocytic system (or RES), which includes 
the Kupffer cells in the liver and the splenic macrophages in the marginal zones and red 
pulp.[168, 169] 
 

and surface functionalization of our MPI tracers in a way to end up with hydrodynamic 

sizes of ~20-100nm, to minimize clearance through liver, spleen and kidneys. Note that 
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the optimal core size of the IONPs as optimal MPI tracers is ~20-27nm (see Chapters 3, 4 

and Appendix A). 

Blood half-lives of different types of IONPs with a wide range of hydrodynamic sizes 

are briefly listed in Table 2.1. Note that due to novelty of MPI, only a few IONPs 

formulations presented in this table were specifically designed for MPI. However, 

considering the wide range of hydrodynamic sizes, surface charges and coating molecules 

of other formulations (even thought they were not designed for MPI) can be used for 

future design of various MPI tracers with different functionalities. Generally, RES 

elimination of the IONPs is the dominant mechanism since the hydrodynamic size of the 

IONPs are usually larger than the size limits for renal elimination.[170] Therefore, as a 

simple rule of thumb, by tuning the hydrodynamic diameter of the IONPs between 

approximately 20-100nm, it is possible to extend their blood half-life and increase the 

access of the IONPs to other organs such as lymph nodes,[171, 172] arterial walls,[85] 

brain[173] or tumors.[28] However, it is important to note that even if dH=10-100nm on 

average, there may be some fraction of the IONPs (or their aggregates) with sizes beyond 

this range. The percentage of these fractions depends on the distribution, or the 

polydispersity index (PDI) of the hydrodynamic size of the IONPs, which is typically 

determined in solution using dynamic light scattering (DLS). PDI is a dimensionless 

number, usually ranging from 0.05 to 0.7 and describing the amount of non-uniformity of 

nanoparticles hydrodynamic size distribution. PDI values smaller than 0.05 are rarely 

seen, only for highly monodisperse standards and values greater than 0.7 show that the 

nanoparticles are highly polydisperse, having a very broad hydrodynamic size 

distribution. A high PDI indicates a broad distribution of nanoparticle diameters, which 

results in their multi-stage clearance since larger nanoparticles circulate for shorter 

periods compared to smaller IONPs.[174] For instance, Briley-Saebo et al.[67] used 

filtration to fractionate Feridex (dH= 121nm, with polydispersity index, PDI, of 0.4) 

IONPs based on their size and only used the smaller size (dH=15nm, PDI=0.2) portion of 

the original batch for biodistribution studies. They found that fractionation of Feridex 

increased the blood half-life in mice from 0.46h to 15.9h and decreased the liver 
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accumulation dosage from 60% of the injected dose to only 6.4% after 44h post-injection. 

In general, the lowest possible PDI is preferred in order to get more reliable and 

repeatable in vivo blood clearance pharmacokinetics and subsequent biodistribution 

results.  

Size instability caused by aggregation of the injected IONPs also plays a detrimental 

role in their clearance kinetics.[40] When the injected IONPs are not stable in the blood, 

they form aggregates to decrease their surface energy, which results in their rapid 

entrapment by the RES system. IONPs aggregates can form due to various reasons; for 

example, they form when the steric hindrance or electrostatic repulsion forces between 

the individual IONPs are not strong enough to prevent the nanoparticles from forming 

these clusters.[175] Alternatively, when the coating molecules are weakly bound to the 

IONP cores, they are easily detached in the presence of highly ionic species in the 

surrounding biological media, resulting in IONP aggregation.[176] Usually, in these 

cases, cross-linking of the coating molecules can improve the IONPs stability and blood 

half-life.[39, 79] Adsorption of plasma proteins on the IONPs can also increase the size 

and RES elimination rate of the IONPs.[177] Therefore, by utilization of a proper surface 

modification approach (see Coating Molecules section below), both stability and 

circulation time of the IONPs can be improved.[178] 

 

• Core size:  

Biomedical IONPs are usually made of crystalline iron oxide cores with 

superparamagnetic properties.[21] Core size, dC, of the iron oxide nanoparticles plays a 

very important role in determining their saturation magnetization and dictates their T2, 

T2* and T1 relaxation times when used as MRI contrast agents.[43, 179, 180] For 

example, increasing dC of IONPs from 5 to 14nm, increases T2 relaxation rate of the 

surrounding protons (r2 relaxivity) by a factor of three.[181] In MPI, IONPs behave as 

tracers – unlike MRI, where the IONPs simply alter contrast of surrounding tissue, 

IONPs in MPI are the source of the imaging signal – and larger crystallite sizes (dC ~ 23-

27) generate images with higher resolution and brightness.[9, 42] However, faster 
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biodegradation rates in liver and spleen has been recently reported for monodisperse 5nm 

iron oxide cores in comparison with 15 and 30nm IONPs and coated with the same 

coating molecules.[134] This may raise long-term toxicity issues for larger core sizes, 

because of a longer dwell time.  

In an ideal surface modification process that results in a uniform coating thickness 

with the same type of molecules, larger core sizes should result in larger hydrodynamic 

sizes. However, larger crystal sizes have strong magnetostatic or dipolar interactions with 

each other, which often results in the formation of clusters of the cores with larger 

hydrodynamic sizes. This also makes their surface modification more challenging. As 

discussed in the previous section, for larger hydrodynamic sizes, especially when dH > 

200nm, a shorter half-life is expected due to the rapid hepatic and splenic filtration of the 

nanoparticles. Also, for a constant iron dosage, the total surface area is less for larger core 

sizes, which mean less chemically or physically active sites are available for conjugation 

or loading of the desired polymer coatings and therapeutic biomolecules on the 

IONPs.[182] Therefore, there is always a competing role between higher imaging 

efficiency and longer blood residence time with accompanying therapeutic performance 

of these larger contrast agents both in MPI and a wide range of T2 MRI applications.  

For example, as shown in Table 2.2, r2 relaxivity of the ultrasmall IONPs (lipid 

coated ultrasmall iron oxide nanoparticles or LUSPIO) with smaller core (dC ~2-5nm) 

and hydrodynamic (dH ~ 10nm) sizes was about one third of larger SPIO (LSPIO) 

nanoparticles, (dC ~7-12 and dH ~35nm).[85] However, the blood half-life of LUSPIO 

was ~1.5 times more and its liver accumulation was 30% lower than the LSPIO 

nanoparticles. When different antibodies were conjugated to these IONPs for targeting of 

heart lesions, the blood half-life of the LUSPIO was again 30% more and the liver uptake 

was about 10-15% less than LSPIO. Note that smaller IONPs have a higher r1 (the T1 

relaxation rate of the water protons surrounding each nanoparticle) and are thus often 

used as contrast agents, which provide brighter images in T1-weighted MRI.[43] A longer 

circulation time is generally expected due to their smaller sizes, but more systematic 

studies are needed to evaluate their short-term and long-term size-dependent 
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biodistribution.[159] Note that this example is based on contrast agents designed for 

MRI. However, the general concepts are almost the same for MPI tracers too. MPI tracers 

with larger core sizes (up to 25-27nm, which is superparamagnetic to ferromagnetic 

transition borderline size range) generate higher signal intensity and spatial resolution 

(Chapter 3 and Appendix A), but their half-life gets shorter due to their unavoidable 

larger hydrodynamic sizes. Selection of proper coating molecules, such as coating with 

larger PEG molecules (i.e. >20kDa), may help to prolong their circulation time.   

In addition to size, monodispersity and shape uniformity of the iron oxide cores – 

important parameters often tuned to improve the imaging performance of the IONPs – 

may also affect their biodistribution and pharmacokinetics. Controlled high temperature 

decomposition of iron organometallics (e.g. iron pentacarbonyl and iron oleate) results in 

highly uniform and monodisperse IONPs.[16, 45] However, these IONPs are coated with 

hydrophobic surfactant molecules (e.g. oleic acid and oleyl amine) and complex surface 

modification processes are usually needed to transfer them to aqueous media.  Due to 

limitations of the phase transfer approaches, these IONPs have shown shorter blood 

circulation times compared to some IONPs synthesized by conventional co-precipitation 

in the presence of polymers such as dextran (Table 2.1). 

Table 2.2. Effect of hydrodynamic size (dH) of the IONPs on their r1 and r2 relaxivities in 
MRI, their blood half-lives in normal and wild type mice and dosage percentage 
accumulated in the liver. The hydrodynamic sizes were based on number percentage 
average and the injection dose (ID) was 3.9 mg Fe/kg body weight.(ApoE-/-: 
apolipoprotein E deficient: WT: wild type mice; IK17: human antibody; LSPIO: lipid-
coated superparamagnetic iron oxide particle; LUSPIO: lipid-coated ultra-small 
superparamagnetic iron particle; MDA2 and E06: murine antibodies).[85] 

 

!(dH)!
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• Core morphology:  

Generally, one-dimensional nanostructures such as polymer filaments,[183] carbon 

nanotubes[184] and gold nanorods[185] with a high length to width aspect ratio have 

shown longer blood circulation times over the spherical counterparts.[186] The longer 

circulation time of one-dimensional nanoparticles has been attributed to lesser uptake by 

macrophages due to an opsonin-independent phagocytosis phenomenon.[185] The same 

trend is expected for iron oxide nanostructures with high aspect ratios.[35] For example, 

a prolonged blood half-life of up to 19h has been reported for iron oxide “nanoworms” 

with longitudinal size of 70nm, comprising a linearly aligned set of IONPs (~25nm) 

encapsulated in dextran-PEG copolymer.[77] However, the largest fraction of the injected 

nanoworms accumulated in the lymph nodes (~40%), followed by the spleen (~15%) and 

liver (~9%).[187] This is in contrast with the more frequently reported results for 

spherical IONPs, in which liver has the highest uptake rate among the other RES organs. 

Other recent studies [188, 189] indicate that more systematic comparative analyses are 

needed to identify the exact clearance mechanisms and the optimum aspect ratios that 

enhance the blood half-life and pharmacokinetic performance of one-dimensional 

nanoparticles. It is also important to note that, experimentally, it is a difficult fabrication 

process to maintain all the other parameters (such as number of coating molecules, 

polydispersity and stability) effectively the same, and only change the core morphology 

and compare the pharmacokinetics and biodistribution results.[40, 190] Such studies are 

even more complex when hybrids of iron oxide with other materials such as gold, carbon 

nanotubes, quantum dots, gadolinium or silica are used for in vivo investigations.[140, 

156, 191-199] 

Other IONPs morphologies such as cubes have also been used for in-vivo studies, but 

the effects of these specific shape on their pharmacokinetics and biodistribution 

mechanisms are still unknown.[200] A recent study has shown that iron oxide nanocubes 

tend to form aggregates in the endosomes of the liver and spleen macrophages at the 

earlier stages of uptake, which decreases their endosomal degradation rate.[201] When 

shuttled from endosomes to lysosomes, the lysosome enzymes and proteins redispersed 
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the aggregated nanocubes and subsequently increased their degradation rate.[201] TEM 

analyses showed that degradation happens faster at edges of these cubes (along (220) 

lattice planes), which are thermodynamically less stable crystallographic sites (Fig. 

2.7).[201]  

Fig. 2.7. Single crystalline iron oxide nanocubes (left) and their biodegradation in 
crystallographic directions with higher atomic surface energies after incubation in 
lysosome-like solution (right).[201]  
 
 
 
• Coating molecules:  

Un-coated IONPs are often colloidally unstable, form aggregates and get eliminated 

by the RES system quickly. The biodegredataion rate of these aggregates is slower than 

the individual IONPs and can cause serious long-term safety issues, as discussed in 

Section 2.3.[201] There are some recent methods reported for developing colloidally 

stable un-coated IONPs.[202-205] However, further studies are required to evaluate the 

in vivo performance of these IONPs formulations. Different types of natural (e.g. 

dextran,[68] chitosan,[22] starch,[40, 107] human serum albumin (HSA)[206] and 

phospholipids or liposomes[207, 208]) and synthetic polymers (PEG,[134] Pluronic,[24] 

and different types of co-polymers[154]) have been used to improve the blood circulation 
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time of the IONPs. Table 2.1 lists some of the most commonly used types of coating 

materials and the blood half-life of the corresponding IONPs. All these polymers and 

their prospective alternates are relatively non-toxic.[180]  

Among these different types of the polymers, PEG has been the most popular coating 

option. It stabilizes IONPs primarily via steric hindrance, and has excellent anti-fouling 

characteristics (resists interaction with blood and serum proteins and therefore, reduces 

opsonization, macrophage uptake and subsequent RES clearance of the IONPs).[106] 

Multiple mechanisms have been proposed in the literature regarding the stealth behavior 

of the PEGylated IONPs; the most accepted one is based on the shielding of the surface 

charge of the IONPs and increasing their hydrophilicity, which results in their reduced 

interactions with opsonin proteins.[209] For a wide range of therapeutic applications, it is 

desirable to combine the stealth characteristics of PEG with the novel functionalities of 

other polymers that enable conjugation of drugs or targeting molecules,[83] or sensitivity 

to pH and temperature changes in the surrounding environment.[210, 211] Table 2.1 

shows some examples of PEG-grafted-polymers that have been used for this purpose. 

Although PEG is still the best candidate for coating of IONPs, there are some recent 

studies showing some possible drawbacks regarding its role in the enhancement of the 

nanoparticles pharmacokinetics when multiple injections are required (e.g. multiple 

IONPs administration is required to monitor tumor sizes over a specific period); 

specifically, the pharmacokinetics of the nanoparticles can be different with repeated 

injections. For instance, a very high rate of RES uptake has been reported for some types 

of PEGylated IONPs in their second run of injection.[212] This phenomenon is called 

accelerated blood clearance (ABC) and its mechanism is not well understood.[213] A 

suggested mechanism is that anti-PEG IgM antibodies form in the spleen after the first 

IONPs injection, which remain in the blood and bind to PEGylated IONPs administered 

through subsequent injections; as a result, their uptake by Kupffer cells in the liver is 

enhanced.[214, 215] ABC not only decreases the therapeutic performance of the IONPs 

by reducing half-life, but also raises serious concerns regarding the potential for liver 

damage, especially when IONPs act as carriers for highly toxic anticancer drugs.[216, 
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217] Zwitterionic (or dipolar) materials such as dopamine sulfonate[218] and poly(amino 

acids),[219] polymers with heteroatoms in the main chain (polyglycerol[155]) and vinyl 

polymers (poly(vinylpyrrolidone)[131, 220]) have been introduced as the best alternative 

materials for PEG.[221] The preliminary results show that nanoparticles coated with 

these novel polymers can have a long circulation time in blood.[222] However, the 

occurrence of ABC phenomenon for repeated administration of these novel polymers is 

still unknown. 

 

Fig. 2.8. (A) Mushroom-like configuration of the coating molecules on the surface of the 
IONPs which results in a lower density of the coating molecules and (B) brush-type 
assembly of the coating molecules which provides a high density coating layer.[106] 
 

The molecular weight, shape, charge and grafting density of the coating molecules on 

the surface of individual IONPs can also change the pharmacokinetic performance of the 

IONP.[40, 133, 190] For example, increasing the molecular weight of the PEG molecules 

enhances the stealth characteristics of the IONPs by covering a larger surface area of the 

IONPs, which results in their slower elimination and degradation by RES 

macrophages.[40, 107] Also, when the distance between the attachment sites of the 

coating molecules to the IONPs surface is large (low surface density), a “mushroom-like” 

coating forms, with a shorter half-life in comparison with the “brush-like” conformation 

observed in high surface density coatings (Fig. 2.8).[106, 223] This is due to better 

shielding of the IONPs surface against the opsonin proteins, provided by the denser brush 
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like coatings.[209, 224, 225] The effect of charge on IONPs circulation will be discussed 

in the next section.  

Some coating polymers such as PEG have highly flexible chains, with a large number 

of possible conformations. This makes a conformational “cloud” around the IONPs.[221] 

Statistically, when the rate of the transition of the coating molecules between their 

different conformations is high, the probability of the interaction of the plasma proteins 

with the IONPs is reduced and the blood half-life of the IONPs is longer.[226] The 

flexibility and stiffness of these polymers depends on their molecular structure 

parameters, such as size of the side groups and presence of polar groups or side chains in 

their backbone.[227] Polymers with higher glass transition temperatures (Tg) usually have 

higher rigidity.[228] Thermogravimetric (TG) studies are the standard way to determine 

Tg of the different polymers. More systematic studies are needed to identify exactly the 

role of parameters such as flexibility, rigidity and glass transition temperature of the 

coating polymers on pharmacokinetics of the IONPs.[146] 

The uniformity of the molecular weight of the polymer used for functionalizing the 

IONPs can also be an effective parameter for determining the circulation time of 

individual IONPs. For example, natural polymers such as chitosan and dextran usually 

have higher molecular weight polydispersity index (PDI, explained in the beginning of 

section 2.2.1.4 where we discussed the effects of hydrodynamic size and stability of the 

IONPs) compared to synthetic polymers prepared by controlled chemical routes such as 

reversible addition fragmentation chain transfer (RAFT) polymerization.[229] In terms of 

producing uniform biodistribution performance, a low PDI might be more desirable.  

Circulation time of the IONPs usually decreases when additional biomolecules, such 

as cancer targeting agents and drugs, are conjugated to the surface of the IONPs.[77] 

Increasing the average number of these molecules on IONPs decreases the blood half-life 

and consequently the targeting ability of the IONPs.[77] This is due to the increase in the 

hydrodynamic size of the IONPs after loading of these targeting agents. Therefore, there 

should be an optimum number of these molecules required on each IONP in order to get 

the highest therapeutic performance. This variation depends directly on the type, size and 
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charge of the targeting molecule.[77] A PEG linker between the IONPs surface and the 

targeting molecules increases their residence time in the blood stream, due to steric 

hindrance and anti-fouling characteristics of PEG molecules.[77, 154]  

Finally, the binding strength of coating molecules with IONP cores has an effect on 

circulation time. Coatings that form weak non-covalent bonding to IONPs are prone to 

detachment from the IONPs in vivo after injection;[54] as a result, a large fraction of 

these separated small molecules or their biodegradation by-products accumulate in the 

kidney and are cleared via urine, while the remaining IONPs get aggregated and are 

delivered to the liver.[149, 154, 221] Cross-linking of the coating molecules forms a 

hydrogel around the IONPs that protects them against opsonization and increases their 

blood half-life.[230] For example, dextran molecules have a weak interaction with the 

surface of the IONPs through the hydrogen bonds between the hydroxyl groups of the 

dextran moiety and surface oxide hydroxide groups.[231] When the dextran molecules 

are cross-linked with each other using 1-chloro-2,3-epoxypropane (or epichlorohydrin) as 

an alkylating cross-linker, the blood half-life of the IONPs is increased up to 12h in 

mice.[77, 232] Increasing the dextran cross-linking percentage decreases the protein 

adsorption and prolongs the blood circulation time of the IONPs.[79] The same effects 

were reported recently for IONPs coated with cross-linked starch.[40] Note that these 

dextran or starch coated IONPs are synthesized by co-precipitation method. IONPs 

synthesized by thermal decomposition method (Chapter 3) are usually coated with a thin 

layer of oleic acid or oleyl amine surfactant, which is strongly bonded to the surface of 

the nanoparticles. There is no report showing the detachment of these surfactant 

molecules from the IONPs during the in vivo applications. We think radiolabeling of iron 

oxide core and surfactants with different radionuclides can help to monitor this 

phenomenon accurately. This is specially an important question for future MPI, since the 

optimal MPI tracers are usually synthesized by this method (as shown in the next 

chapters of this thesis and previous works published by our group[10]).  
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• Surface charge and zeta potential 

The surface charge of IONPs directly depends on the molecular structure of the 

coating materials. For example, a positive charge is expected for IONPs with a higher 

number of amine groups,[40, 233] while hydroxyl, sulphate and carboxyl groups usually 

contribute to a negative charge on IONPs.[36, 222] Since charge affects the degree of 

protein adsorption on IONP surface, the types of the functional groups present on the 

surface of the IONPs are important in determining the blood circulation time of the 

IONPs.[233] Unfortunately, there is only limited information available regarding the 

direct role of these functional groups on the pharmacokinetic and biodistribution of the 

IONPs. 

Zeta potential (which is measured in units of mV) has been routinely used as a 

parameter for estimating the surface charge of the nanoparticles. However, it is important 

to note that this parameter is calculated from the electrophoretic mobility (speed of the 

IONPs in an electric field) of the IONPs and is not an accurate representative of the 

nanoparticles surface charge.[234] Therefore, it is possible to see similar zeta potential 

values for different batches of IONPs that are coated with different numbers of the 

charged species on their surface.[235] These different charge densities on the surface of 

the IONPs might change their electrostatic interactions with the surrounding proteins and 

cell membranes and alter the blood circulation pharmacokinetics.[236] Therefore, 

considerable care must be taken to comparatively interpret the pharmacokinetic behavior 

of the IONPs based only on their zeta potential values. 

The blood half-life of some IONPs with neutral, positive or negative charges are 

shown in Table 2.1. It is generally agreed that IONPs with a neutral surface charge have a 

slower rate of RES or renal elimination.[100, 237, 238] For example, for IONPs with the 

same size and coating type (i.e. dextran), the half-life of the neutral Ferumoxtran-10 (dH = 

35nm) IONPs in human body was longer than that of anionic Ferumoxytol (dH = 17-

31nm) IONPs (24-36h vs. 10-14h).[75, 163] A much faster blood clearance is generally 

expected for positive charge IONPs in comparison with negative charge IONPs,[239] 
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because positively charged IONPs have a higher affinity to adsorb plasma proteins[240] 

and bind to macrophage or other cell membranes.[241] 

However, there are still some discrepancies about the exact role of zeta potential 

ranges on the RES clearance rates in different studies. For example, some reports link 

higher liver uptake of the IONPs only to positive charged IONPs with dH > 100nm.[146] 

But, on the other hand, it is also reported that negatively charged USPIO (SHU555C, dH 

= 21nm) coated with carboxydextran have a much higher uptake by macrophages as 

compared with non-ionic Ferumoxtran-10 (dH = 20-50nm) IONPs coated with 

unmodified dextran.[242] In another study, liver accumulation of different sizes of PVP-

coated IONPs with zeta potentials ranging from +12-14mV were compared with Feridex 

(dH = 58nm and -25mV).[131] It was shown that liver uptake of the positively charged 

IONPs was less than Feridex with slightly more accumulation observed in the liver for 

PVP coated IONPs, with dH =  118nm. In a separate study, Sakulkhu et al.[240] reported 

an almost similar blood circulation time for negatively charged (zeta potential~-6mV) 

and neutral (zeta potential~1.5mV) PVA coated IONPs, with respective hydrodynamic 

sizes of ~38 and ~28nm. Also, Cole et al.[40] reported a half-life of up to 12 hours in rats 

for PEG-modified starch coated IONPs with a zeta potential of about +25mV.  

These apparently controversial conclusions might be due to the fact that blood 

clearance of the IONPs is a complex phenomenon depending on the combination of the 

various parameters discussed above, i.e. size, shape, charge and the nature and density of 

coating molecules. In fact, it is technically difficult to maintain all the other parameters 

the same and compare the biodistribution results based only on one parameter such as 

zeta potential.[33]     

 

• Proteins adsorption 

As discussed in section 2.2.1.2, opsonization is a process by which the IONPs get 

encased by plasma opsonin proteins, making them recognizable by macrophages (Figs. 

2.1 & 2.6).[243] Opsonization is usually followed by receptor-mediated phagocytosis of 

the nanoparticles by these macrophages or other phagocytic cells.[244] In addition, 
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surface protein accumulation usually increases the hydrodynamic size of the IONPs, 

which accelerates their hepatic clearance.[131, 233] 

Various parameters determine the thickness and composition of the plasma protein 

corona forming around IONPs.[245] For example, the type, functional groups (e.g. 

amines, carboxyls or maleimides) and charge of the coating molecules can significantly 

change the composition of the protein corona forming around IONPs.[240, 246] Also, the 

amount of the adsorbed proteins per nanoparticles is enhanced by increasing the size and 

surface roughness of the nanoparticles.[247, 248] Mahmoudi et al.[233] incubated 

different sizes of IONPs with fetal bovine serum (FBS) and analyzed the composition of 

the protein corona formed around the nanoparticles. They reported that the larger 

molecular weight fraction of the proteins showed higher adsorption onto the surface of 

the larger IONPs, and smaller proteins interacted more with smaller IONPs. This is 

because protein molecules have a different conformational arrangement on nanoparticle 

surfaces compared to flat surfaces of the same material – a phenomenon that depends on 

the curvature of the binding surface.[248] The relatively larger curvature of smaller size 

nanoparticles limits the binding of large protein molecules, thus decreasing the corona 

size.[249] However, their larger total surface area increases the total amount of the 

proteins adsorption. Also, the physiochemical and mechanical characteristics of the 

coating molecules can significantly alter the rate of the protein adsorption by the 

IONPs.[180, 250] Anti-fouling coatings (such as PEG[251] and zwitterionic 

materials[218]) help minimize interactions with opsonin proteins. This can be achieved 

by either shielding the surface charge, increasing the hydrophilicity, or decreasing the 

interfacial surface tension of the IONPs.[209, 248] Also, protein interactions with 

nanoparticles decrease when the coating molecules have a high vibrational mobility and 

flexibility.[209] Additionally, some coatings have a high affinity for adsorbing 

dysopsonin proteins that suppress the macrophage uptake.[209, 245] Finally, it is still not 

clear whether adsorption of a specific type of protein or a combination thereof is the most 

critical factor for the rapid recognition of the IONPs by RES macrophages.[146] 
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Depending on their net charge, plasma proteins bind either to the iron oxide core or 

the coating layer; for instance, differential proteomic studies of dextran coated IONPs 

incubated with different types of plasma proteins has shown that cationic plasma proteins 

such as histidine-proline rich glycoprotein (HPRG) and high molecular weight kininogen 

(HMWK) bind to anionic magnetite cores, while immunoglobulins (IgG) and mannan-

binding lectins (MBL) bind to the cationic dextran coating.[68] The slightly anionic 

characteristic of the core crystals was due to partial dissociation of Fe(OH)3 during the 

co-precipitation synthesis.[252, 253] Simberg et al.[68] compared the half-life of the 

IONPs in knockout mice and wild type (WT) mice (without any genetic manipulation and 

with all proteins existing in blood plasma) to find which plasma proteins play the 

dominant role in opsonization and recognition of the IONPs by liver macrophages. They 

also measured the half-life of Clodronate liposome nanoparticles in mice with impaired 

liver uptake as a control for circulation of IONPs. It was shown that these plasma proteins 

do not play a significant role in blood clearance of the IONPs (Fig. 2.9(a)). Liver Kupffer 

cells recognized the IONPs with the same rate, regardless of the specific type of adsorbed 

proteins present in plasma (Fig. 2.9(b)).[68] Also their results showed that the proteins 

present in plasma do not completely mask the surface of the dextran coating or iron oxide 

core, suggesting that the IONPs could be directly recognized by Kupffer cells, with 

minimal influence from the opsonin protein coating. 

Similar studies were used to determine the role of protein adsorption on blood 

residence time of IONPs nanoworms, coated with a cross-linked dextran layer.[230] 

Cross-linking created a stealth hydrogel around the IONPs and increased their half-life in 

mice from less than 1 hour to about 10 hours. It has been assumed for more than a decade 

that the cross-linked layer forms a barrier around the IONPs, preventing the adsorption of 

the opsonin proteins and diminishing their recognition by RES macrophages.[77, 232] 

However, the results of this recent study showed that while cross-linking increased the 

half-life of the IONPs, it did not change the adsorption of the plasma proteins to the iron 

oxide core or coating layers. The longer circulation time of the cross-linked IONPs was 

attributed to the diminished binding rate of the anti-dextran antibody to the surface of the 
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IONPs due to decreased number of surface hydroxyl groups after cross-linking. These 

two studies show that to prolong IONPs circulation time, it is not necessary to completely 

prevent proteins adsorption on the nanoparticles. More investigations are needed to show 

if these results are specifically related to dextran coated nanoworms studied in these 

reports or they can be generalized to other types of IONPs and coatings.  
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Fig. 2.9. (A) The half-lives of the dextran coated IONPs in different types of knockout 
mice (each lacking a specific plasma protein). The half-lives in various genetically 
engineered knockout mice (MBL, IgG, HPRG, HMWK, Fibronectin, Vitronectin, 
Fibrinogen and complement C3 deficient mice) were almost similar to their half-life in 
wild type (WT) control mice with all plasma proteins present in blood. Mice treated with 
Clodronate liposomes had impaired liver phagocytic function which served as a control 
(right bar). (MBL: mannose-binding lectins; Immunoglobulin G: IgG; HPRG: histidine–
proline rich glycoprotein; HMWK: high molecular weight kininogen (HMWK)). (B) 
Histology of the liver sections confirm the results in part (A) and show that the Kupffer 
cells recognize and take up these IONPs (green dots due to presence of fluorescent 
molecules on their surface) regardless of the type of the proteins adsorbed to the surface 
of the nanoparticles after their injection. (Panel labels: 1, HMWK-deficient; 2, wild type; 
3, complement C3-deficient; 4, MBL-deficient; 5, clodronate-treated mice).[68] 
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• Technical factors (e.g. nanoparticles dosage and animals phenotypes):  

In addition to the characteristics of the IONPs described above, there are some 

important technical factors that can affect the circulation and pharmacokinetics of the 

IONPs. For example, the blood half-life of the IONPs is dose-dependent in both animal 

models[94] and humans.[82, 254] An earlier study has shown that RES elimination of the 

nanoparticles by macrophages in rat liver and spleen, gets saturated, when more than 1015 

nanoparticles are injected.[255] The remaining nanoparticles usually circulate in the 

blood for longer times and have more chance to reach other organs.[94] A recent study in 

rodents has shown that the clearance rate of the nanoparticles is also dependent on the 

mice strain type and their particular immune systems.[109] Further, the circulation time 

usually increases with age, due to the reduced phagocytic activity.[87]  

Except for a limited number of the iron oxide nanoparticles that are clinically 

approved (such as Ferumoxytol or Ferumoxide), or those that are undergoing clinical 

trials, most of the available half-life information of IONPs are limited to data derived 

from animal models. Therefore, it is important to know how to correlate the half-lives in 

different species for better prediction of IONPs circulation times in human patients. 

Usually, the blood half-lives in rodents are much shorter than in human due to faster heart 

rates and circulation time in rodent models (e.g. about 670, 420 and 75 beats per minute 

for mice, rats and human, respectively).[161] For example, the blood half-life of 45 µmol 

Fe/kg of AMI-227 IONPs is 24h and 2h in humans and rats, respectively.[256] 

 

2.2.2 Pharmacokinetics and clearance of IONPs in other administration methods 

Intrapulmonary delivery (inhalation or intratracheal instillation) of the IONPs is 

predominantly used for imaging and treatment of lung diseases.[257] IONPs 

administrated using the intranasal pathway eventually enter the alveoli spaces in the 

lungs.[258] In studies of mice, the inhaled IONPs mostly accumulated in the central lung 

region – about 2.5 times more than in the peripheral lung zones – without any 

considerable difference between the right and left lungs.[259] The respiratory innate 

immune system acts as the major barrier against their entrance into blood and other 
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organs.[260, 261] The macrophages that are present in the alveolar spaces phagocytize 

the IONPs, digest them and their by-products get released into the pulmonary lymphatics 

or they are swallowed.[262, 263] A recent study has shown that the presence of the 

IONPs can increase the number of lung macrophages by the migration of monocytes into 

the lung, which enables faster ingestion of the IONPs.[264] The intranasal pathway is 

also known as a feasible way to deliver molecules to the brain.[265] However, the 

reported results related to IONPs are still controversial and the mechanisms for 

overcoming the BBB through this method are still unknown.[266-268]  

The size, charge, coating and state of agglomeration of IONPs also play an important 

role in their clearance kinetics through the lung macrophages. Al Faraj et al.[260] 

instilled uncoated IONPs (dc = 20-30nm) via an intratracheal plastic catheter and showed 

that even 14 days after administration of the IONPs, about 88% of the dosage was still 

present in the lung but other organs were not different from control values (Table 2.3). 

The biodistribution of the injected IONPs was also presented in this table for comparison, 

showing that major part of the IV administrated IONPs were accumulated in the RES 

organs. Cho et al.[261] used negatively charged cross-linked IONPs (dH = 36nm) after 

labeling them with fluorescent molecules (Cy5.5) and reported that major fraction of the 

IONPs were cleared from the lung 3h after administration due to increased macrophage 

uptake in the lung. Using a fluorescent tag, they showed that the nanoparticles were 

mostly excreted in the urine in 24h. Additional studies are required to confirm if these 

observed fluorescent signals in urine were from the degradation by-products or 

detachment of the coating molecules after administration of the IONPs or not. Also, the 

presence of any excreted magnetic iron oxide cores in urine could be quantified by 

determination of any magnetic signal from the urine. Other studies by Kwon et al.[268, 

269] also showed that after 28 days of inhalation exposure to silica coated IONPs (dH = 

50nm) a high percentage of the IONPs were accumulated in the liver, kidney and testis 

and the percentage of the IONPs remaining in the lung was similar to other tissues (e.g. 

brain, heart, spleen, etc.). Further studies are required to clarify the degradation 
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mechanisms, clearance pharmacokinetics and exact biodistribution of the IONPs 

administered by this method.  

 

Table 2.3. Biodistribution of the IONPs administered through intratracheal instillation in 
comparison with intravenously (IV) injected IONPs and control mice instilled with 
saline. The instilled IONPs are mostly accumulated in the lung, while the IV injected 
IONPs are mainly entrapped in RES system.[260] 
 

 

 

 

 

 

 

 

 

Oral administration of the IONPs has been mainly used for MR imaging of the 

gastrointestinal (GI) tract. The IONPs used for this method are usually larger than the 

IONPs used for IV or inhalation.[270] For example, Ferumoxsil (AMI-121, coated by 

silica, dH =300nm diameter) has been tested for pioneering clinical studies in the 

1990’s.[271, 272] There are some major biological barriers against the successful GI 

delivery of the IONPs. For example, the gastric acids and enzymes can degrade the 

IONPs in a short time. However, proper coating materials (such as casein protein, silica 

and poly(lactide-co-glycolide acid)) with pKa values lower than 3-5, helps to efficiently 

protect the nanoparticles against these active digestion mechanisms.[273-276] Here, pKa 

is a constant parameter for each type of coating and is defined as a pH value above which 

the coating starts to dissociate.  

Depending on the type of application, the IONPs that survive the extreme acidic 

environment in the GI tract (pH~1-4) might need to pass the transport barrier of the 

intestinal epithelium. This can be achieved by using epithelial permeation enhancers such 

as peptides that can specifically bind to FcRn receptors in intestine epithelial layer.[277] 

Although various physical and chemical properties may
influence pharmacokinetics and cellular distribution, all
iron oxide particles are eventually phagocytosed or endo-
cytosed by the reticulo-endothelial system (RES) (12). The
proton images of organs (kidneys, spleen, and liver) most
likely to accumulate instilled magnetite after passage
through the pulmonary membranes and barriers did not
show any visual difference from the control rats. CNR
analysis of the ROIs after normalization with an external
reference using a water tube did not show any significant
effect of the nanoparticles, which were probably captured
by pulmonary alveolar macrophages and confined to the
alveolar space (13).

With 0.5 mg magnetite suspension intravenous injec-
tion, a 3–5-fold CNR increase in liver and spleen images
was observed, as expected, decreasing gradually over the 2
weeks of the study, accompanied by a decrease in the CNR
in the kidney images. ICP-OES assay after sacrifice at D14
showed a 2–3-fold increase in iron concentration in its
various forms in the liver with a small increase in the
spleen, kidneys, and blood. Thus, comparison of these
results with those from injected control animals validated
the effectiveness of our in vivo MRI technique. Addition-
ally, organs from injected control animals served as the
baseline for the ex vivo iron assay, demonstrating its sen-
sitivity in quantifying iron in organs from magnetite-in-
stilled and -injected animals.

The ex vivo histological analysis confirmed the effec-
tiveness of our instillation procedure for the delivery of
nanoparticles to the acinus regions of the lungs. HPS stain-
ing is neither an Fe- nor macrophage-specific marker. The
objective was to assess the integrity of lung tissue and
localize unstained nanoparticles that are visible as brown
particulates.

A limitation of the present study is the lack of quantifi-
cation of the magnetite effect on the 3He signal. Work in
progress includes multiecho ventilation image acquisition.

Following the signal equation S ! S0exp! " TE
T*2

", it will

be then possible to calculate the T2* value in the presence
of the magnetite nanoparticles, which is thought to be
inversely proportional to the iron concentration. A pixel-
by-pixel map would then represent the local iron concen-
tration, which could be correlated with the iron dosage in
the lungs and with the presence of iron on histology.

Another limitation is the lack of direct comparison be-
tween 3He and proton images acquired at two different
magnetic fields. 3He ventilation imaging does not need a
high magnetic field as it relies on the laser-induced polar-
ization of noble gases, whereas for systemic imaging a
higher magnetic field is preferred to acquire more pro-
nounced susceptibility effects. For proton images, CNR
was used as a metric for the assessment of iron presence.
For the 3He studies, in the absence of an external gas
reference, SNR variations were preferred to estimate the
presence of iron particles.

In conclusion, this study illustrates the potential of non-
invasive 3He and proton imaging protocols for longitudi-
nal assessment of the distribution of intrapulmonary mag-
netically labeled nanoparticles. Hypointense and void sig-
nal regions associated with intrapulmonary USPIO were
observed in the 3He ventilation images throughout the

Table 2
Iron Assay by ICP-OES in !g/g of Organ in the Follow-up Study
after Sacrifice at Day 14

Iron Assay
Control
(n " 2)

Instilled
(n " 4)

Injected
(n " 2)

Lung 67.9 # 5.6 278.1 # 6.8 93.5 # 6.7
Liver 103.5 # 30.4 104.6 # 21.6 339.5
Spleen 347.9 # 45.5 341.8 # 64.7 492.3 # 78.7
Kidneys 68.2 # 9.5 59.7 # 8.1 91.4 # 12.3
Blood 384.8 # 9.6 410.2 # 61.4 487.8 # 45.8
Brain 13.8 # 0.9 17.6 # 2 22.3 # 4.5
Heart 91.9 # 28.1 95.8 # 20.6 96.1 # 24.4
Thymus $ LN 32.8 # 11 35.0 # 9.9 39.1 # 9.4
Testicles 15.1 # 1.4 14.2 # 1.3 13.7 # 1.8

Table 1
CNR of Kidneys, Spleen, and Liver for Control (n"3), Instilled (n"7), and Injected (n"2) Rats after Administration (Injection or
Instillation) of 0.5 mg of Magnetite at Days 0, 2, 7, and 14

CNR
Kidneys Spleen Liver

Control Instilled Injected Control Instilled Injected Control Instilled Injected

D0 5.5 # 6.2 %1.3 # 6.1 0.5 # 3 16.5 # 5 13.5 # 6 81.3 # 1.4 20.2 # 4.5 24.2 # 11.2 70.6 # 14.7
D2 2.6 # 4.6 %3.7 # 6.3 %11.7 # 5.8 15.8 # 3.9 16.6 # 6.2 74.7 # 3.6 19.4 # 9.2 21.9 # 11.7 61.8 # 9.9
D7 5.9 # 4.2 %3.6 # 3.2 %16 # 4.8 18.6 # 1.5 18.7 # 2.8 56.6 # 2.9 17.5 # 9.5 25.8 # 12.8 50.6 # 9.2
D14 6.9 # 2.9 %11.5 # 6 %21.2 # 6.1 18.2 # 1.9 10 # 6.2 44.3 # 1.9 25.4 # 7.5 19.2 # 10 36.18 # 13

FIG. 5. Histological cuts of the lungs of a control rat (a: 100&, b:
200&) and of a 0.5-mg instilled rat (c: 100&, d: 200&) showing the
presence of iron-associated macrophages. [Color figure can be viewed
in the online issue, which is available at www.interscience.wiley.com.]

1302 Al Faraj et al.
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Then, IONPs should pass through the liver sinusoids before entering the general blood 

circulation system. This means that most of the surviving IONPs might be taken up and 

eliminated by the Kupffer cells present in these sinusoids. In fact, the liver is again the 

major clearance organ in the pathway of these IONPs, unless special surface 

modifications have been used to enable stealthy behavior to resist phagocytosis by these 

macrophages. The IONPs remaining in the intestine are excreted through the feces, as 

reported recently by Smith et al.[278] The iron ions and detached or decomposed coating 

molecules, formed by digestion of the IONPs can also get shuttled to the portal blood or 

excreted from the GI track following the intestinal fluid flow.[279] 

Other injection routes such as intra-peritoneal (IP),[280-282] retroorbital,[78, 85] 

intravitreal (inner cavity of the eyes for intraocular drug delivery),[283, 284] intra-

muscular and subcutaneous  injections have also been used as alternative methods for 

administration of the IONPs. Tsuchiya et al.[280] showed that intra-peritoneally injected 

IONPs mainly distributed in liver, lymph nodes and lung. Kim et al.[281] showed that IP 

injected IONPs can pass  the blood-brain- and blood–testis-barriers in addition to usual 

accumulation in RES organs. Biodistribution of the IONPs injected via the eye depends 

on their route of administration. For example, IONPs can enter into general blood 

circulation pool by retroorbital (as opposed to intraorbital) injection and reach other 

organs such as liver and targeted tissues.[78, 85] However, no traces of the IONPs were 

observed in other organs after their intravitreal injection.[283, 284] Nanoparticles 

administered by this method accumulated at corneal, retinal, scleral and optic 

nerves.[285] Intra-muscular and subcutaneous injections of the IONPs have been recently 

used for adjuvant-free malaria vaccine delivery[286] or non-invasive imaging of the 

sentinel lymph nodes to monitor breast cancer metastasis.[287, 288] However, more 

studies are required to determine the long-term biodistribution and clearance of the 

IONPs injected by these methods.  
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2.2.3. Biodistribution of IONPs in other organs and tissues 

• Brain:  

The blood capillaries found in different locations of the body are formed from 

endothelial cells and the exchange of small molecules (such as gasses, inorganic ions, 

monosaccharides and amino acids) between the blood and interstitial fluids occurs 

through the gaps between these cells. In the brain, endothelial cells are tightly fused in 

the capillary walls, due to some contribution by astrocytes. This forms a minimally 

penetrable layer, known as the blood brain barrier (BBB), that protects the brain from 

some toxins, hydrophilic molecules and in general, against many infectious agents (Fig. 

2.10). Gasses and other hydrophobic molecules such as transport facilitating peptides can 

pass this barrier by diffusion through the hydrophobic lipid bilayer membrane of the 

cells. These peptides facilitate the transport of hydrophilic molecules (e.g. carbohydrates 

and amino acids) through the BBB.  

Unfortunately, the BBB also prevents the delivery to the brain of desired therapeutics 

such as drugs and nanoparticles needed for a wide range of tumor diagnosis and treatment 

trials; consequently requiring more direct and invasive administration methods such as 

intracranial injections.[289] In order to avoid such invasive administration routes, 

researchers are taking advantage of the selective permeability of BBB transport 

facilitating peptides or sugars and other penetrating molecules to deliver therapeutic 

agents to the brain [290, 291] For example, it has been shown that when the IONPs are 

coated with a co-polymer of chitosan (a polysaccharide natural polymer) and PEG 

(dH=30nm), they can pass the BBB.[114] This was attributed to 1.) the high lipid 

solubility of the amphiphilic PEG that increases the endothelial permeability of the 

IONPs, 2.) the electrostatic interaction between the cationic chitosan and negatively 

charged brain endothelium that may facilitate the adsorptive-mediated transport across 

the BBB and 3.) the small hydrodynamic size of the IONPs.[114] As another example, 

intra-peritoneal injection of silica coated magnetic nanoparticles has been reported as an 

effective method for facilitating the passage of the IONPs through the BBB.[281] This 

was described based on probable entry of the nanoparticles into the brain from 
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discontinuities of the BBB in ganglia. Raut et al.[292] have shown that application of an 

external magnetic field can also enhance the permeability of the BBB; however, the 

mechanisms of overcoming this barrier through these approaches and possible adverse 

effects when nanoparticles pass BBB are still under investigation.[293] A recent study 

used stereotactic injection of the IONPs to brain for effective stimulation of the neurons 

at deep brain tissues using an external magnetic field.[294] This opens new possibilities 

for treatment of various brain diseases such as Alzheimer or Parkinson using IONPs. The 

nanoparticles were in the injected area one month after their administration. However, the 

long-term biodistribution and clearance mechanisms and kinetics of these nanoparticles 

require further investigations. Preliminary studies by Engberink et al.[295] suggest that 

cervical lymph nodes play a key role as a drainage pathway for the IONPs accumulated 

in the brain after passing the BBB. The exact clearance mechanisms of the IONPs from 

the brain and their probable side-effects (e.g. human neurodegenerative diseases due to 

changes in brain iron homeostasis) require extensive studies.[296]  



!
56!

 

Fig. 2.10. Comparison of the typical blood capillaries found in most parts of the body 
(left) with the blood brain barrier (BBB, right). Small hydrophilic molecules can diffuse 
between blood and interstitial fluids through the pores between the endothelial cells in 
normal capillaries. Hydrophobic molecules and large size proteins can only pass this 
barrier by transcytosis. Endothelial cells in brain capillaries are connected by tight 
junctions. Proteins transcytosis is not possible in BBB and only selected hydrophilic 
molecules can pass the barrier by mediated carriers. Hydrophobic molecules can cross the 
BBB by transcytosis.[297]  

 

• Tumors:  

Fast growing tumors require new blood vessels (tumor angiogenesis or 

neovascularization) or rerouting of the existing vessels adjacent to the tumors to provide 

enough oxygen and nutrition for their survival.[298] This generates abnormal fenestrated 

endothelial structures around the tumors that are highly permeable for IONPs.[225, 299] 

These leaky vessels, which lack any associated lymphatic drainage drive a unique process 
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known as the enhanced permeability and retention (EPR) effect (Fig. 2.11) that is helpful 

in the effective delivery of the IONPs to the solid tumors.[300] These inter-endothelial 

pores can be as large as a few micrometers.[298, 301] However, the desired nanoparticle 

hydrodynamic size (dH) range to evade RES and renal elimination and enter the tumors 

by EPR is variably reported to be 30-200nm by Albanese et al.[34], 10-100nm by 

Ranganathan et al.[302]  and 50-600nm (preferably smaller than 100nm) by  Melancon et 

al.[100] Further, the exact range of the pore sizes and effective NPs size can vary in 

different species and different types of tumors. Nanoparticles larger than 100nm mainly 

get trapped in the extracellular spaces and cannot penetrate further after extravasation 

from these leaky blood vessels.[34, 303] However, smaller IONPs (dH < 20nm) can 

penetrate deep into the perivascular area of the tumors, but they may have a short 

retention time because of hydraulic forces that can easily push them out of the tumor 

tissue.[34, 100, 304] After administration, these smaller nanoparticles can effectively 

evade liver and spleen uptake, but are rapidly eliminated from the blood by kidneys, 

specially for hydrodynamic sizes below 10-15nm.[305] A recent study has shown that 

IONPs decorated with tumor-homing peptides that can specifically bind to fibrin and 

fibrin-associated clotted plasma in tumor vessels can block blood flow through leaky 

tumor blood vessels and subsequently inhibit tumor growth.[306] Variations in the tumor 

targeted delivery of the IONPs through the EPR effect, might be due to differences in 

animal models and biological diversity of the tumors.[307] 

In addition to the passive targeting mechanism described above, the IONPs can be 

directed to tumors, by attaching tumor specific antibodies or peptides to them.[308] 

These targeting molecules have high affinity for the unique receptor molecules found in 

specific tumor cells. Also, a magnetic field gradient can be used to drive the IONPs 

toward the desired location in the body.[57, 309] A recent study, for example, shows that 

using an external magnet around the tumor sites, significantly enhances the targeting 

ability of the peptide loaded IONPs and decreases the liver uptake.[310] However, in 

some cases IONPs redistribution through the RES organs (mainly liver and spleen) has 

been reported after removing the external magnetic field.[311] Such directed 
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accumulation of the IONPs in the tumors is called active targeting.[100] The effect of 

active targeting on enhancing the accumulation of the IONPs in the tumor tissue is 

currently unclear, because of contradictory findings reported in the literature.[34] For 

effective targeting the nanoparticles loaded with antibodies or targeting peptides should 

have a long blood circulation time, which requires evading the elimination through RES 

organs and kidneys. Therefore, as discussed in section 2.2.1.4, the hydrodynamic size 

range of 10nm <dH <100nm is required to minimize the RES and renal clearance.[312] 

Usually the hydrodynamic size increases considerably after conjugation of the targeting 

molecules to nanoparticles. This decreases the targeting ability due to shorter blood half-

life. On the other hand, larger number of the targeting molecules can improve the 

targeting efficiency of the nanoparticles. Therefore, optimum numbers of targeting 

molecules should be added to IONPs in order to ensure the longest blood half-life.[313, 

314] The required number of targeting molecules on NPs depends on the type of the 

tumors and the affinity of these molecules for specific and selective binding to tumor 

cells.  

 

Fig. 2.11. (A) Tumors leaky vasculators and their enhanced permeability and retention 
(EPR). (B) Presence of an externally applied magnetic field can increase the 
accumulation of the IONPs in tumor area.[311] 
 

 

 



!
59!

• Skin: 

For all the administration methods and routes (e.g. IV, oral, intrapulmonary and 

intratracheal delivery) described in this chapter, there is usually no distribution of the 

IONPs to the skin. Recent studies, however, showed a transdermal pathway and 

distribution of the IONPs directed through an incision in the skin. Lee et al.[315] studied 

the penetration of the IONPs into the skin  when physical (sonophoresis) and chemical 

(oleic acid) stimuli were used to enhance the permeability of the stratum corneum (SC) 

by disrupting its lipid bilayer structure. It was shown that even in the presence of these 

enhancers, only restricted penetration of the IONPs to SC-stratum granulosum (SG) 

interface or upper SG layer was observed. Baroli et al.[316], however, showed earlier 

that metallic nanoparticles can penetrate hair follicles and the SC layer and reach the skin 

epidermis, without application of any enhancer.  

Ziv-Polat et al.[317] studied the clearance kinetics of the IONPs (dc=20nm) from the 

incised rat skin. They found that 3 days after administration of the IONPs, they mostly 

resided in the extracellular spaces within the fibrin clot. The macrophages and fibroblasts 

actively took up the IONPs, so that after 8-14 days, IONPs were observed in both 

extracellular and intracellular spaces of these cells. Later, after 28 days, the majority of 

IONPs were cleared from the skin tissue with only negligible traces in intracellular 

vesicles of these cells.  No further analyses were used to track the cleared IONPs or their 

degradation by-products in liver, spleen or kidneys. 

 

2.3. Biodegradation and the fate of the IONPs in the body 

2.3.1. Metabolic pathway of the IONPs 

In a normal human body, 65% of the iron is present within the hemoglobin protein, 

4% in myoglobin, 0.1% in transferrin and 15-30% in ferritin, which is mainly stored in 

the liver hepatocytes.[139] Ferritin (dH~13nm) is composed of a protein shell surrounding 

an ultrasmall iron oxide nanoparticle in their central cavity (dC~8nm) (Fig. 2.12).[151] 

Different types of protein coating structures have been reported for various animal  
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!Fig. 2.12. Ferritin (~13nm) is the main form of iron storage in the liver after degradation 
of IONPs in macrophages. It is formed from a protein shell (~13nm) surrounding iron 
oxide ultrasmall nanoparticles in their central cavity (~8nm).[151] 
 

models and human.[318] It is believed that the mechanisms involved in intracellular 

degradation of any IONPs are very similar to those related to ferritin. In ferritin, the 

protein shell first gets dissolved by lysosomal proteases and then the internal iron oxide 

nanoparticles get released followed by rapid dissolution in acidic environment of the 

lysosomes.[151]  

After degradation of the IONPs, there is an excess of iron in the organs, which needs 

to be regulated through the innate clearance mechanisms of the body (Figs. 2.13 and 

2.14).[319] Transferrin and ferritin are two principal iron-protein complexes that help to 

shuttle and store the iron ions resulting from the degradation of the IONPs in the 

body.[89] Nissim[320] and Richter[321] were the pioneering researchers who reported 

the in vivo biodegradation of the iron oxide particles and role of transferrin and ferritin in 

the biodistribution of their degradation by-products more than six decades ago.!Related 
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investigations are still ongoing with the development of more advanced types of IONPs 

and characterization methods; for example, Levy et al.[105], recently used a combination 

of multiple magnetic characterization techniques (EPR and SQUID) accompanied by 

intracellular TEM imaging and ICP quantification techniques (see section 2.4. for 

description of these characterization methods) to precisely monitor the long-term (over 

three months) transformation of the iron oxide to ferritin in mouse liver and spleen. 

Intravenously injected IONPs, taken up by the macrophages in different RES organs, 

especially liver and spleen, get dissolved in the acidic environment of the lysosome 

compartments of these cells.[322, 323] A slower IONPs degradation rate has been shown 

in spleen macrophages in comparison with liver Kupffer cells, as a result of the presence 

of less iron storage proteins available in spleen.[201] The degradation rate is also highly 

dependent on the type of materials coating the surface of the IONPs.[324] IONPs with 

coatings that allow limited water diffusion to their cores usually degrade slower in the 

macrophages.[325] Also, the degradation rate is slower for higher dosages of the injected 

IONPs.[326, 327] The released iron ions bind to iron-binding apoferritin proteins existing 

in the cytoplasm of the macrophages and form ferritin.[145] Iron ions can easily detach 

from the ferritin and bind to apotransferrin to form transferrin.[328] Plasma transferrin 

circulates in the body to transport iron to different tissues such as bone marrow and 

muscles (Fig. 2.13). In bone marrow they transform into hemoglobin in red blood cells 

(RBC) and in muscles they become myoglobin, an iron and oxygen binding protein 

responsible for carrying oxygen to muscle tissues in vertebrates. 

In the bone marrow, transferrin can strongly bind to the receptors on the membrane of the 

erythroblasts, followed by endocytosis and release of the iron ions into the mitochondria 

to form hemoglobin, which later gets stored in the red blood cells as the principal oxygen 

carrier.[139, 145] Senescent RBCs (the lifespan of RBCs is about 120 days in humans) 

are fragile and burst in the tight capillary spaces of the red pulp in the spleen, thus 

releasing their hemoglobin. This can cause an increase in the amount of iron in the spleen 

as reported by Levy et al.[105] RES macrophages then phagocytize these hemoglobin 

molecules and transform a part of them into ferritin and then transferrin, which can again 
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go back to bone marrow, be used to make new RBCs or get stored in the liver 

hepatocytes in the form of ferritin.[329] This ongoing cycle maintains the iron ions in the 

body for a long time with a slow clearance rate (Figs. 2.13 and 2.14).[328, 330] 

Macrophages also transform a fraction of these hemoglobin molecules to bilirubin (a 

normal breakdown product of heme catabolism), which then gets excreted in bile and 

urine. If the amount of iron in the body is more than the available amount of apoferritin, 

large microscopic insoluble aggregates known as hemosiderin, form in the liver 

cells.[331] The iron-releasing rate from hemosiderin is much slower than ferritin.[331] 

The iron ions released from the IONPs administered orally into the GI tract usually 

get absorbed through the small intestine. The apotransferrin protein secreted by the liver 

flows to the small intestine through the bile and then binds to these iron ions to form 

transferrin.[139] Transferrin molecules bind to the receptors of the intestinal epithelial 

cells and get internalized by pinocytosis and finally reach the plasma.[139] Transferrin 

transfers the iron ions into liver hepatocytes, where they release their loosely bound iron 

ions into the cytoplasm of these cells. Iron ions immediately bind with apoferritin to form 

ferritin as the main iron storage supply of the body and again iron enters the same 

metabolic cycle as the IV injected IONPs (Figs. 2.13 and 2.14). Generally, the GI 

absorption mechanism is much slower and less efficient than iron absorbed followed by 

IV injection of the IONPs, which is an important factor to consider when the IONPs are 

administrated for increasing the iron supply in the body for patients with anemia.[23, 

332] However, delivery of iron orally is safer since overdosing via this route is difficult. 

The clearance of the iron released from inhaled IONPs in the lung also follows the 

same mechanism by incorporation of ferritin and transferrin. Alveolar macrophages take 

up and degrade the IONPs and form intracellular ferritin. Released ferritin transforms to 

transferrin in the bronchial and epithelial lining fluids and eventually gets cleared quickly 

by lung mucociliary system.[262] Transferrin can be also transported to the RES system 

for the long-term storage, as described above. 
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Fig. 2.13. IONPs biodegradation and general iron transport and metabolism pathway in 
the body. The intravenously injected IONPs, with hydrodynamic sizes larger than 10-
15nm, get degraded in RES (or MPS) macrophages and free iron ions transform to 
ferritin and hemosiderin iron-protein complexes. Ferritin can transform to transferrin and 
then get transported to bone marrow, where they are used for making hemoglobin in red 
blood cells (RBC) that circulate in the body. A part of this iron also forms myoglobin, an 
iron-protein complex carrying oxygen to muscles. Senescent RBCs are fragile and burst 
in the tight capillary spaces of the red pulp in the spleen and release their hemoglobin. 
This can cause an increase in the amount of iron in the spleen. RES macrophages then 
phagocytize these hemoglobin molecules, form ferritin and again transform them into 
transferrin, which can go back to bone marrow to make new RBCs or get stored in the 
liver hepatocytes in the form of ferritin. 
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Fig. 2.14. Biodegradation, metabolic pathway and clearance of the IONPs after their 
intravenous injection or oral administration. Similar to Fig. 2.13, administered IONPs 
degrade and transform to ferritin and transferrin iron-protein complexes and enter the 
innate storage, blood circulation and recycling path, which usually takes a long time (up 
to several years) to get fully cleared from the body. Note that this slow clearance has 
been successfully used to increase the level of iron in blood for anemia patients.  

 

 

The degradability and clearance of the coating materials should also be considered as 

an additional criterion for evaluation of the biodistribution of the IONPs. Radiolabeling 

of the iron oxide core and coating molecules is a common method for tracking of their 

movements along different excretion routes[333-335] or monitoring their integrity in 

blood circulation after administration.[336, 337] For example, labeling of the iron oxide 

core by 56Fe and dextran coating by 14C tags, showed that dextran molecules have a much 
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faster clearance kinetics compared to the iron core.[338] In a rat model, ~88.6% and 

~12.9% of the injected coating molecules got degraded and cleared through urine and 

feces, respectively, after 56 days. On the other hand, only 16.8-21.8% and 1% of the 

administered iron was excreted in the feces and urine, respectively, and the remaining 

dosage was still circulating in the body as part of the iron metabolic cycle even 84 days 

after injection. Alternatively, conjugation of fluorophores to the coating molecules and 

optical microscopy of the urine and feces have also been used to monitor clearance 

through the kidneys and the hepato-billiary pathways.[152] However, it is important to 

test the co-localization of the iron and fluorescent signals to make sure that the 

fluorescent signal is not just from the detached coating or fluorescent molecules due to 

their faster degradation and clearance rates. In a separate study, Tate et al.[339] 

determined the amount of the IONPs in mice organs, 14 and 580 days after injection, and 

showed the complete clearance (e.g. through feces and urine) of the IONPs after 580 

days. Note that this report only showed the results 14 and 580 days after injection without 

any intermediate time points and therefore the exact clearance time cannot be exactly 

established.  

Iron ions resulting from the degradation of the IONPs can be incorporated in the RBC 

hemoglobin either as ferrous (Fe2+) or ferric (Fe3+) ions. However, only Fe2+ ions are 

active in transporting the oxygen molecules between lung and other tissues.[340] Simply 

put, this is because ferric ions are at their highest state of oxidation and cannot react with 

the oxygen molecules.[341] Ferrous ions from hemoglobin, on the other hand, make 

weak and reversible bond with oxygen molecules, which are then released from red blood 

cells as they circulate.[139] Methemoglobin reductase enzyme can reactivate the non-

functional ferric ions of the hemoglobin by reducing their oxidation state to ferrous.[341] 

Therefore, there might be some additional variations in the metabolic pathway of the 

different forms of IONPs (i.e. FeO, Fe2O3 or Fe3O4) and future studies can be helpful to 

investigate their pharmacokinetics more precisely.[342] This is specially important for 

translation of MPI to clinics, since we have shown that magnetite (Fe3O4) is the desired 

iron oxide phase for ideal MPI tracers (Appendix A). Also, knowing the degradation rate 
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and final body clearance mechanisms of these ideal MPI tracers and their possible side-

effects due to their larger core sizes (i.e. 23-27nm) is unknown and requires long-term 

biodistribution studies. Also, note that hemoglobin also transports carbon dioxide (CO2), 

by forming a carbamate group between its terminal amino groups and CO2 

molecules.[343] 

 

 

2.3.2. Organs half-lives 

For safer application of the IONPs, the degradation rate of the IONPs in RES organs 

should be specified by their half-life in each organ.[87] For example, it has been shown 

that for lower injected dosages (1mg/kg body weight), IONP degradation in rat liver 

follows a mono-exponential decreasing rate, but for higher dosages (2 and 5mg/kg body 

weight), it is a bi-exponential function comprising two separate fast and slow decay 

curves.[330] Knowing the tissue half-life is also important in monitoring the retention 

time of the IONPs in tumors when their therapeutic applications such as controlled 

release of the drugs are desired.[93, 100, 344] The half-lives of the IONPs in different 

organs can be determined using the same techniques that are used for measuring their 

blood half-lives.[345] 

 

2.4. Methods for determining pharamacokinetics and biodistribution of IONPS 

Various methods have been used for the detection of very low concentration of 

IONPs in blood and organs (i.e. nanomoles of iron per gram of the tissue).[346] These 

methods can be roughly categorized into imaging, spectroscopy and magnetometry. 

Imaging methods used for characterizing biodistribution of IONPs include, but are not 

limited to, transmission electron microscopy (TEM), optical microscopy, MRI and MPI – 

a novel imaging modality that is sensitive solely to the magnetic signal from IONPs. The 

high magnification and resolution capabilities of TEM are helpful for observing IONPs 

distributed in the intracellular and extracellular regions of ultrathin tissue slices (i.e. 

0.2µm).[347] Furthermore, TEM offers additional tools such as electron beam 
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diffraction[326] and elemental analysis[348, 349] that can be used to differentiate iron 

oxides encapsulated in ferritin from the crystalline and superparamagnetic IONPs 

encapsulated in the lysosomes of liver and spleen macrophages; thus, TEM can provide 

detailed information about the pharmacokinetic and degradation pathways of 

IONPs.[105] It should be noted, however, that TEM needs electron transparent samples 

requiring costly and elaborate preparation procedures. Furthermore, due to its small field 

of view, TEM only provides limited information from selected regions of the sample. 

New emerging techniques can be used as more feasible alternatives for TEM. For 

example, in a recent study by Abe et al.[157], a new non-destructive method called X-ray 

scanning analytical microscopy (XSAM) has been introduced for elemental mapping of 

iron in whole mice based on the analysis of energy-dispersed fluorescent X-rays in air, 

even when the samples contain water.  

Histology, which is the analysis of tissue sections using optical microscopes, is a 

routine method that is usually more cost-effective than TEM and can provide helpful 

information about the distribution of iron ions (from the blood or IONPs) in larger areas 

of tissue. Tissue sections are chemically stained with Prussian Blue or similar chemical 

agents that are specific for identifying iron ions. However, Prussian Blue staining for 

histology has its limitations – the technique is only usable for visualization of the iron 

ions and may not detect IONPs prior to degradation.[107] Also, it can’t distinguish the 

endogenous iron in tissues from the administered iron. For quantitative studies, tissue 

sections (e.g. 100-200mg) should be first dissolved in an acidic solution (e.g. 1mL, aqua 

regia). Then Prussian Blue should be added to this solution, followed by absorbance 

measurements at 690 nm to quantify the amount of iron in each sample compared to 

tissues excised from control mice.[350] As an alternative method, IONPs intrinsic 

peroxidase-mimicking activity can be used to catalyze the oxidation of peroxidase 

substrates and produce a color foci at the site of the nanoparticles accumulation in tissues. 

Zhuang et al.[351] reported a higher sensitivity and therefore more accurate 

quantification of iron in tissues by using this method compared with traditional Prussian 

Blue staining.  



!
68!

In addition to ex vivo imaging methods described above, in vivo imaging with MRI 

and MPI can be used for characterizing biodistribution of IONPs. MRI is a non-

destructive method that has been extensively used for biodistribution studies of IONPs in 

live animals.[352] Although MRI with T2 contrast has been extensively used for in vivo 

tracking of the IONPs, it is not optimal when high concentrations of IONPs are localized 

in the organs (specially liver and spleen), which saturates the T2 signal and results in dark 

images without any specifically useful information. Hoopes et al.[353] used a new 

technique named as ultra-short T2 MRI to generate positive contrast from the IONPs and 

overcome the sensitivity limitations of the conventional MRI. MPI can also generate real-

time positive contrast images that are solely generated from the IONPs. The technique is 

based on the nonlinear magnetic response of the IONPs to an applied AC magnetic field 

which induces a signal that is localized with a strong DC magnetic field gradient –

 additional details about the imaging technique can be found Chapter 1.[1, 7] This method 

is still under extensive investigations and will be commercially available in the near 

future.[354, 355] Both MRI and MPI can detect very low iron concentrations down to 

nanograms per liter (ng/L) in solutions.[42, 356] 

Elemental analysis with spectroscopic methods, such as inductively coupled plasma-

atomic emission spectroscopy (ICP-AES), is often used for quantitative chemical 

analysis. It is a destructive method that is used for quantifying the amount of elemental 

iron in the acid digested tissues.[225] Reports have shown that this technique can 

determine the iron concentrations down to orders of nanomoles of iron per gram of the 

tissue (nM Fe/gr tissue)[346] However, like Prussian Blue staining, ICP-AES cannot 

differentiate the endogenous iron originating from the blood from the exogenous iron 

released from IONPs.[105, 134, 346] To resolve this challenge, Bellusci et al.[357] 

synthesized MnFe2O4 nanoparticles instead of pure magnetite (Fe3O4) and then using 

ICP, they measured the manganese concentration in organs to monitor the biodistribution 

of the injected nanoparticles in mice liver, spleen and kidneys. They reported that the 

maximum amounts of Mn in these organs were observed 6 hours after injection of these 

nanoparticles. However, addition of manganese may raise some toxicity concerns or 
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significantly change the magnetic performance of the IONPs. Also, the pharmacokinetics 

and clearance mechanisms of the released Mn ions might be significantly different from 

iron ions and we think such methods are only reliable for determining the biodistribution 

of the nanoparticles before their degradation.    

Electron paramagnetic resonance (EPR), ferromagnetic resonance spectroscopy 

(FMR), magnetic susceptibility measurement (MSM) and superconducting quantum 

interference device (SQUID) are magnetometry techniques that can detect IONPs based 

on their superparamagnetic properties and can be efficiently used to delineate iron from 

the IONPs and the endogenous iron in the blood pool. EPR has been recently used as a 

convenient method for quantification of the IONPs in tissues with very high sensitivity 

(i.e. nM Fe/gr tissue).[310, 346, 350, 358] Sample preparation is easy, but destructive and 

only usable for pieces of tissues excised from organs.[105, 346, 350] SQUID 

magnetometry is also a highly sensitive method that can detect even very weak magnetic 

fields in the body, such as mapping the brain or gastric activities (i.e. 

magnetoencephalography and magnetogastrography, respectively). For biodistribution 

studies, however, it has been used for quantifying IONPs from tissues excised and 

prepared similar to EPR method. Due to technical limitations and high costs of the 

device, it has been used only for limited number of IONPs biodistribution studies.[77, 

105, 134]  

Labeling of the IONPs by radioactive atoms (e.g. 59Fe,[338, 359], 111In[360], 
51Cr[361] or 69Ge[335]) or near infrared fluorescent molecules (e.g. Cy5.5,[83, 114, 362] 

SBD/SDA[363]  or VivoTag 800[300] fluorophores) have also been used for 

quantification of the IONPs in the tissues. These methods are based on loading of these 

radiating species onto IONPs and then measuring the emitted radioactive or fluorescent 

signals of the tissue samples or organs at different stages of the pharmacokinetic studies. 

Both techniques are relatively costly and require special training and facility, particularly 

for radioactive labeling. Also, loading of the fluorophores might change the 

hydrodynamic size of the IONPs. A non-radiation approach has been introduced for 

biodistribution studies of the IONPs. Crayton et al.[364] first doped different types of 
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lanthanides (i.e. Ho, Eu, Gd and Sm) into different batches of IONPs with various sizes 

(dH~15, 29 and 70nm) and surface charges (ranging from -20 to +14mV). They 

simultaneously injected these different types of IONPs to the same group of animals and 

then they used ICP to quantify each of these lanthanides in tissues to compare the 

pharmacokinetics and biodistribution pattern of these IONPs with different 

characteristics. Their biodistribution results confirm our conclusions discussed in 

previous sections of this chapter. However, we think using such multiplex studies help to 

determine the pharmacokinetics and biodistribution of different types of the MPI tracers 

(e.g. similar core sizes coated with different types of molecules) synergistically in only 

one experiment, without any concern for subject-to-subject variability. This can expedite 

screening of the MPI tracers for future in vivo application. However, in a recent study, 

Naha et al.[365] doped bismuth into IONPs, since this element enhances the contrast in 

computed tomography (CT) imaging. They showed a significantly different clearance 

pharmacokinetics for iron and bismuth ions after degradation of the nanoparticles and 

therefore, such studies are only valid before the degradation of the IONPs starts.  Also, 

similar to drugs and small molecules, theoretical modeling of the pharmacokinetics of the 

IONPs can be used as an efficient and cost-effective approach to predict the 

biodistribution of the IONPs.[366] However, these studies are still in their early stages.  

 

2.5. In vivo toxicity of the IONPs 

Iron oxide nanoparticles are generally considered as safe, biocompatible and non-

toxic materials.  LD-50 (the median lethal dose or the dose required to kill half of the 

tested animals during a specified time) of the uncoated iron oxide nanoparticles was 

reported to be 300-600 mgFe/kg body weight.[367] This value was increased to 2000-

6000 mgFe/kg when the IONPs were coated with stabilizing and biocompatible dextran 

molecules.[367] A LD-50 value of 35 mmol Fe/kg was also reported for carboxy-dextran 

coated IONPs.[74] However, systematic toxicity studies are required when different types 

of molecules such as synthetic capping agents (e.g. oleic acid and oleyl amine) or 
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different types of polymers, fluorophores and radioactive tags, or other therapeutic 

molecules are incorporated into the coating layer of the IONPs.[134] 

 

2.5.1. Toxicity of the IONPs in animal models 

In vivo toxicity studies of IONPs in animal models usually need long-term monitoring 

investigations for months or even years,[338, 339] due to prolonged circulation of the 

degraded IONPs in the body. Measurement of the LD-50 of the materials historically 

raised some ethical concerns due to sacrificing of a large number of the animals.[368] 

However, use of traditional LD-50 testing is no longer required by the FDA. Different 

degradation rates and pharmacokinetics of the iron oxide cores and coating molecules 

make the studies even more complicated.[159] For example, while almost all the dextran 

molecules coating the IONPs were cleared from rats 56 days post-injection, about 80% of 

the injected IONPs were still circulating as iron-protein complexes in the blood after 84 

days.[338] Due to this complexity, most of the toxicity results reported for IONPs are 

based on in vitro assays, in which the metabolic activity of a limited number of cell lines 

are measured for toxicity evaluation of IONPs. Although these experiments provide very 

helpful preliminary information, their results might not be necessarily applicable for all 

the different cell types and organs present in the body.[369] Nor may they satisfy 

regulatory requirements.  

Toxicity in animal models is studied by evaluating changes in blood chemistries and 

variation of blood cell parameters, gene expression profiles in liver or change in gross or 

histologic features of organs as well as monitoring clinical and weight changes (among 

other endpoints) after administration of the IONPs.[134, 159, 370] Jain et al.[371] studied 

the toxicity of Pluronic coated IONPs  (dH=186-206nm in water) in rats, by monitoring 

the amount of alanine aminotransferase (ALT), aspartate aminotransferase (AST) and 

alkaline phosphatase (AKP) in serum after injection of the nanoparticles. Also, the 

amount of lipid hydroperoxide (LHPO) in different tissues were used to analyze the 

levels of their oxidative stresses due to administration of the IONPs. They showed that 

the IONPs only caused minor transient changes, over a period of 6-24h in the liver 
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enzyme levels. The small amount of oxidative stresses in different tissues also declined 

after 3 days. These results were also confirmed, by histological analyses of the organs, 

showing no apparent abnormal changes. In a recent study, Yang et al.[159], analyzed the 

gene expression changes in mice liver after injection of IONPs with core sizes of 10, 20, 

30 and 40nm and hydrodynamic sizes of 14, 25, 34 and 43nm, respectively. Their 

preliminary results (1 and 7 days after injection) showed that smaller nanoparticles (i.e. 

10 and 20nm IONPs) induced more changes in expression level of some susceptible 

genes such as Pcsk9 (proprotein convertase subtilisin/kexin type 9) and Hmox1 (heme 

oxygenase 1), indicating oxidative stress and possible changes in metabolic processes.  

Gu et al.[134] also studied the in vivo toxicity of the monodisperse oleic acid capped 

IONPs (dC = 5, 15 and 30nm), coated with a layer of phospholipid-PEG co-polymer. 

Their hematology studies showed an increase in the number of neutrophils, 1 day after 

injection, which returned back to its normal amount through the next 30 days. This was 

attributed to the host defense response of the body to the presence of IONPs. There was 

also a consistent increase in ALT and AST enzymes possibly due to transfer of oleic acid 

molecules from liver macrophages to hepatocytes. No consistent effect of core size on 

these parameters was reported in this investigation. All the other parameters were within 

the normal range. The differences between the results of this report and those shown by 

Jain et al.[371] for Pluronic coated IONPs was attributed to different species (mouse vs. 

rat) and the IONPs preparation approaches. 

Monge-Fuentes et al.[370] also did a series of toxicity evaluations for 

dimercaptosuccinic acid (DMSA) coated IONPs in monkeys. Previous reports have 

shown some preferential accumulation in lung[372, 373] and brain[374] for DMSA 

coated IONPs, due to some unknown mechanisms. However, no significant toxicity issue 

was observed in the nonhuman primate models during the 120-day study period.[370]   

Feng et al.[375, 376] reported that surface chemistry and size of the IONPs can affect 

the lipid, glucose and amino acid metabolism pathways, by disturbance of renal, hepatic 

and cardiac performance. Using high-resolution nuclear magnetic resonance (NMR) 

coupled with multivariate statistical analysis, they analyzed urine, plasma, spleen, liver 
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and kidney in rats after administration of the dextran coated and uncoated IONPs. They 

observed metabolic changes such as elevation of urinary α-hydroxy-n-valerate, o- and p-

HPA, and nicotinate, decreasing levels of urinary α-ketoglutarate, succinate and citrate, 

gradual increase in plasma glucose, saturated fatty acid, and individual amino acids and 

decrease of plasma unsaturated fatty acid and triacylglycerol.  

Similar to IV injected IONPs, the type of the coating material plays an important role 

in toxicity level of the IONPs administrated through intranasal pathway. Park et al.[377] 

showed that intratracheal instillation of uncoated IONPs causes multiple adverse effects 

such as decreasing the level of intracellular reduced glutathione in the cells of 

bronchoalveolar lavage (BAL) fluid, increasing of pro-inflammatory cytokines in BAL 

fluid, expression of  inflammation related genes and formation of microgranuloma. No 

toxicity was found when IONPs were coated by an anti-biofouling cross-linked polymer 

and administered through the same pathway.[261] However, silica coated IONPs did not 

show any pulmonary effect, but changed the level of the white blood cells in the blood 

and caused extramedullary hematopoiesis in the spleen.[269]  

The oral administration of lower doses of the IONPs has also been reported as a 

generally safe route, with mild side effects such as nausea, vomiting or flatulence.[378] A 

study reported by Wang et al.[379] showed that increasing the dose of the IONPs (dH ~ 

44nm, from 300 to 1200 mg Fe/kg mice weight, did not change the splenocyte 

proliferation and release of cytokines but changed the proportions of the T-lymphocyte 

subsets in peripheral blood, showing that higher doses influenced the immune function of 

the mice. Also, acute oral exposure to IONPs can cause severe side effects such as 

inhibition of acetylcholinestrase in red blood cells, inhibition of Na(+)-K(+), Mg(2+), and 

Ca(2+)-ATPases activities in brain and activation of the hepatotoxicity marker enzymes in 

serum and liver.[380] Di Bona et al.[381] also reported that intra-peritoneally injected 

IONPs can easily cross the placental barrier in pregnant mice and increase the risk of 

fetal deaths due to excessive accumulation of the IONPs in the fetal liver.  

Overall, IONPs have shown a promising performance in numerous in vivo 

experiments during the last three decades, specially compared with contrast agents of 
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other imaging techniques, such as Gd-based agents for MRI or radionuclides for PET. 

Therefore, IONPs seem to be the most clinically safe type of contrast agents for MPI. 

IONPs long-term successful history in pre-clinical and clinical trials expedites the 

development of MPI and its translation to clinics.  In the next section, we will summarize 

the most recent results of IONPs clinical trials, which further supports the general safety 

of these type of contrast agents for MPI. 

 

2.5.2. Clinical safety of the IONPs for human 

Extensive pre-clinical and clinical research has been done during the last two decades 

to evaluate the side effects of IONPs administered to humans. However, these studies 

have been limited to dextran coated IONPs (e.g. Ferumoxide or Feridex, Fermoxytol or 

Feraheme, Resovist) by IV injection and silica coated IONPs (Ferumoxsil) by oral 

administration. Satisfactory toxicological profiles with no clinically significant side 

effects have been reported for these IONPs according to the standard pharmacological 

tests, following either IV injection[382] or oral administration.[378] A recent study using 

Ferucarbotran (Resovist) to map lymph node metastasis in 22 patients with thoracic 

squamous cell esophageal cancer showed no side effects from the IONPs.[383] Howarth 

et al.[384] used another type of dextran coated IONPs (Sinerem) for diagnosis of carotid 

inflammatory plaques in 20 patients without any adverse side effect. In another human 

trial, the safety of Ferumoxtran-10 was tested in 1777 adults and at least one adverse 

effect (e.g. back pain, pruritus, headache, and urticarial) was reported for 23.7% of the 

patients.[385] 7 patients (0.42%) experienced severe adverse effects (e.g. anaphylactic 

shock, chest pain, dyspnea, skin rash, oxygen saturation decreased, and 2 cases of 

hypotension). Also, one death was reported due to bolus injection of un-diluted IONPs. 

Bolus IV administration is no longer recommended for IONPs. This resulted in 

development of a safer formulation using lower molecular weight dextran to coat IONPs  

(Ferumoxytol or Feraheme).[382] 

One of the most recent developments in the clinical applications of IONPs, is the 

approval of Ferumoxytol (or Feraheme) in June 2009 by the US Food and Drug 



!
75!

Administration (FDA) for the treatment of iron deficiency in adults with chronic kidney 

disease.[32] Later in 2012, these IONPs also received European authorization, with a 

brand name of Rienso.[386] A high dose tolerability of up to 510mg in one injection and 

an increase in hemoglobin level has been reported in patients using this product.[387] In 

a recent study, no serious adverse events were observed in 396 US patients following a 

total of 570 IV injections of these IONPs.[41] 22 patients reported minor adverse side 

effects such as headache, myalgia, nausea, chest discomfort, flushing, nasal congestion 

and pruritus or needed modified injections. Also, Hasan et al.[388] studied the unstable 

cerebral aneurysm by early uptake of these IONPs and none of the 22 patients 

experienced any adverse events. In a one-year retrospective observational study of 8666 

US patients treated with IONPs, some severe adverse effects, including hypotension 

(0.12%), hypersensitivity (0.06%), dyspnoea (0.05%), loss of consciousness (0.03%), 

syncope (0.02%), unresponsive to stimuli (0.02%) and anaphylactoid reaction (0.02%) 

were reported.[382, 389] Gastrointestinal effects such as nausea, vomiting, abdominal 

pain, diarrhea and constipation were among the most frequent adverse effects reported in 

a clinical study of 1562 patients reported from Europe and ~7.9% of the patients 

experienced some adverse effect.[386] However, some investigators still believe that the 

possible long-term safety effects of these IONPs have not been fully evaluated.[390] 

Also, note that this 510mg is a relatively high dosage and for MPI applications in human 

(e.g. cardiovascular or cancer imaging), we estimate a much lower dosage of 

intravenously injected IONPs, due to high tracer mass sensitivity of the MPI. The exact 

dosage range for human MPI applications is still unknown and requires preliminary 

animal experiments. 

 

2.6. Chapter Summary and future outlook 

Iron oxide nanoparticles incorporate excellent biocompatibility and safety factors 

with their unique magnetic properties, which can be easily optimized by tuning their size 

and distribution. Therefore, they are one of the most reliable candidates to be used in a 

wide range of biomedical applications such as cancer imaging and therapy, magnetic 
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separation of malignant cells and stem cells labeling. These factors have made IONPs the 

most favorite type of tracers for MPI, too. Generally, clinical success of the IONPs in any 

clinical application, including MPI, depends on three major parameters: 

pharmacokinetics, short and long-term tolerability in the body and therapeutic or 

diagnostic functionality in the desired organ. Biodistribution and toxicity of injected 

dextran coated iron oxide was first tested in animal models in the 1940’s by Nissim.[320, 

391] In spite of the extensive research accompanied by development of more advanced 

characterization techniques and instruments during the previous six decades, there are 

still major un-answered questions regarding the preparation of safe and effective IONPs 

for different types of clinical diagnostic and therapeutic applications. These questions (as 

discussed in this chapter) are potentially among the most important challenges against the 

translation of MPI to clinics, too. 

For example, different types of IONPs prepared by various synthesis methods and 

functionalized with a diverse range of coating molecules have been introduced for 

various diagnostic and therapeutic applications, during the last decades. However, 

clinical trials have been done for only two families of IONPs, i.e. those coated with 

polysaccharides or silica. Therefore, careful consideration of the barriers against the 

clinical approval of conventional IONP formulations facilitates development of safe MPI 

tracers. In reality, various IONPs characteristics such as core and hydrodynamic size, 

morphology, size polydispersity, surface charge and type of the coating molecules affect 

the in vivo performance of the IONPs significantly. Other experimental variations such as 

method of administration, variations between animal models and humans, and different 

characterization techniques used can be also considered as influential factors. Preparation 

of standard databases for categorizing different pharmacokinetics, biodistribution and 

toxicity results based on specific IONPs characteristics and well-defined experimental 

factors can help investigators to find the required information in a much faster and cost 

effective way. The same approach has been successfully used for categorizing the 

mechanical, physical and chemical properties of a wide range of metallic alloys and 

compounds based on their elemental composition and complex processing parameters. 
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These materials databases have been used as one of the key tools during the industrial 

revolution of 20th century. This can help to efficiently address various clinical challenges 

by providing a wide range of valuable proof-of-concept results. It can also expedite 

advancement of translational MPI researches. 

As another example, the effects of various additional molecular parameters such as 

mechanical flexibility or rigidity, molecular weight, density on the surface of the 

nanoparticles and molecular structure (e.g. presence of side-chains, functional groups on 

the backbone) of the coating molecules on pharmacokinetic performance and consistency 

of the IONPs need to be studied systematically. Also, effects of size, administered dose 

and crystalline structure of the iron oxide (amorphous, FeO, Fe2O3 or Fe3O4) on their 

degradation rates in RES macrophages and transformation to plasma ferritin are still 

unknown. This is specially important for optimal MPI tracers (see next chapters) 

synthesized by thermal decomposition method, since there is no systematic report 

showing the size dependent degradation and clearance of these type of IONPs in animal 

models. Recently developed characterization tools with higher mass sensitivities should 

be utilized to study these effects in more accurate ways.  

The parameters summarized above should be carefully considered for designing of 

tracers for MPI applications. In addition, MPI signal quality (i.e. spatial resolution and 

intensity) is highly dependent on core size of the iron oxide nanoparticles (see Chapter 3). 

We will show later in this thesis that optimum core size for getting the best MPI image 

quality is about 23-27nm (Appendix A). In addition, using larger core sizes results in 

larger hydrodynamic sizes and shorter blood circulation half-life (see section 2.21.4). 

Such shorter half-life may decrease the effective targeting of the tissues (such as cancers 

or heart lesions). Therefore, controlled surface chemistry approaches used for phase 

transfer and functionalization of these larger core sizes should be consistent with optimal 

MPI performance. For example, we have seen that using PEG molecules with larger 

molecular weights (i.e. 20 or 30kDa) enhances the stability of MPI tracers with larger 

core sizes (see Appendix B) and increases their blood half-life. Also, conjugating 

targeting peptides (e.g. lactoferrin or RGD) to IONPs or using external magnets to direct 
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them to desired tissues help to increase the targeting efficiency of these optimal MPI 

tracers. However, the addition of these targeting peptides increases their hydrodynamic 

size and therefore, decreases their blood circulation half-life. Also, degradation rate and 

long-term side-effect of these larger core sizes (dc~23-27nm) are still unknown. In 

addition, phase transfer and functionalization of these larger core sizes is much more 

challenging compared with smaller core sizes, probably due to magnetic interaction of 

these larger core sizes which are close to the borderline size limits of superparamegnetic 

to ferromagnetic transition.  

In summary, we suggest considering the following criteria and parameters for 

designing optimal MPI tracers: 

1 - MPI signal intensity and spatial resolution improves significantly by increasing 

the core size of the IONPs to 23-27nm. In Chapter 3, we study the effect of core sizes. 

We also show that increasing the core size to 25-27nm can significantly improve the MPI 

signals (Chapter 5 and Appendix A).  

2- Phase transfer and functionalization of these larger core sizes is more challenging, 

requiring larger coating molecules such as 20kDa PEG. In  Chapter 5 and Appendix A)., 

we show that using a co-polymer of PMAO and PEG (20kDa) can effectively enhance 

the stability of these larger size IONPs.  

3- Specific surface chemistry approaches should be used to increase the blood 

circulation time of the MPI tracers, specially when conjugation of targeting peptides to 

IONPs is desired for tissue targeted MPI application. For example, in Chapter 4 we show 

that selection of a proper PEG derivative (i.e. heterofunctional PEG, NH2-PEG-NH-

FMOC) can increase the blood circulation half life, compared with bi-fucntional PEG 

(NH2-PEG-NH2) . Also, in Chapter 5, we show that using a co-polymer of PMAO-PEG 

(20kDa), in which the PEG chains are functionalized with maleimide groups can be 

effectively used for conjugation of a brain cancer targeting peptide (lactoferrin).  

4- Long-term side effects, degradation rate and clearance mechanisms of the 

monodispersed IONPs with optimal core sizes need more systematic in vivo studies.  
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Chapter 3. 

MPI PERFORMANCE OF IRON OXIDE NANOPARTICLES IN BIOLOGICAL 

ENVIRONMENTS  

 

MPI signals can be generated from a combination of Néel relaxation, Brownian rotational 

diffusion and hysteretic reversal mechanisms of NPs in response to applied magnetic 

fields. These mechanisms will be discussed in section 3.1.When specific targeting of 

organs, such as carcinoma and endothelial cardiovascular cells are needed, different 

behavior may be expected in immobilized NPs, due to complete or partial elimination of 

the Brownian motion. Also, after cellular uptake, the internalized nanoparticles, mostly 

accumulate in endosomes or lysosomes. This may lead to nanoparticles showing different 

MPI performance, due to their aggregation or degradation in acidic environment of these 

organelles (Section 3.2). In this chapter, we evaluate the MPI performance of the MPI 

tracers in different biological environments. We also present surface chemistry strategies 

to prolong the size stability and MPI signal consistency of our nanoparticles in biological 

media (Section 3.3).  

 

3.1. Size-dependent ferrohydrodynamic relaxometry of MPI tracers in different 

environments 

3.1.1. Introduction 

Previously in our lab, we have investigated how the core-size, hydrodynamic-size, and 

the size distribution of the tracer, determine the MPI resolution and intensity.[13, 16, 

392] These studies were performed when the NPs, dispersed in aqueous media, were able 

to move freely in response to the applied magnetic field. However, during in vivo 

imaging, the environment of the NPs is quite complex and free NP motion cannot be 

assumed. For example, in the case of specific targeted imaging, NPs may bind to the cell 

membranes and their magnetic relaxation behavior may be considerably different from 



!
80!

their free state.[28] Here, we are interested in understanding very generally how NPs will 

respond to an MPI excitation field in a variety of potential circumstances, as determined 

by the NP’s magnetic properties, their surrounding environment, and the field amplitude 

and frequency. Therefore, it is important to understand the different magnetic reversal 

mechanisms, i.e. Brownian rotational diffusion, Néel relaxation, and hysteretic reversal, 

available to NPs when an alternating field is applied.[21] Brownian rotational diffusion 

occurs by the free rotation of magnetically blocked NPs with respect to the fluid to 

achieve an equilibrium orientation under an applied field.[393, 394] On the other hand, 

Néel relaxation occurs by thermally activated reversal of the moment within the NPs, and 

involves no physical movement of the NPs. Finally, for magnetically blocked NPs, 

hysteretic reversal can also occur if the applied field exceeds the NP coercivity, Hc. These 

mechanisms are shown in Figs. 3.1 and 3.2. The measurement time is also relevant, and 

when multiple mechanisms are available, the fastest one is expected to dominate, where 

reversal time is determined by NP core and hydrodynamic sizes, field amplitude, and 

field ramp rate.[395, 396]  Therefore, in designing MPI tracers for any application, it is 

crucial to understand the contributions of these three reversal mechanisms, and how they 

relate to the NPs properties and environment, and to the frequency and amplitude of the 

applied AC field.[19] 

In this part of the thesis, we investigated the size-dependent performance of MPI 

tracers under idealized local environments representing bound and free states, using MPS 

to evaluate tracer relevance in both the system matrix and x-space MPI formulations. To 

accomplish this, a thermal decomposition process was used to prepare hydrophobic iron 

oxide nanoparticles with various median core sizes, ranging from 7 to 22nm, all with 

narrow (~ ±3-5 nm) size-distributions.[392, 397] The nanoparticles were then transferred 

from chloroform to aqueous media using an amphiphilic co-polymer.[397] To create 

idealized bound states, in which NP motion was prohibited and to monitor the 

contribution of the relaxation regimes prior to and after phase transfer, the NPs were 

homogeneously dispersed and immobilized in tri-octyl-phosphine oxide (TOPO), which 

is solid at room temperature, and tissue equivalent agarose gel, respectively, and the 
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resultant MPS signal intensities (obtained from both system matrix and x-space 

approaches; see section 1.1 for details) and resolution (obtained from dm/dH 

measurements analyzed using x-space theory) were compared with freely moving NPs. 

Since the frequency is fixed (25 kHz) in our MPS system, we used different field 

amplitudes to study the contribution of the hysteretic reversal in the received signals. 

These comparisons enabled us to investigate the size and environmental dependence of 

NP’s relaxation behavior. In particular, we hoped to better understand the NPs’ response 

during targeted-imaging (Chapter 5), when Brownian rotation may be inhibited due to 

specific binding or perfusion into host tissue, as shown schematically in Fig. 3.1(a).  

In summary, as it will be discussed in details during the next sections, we found 

that immobilized NPs with core diameters smaller than ~20nm have similar spatial 

resolution, but lower signal intensities when compared with their free rotating 

counterparts. Compared to their performance in solution, spatial resolution was 

improved, but signal intensity was lower, when larger NPs with core size of 22nm were 

immobilized in agarose. Same trends were observed in signal intensities, when 

considering either system matrix or x-space approaches. The harmonic and dm/dH signal 

intensities changed linearly and the spatial resolution did not change with decreasing NP 

concentration up to 15µg/mL.        

 

 

 



!
82!

 
Fig. 3.1. Schematic showing the proposed contribution of Néel relaxation and hysteretic 
reversal on the tracer dm/dH obtained from a zero dimensional magnetic particles 
spectrometer. The relaxation of the NPs induced by the external sinusoidal magnetic field 
and the resultant MPI spatial resolutions are shown for immobilized and free-rotating 
NPs. The black arrows inside the NPs are representative of the intrinsic magnetic moment 
of the NPs. While, only Néel relaxation is expected for immobilized NPs (a), large NPs 
and clusters of NPs have non-zero coercivities, increasing the peak width or spatial 
resolution (b). It is assumed that the NPs shown in (a) have an ideal size distribution and 
do not show any hysteretic reversal. Also, Brownian relaxation is slower than Néel 
relaxation and has a substantially lower contribution to our measurements. 
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Fig. 3.2. Schematic showing that coercivity increases with increasing the core size of the 
NPs and therefore, monodispersity is crucial in order to get the highest resolution and 
intensity (c).  
 

3.1.2. Synthesis of different sizes of magnetite tracers and their phase transfer 

Iron oxide NPs were synthesized from pyrolysis of iron oleate (Fe-Ol) fatty acid salt, in 

the presence of oleic acid (OAc, tech grade 90%, Sigma-Aldrich, St. Louis, MO) and 1-

octadecene (ODE, technical grade 90%, Sigma-Aldrich, St. Louis, MO), according to 

established protocols.[45, 392, 397] Iron oleate (Fe-Ol) was prepared by reacting sodium 

hydroxide (NaOH, 97%, Sigma-Aldrich, St. Louis, MO) with anhydrous iron chloride 

(FeCl3, 98%, Alfa Aesar, MA) and OAc, following the method reported before.[398, 399] 

The purified Fe-Ol was stored in ODE with a concentration of 18 wt. % Fe-Ol. NPs were 

prepared by refluxing a mixture of Fe-Ol and OAc at 320°C for 24h under argon 

atmosphere. Median core sizes of the NPs were tuned accurately by adjusting the molar 

ratios of Fe-Ol:OAc as 1:0, 10, 15, 18, 19 and 20.  

Phase transfer of the NPs was performed following our previous reports.[392, 

400, 401] Amphiphilic co-polymer of poly(maleic anhydride-alt-1-octadecene) (PMAO, 

Mn =30,000-50,000, Sigma-Aldrich, St. Louis, MO) and methoxy poly(ethylene glycol) 
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(PEG, Mn = 5,000, Sigma-Aldrich, St. Louis, MO), was used for coating and phase 

transfer of the iron oxide NPs. PMAO-PEG was prepared by acid catalysis of mPEG and 

its ester bonding with anhydride ring of PMAO as we described elsewhere.[397] Purified 

NPs were collected by a strong magnet and dried in vacuum for 1h. 10mg of the 

hydrophobic NPs were dispersed in 1-2 ml of chloroform by sonication for about 1h. 

10mg of PMAO-PEG co-polymer was added to this mixture. After sonication for about 

1h the NPs were dried in argon and re-dispersed in 1mL of Tris-acetate-EDTA (TAE, 1x) 

buffer by sonication for 30min, followed by size exclusion purification (SephacrylTM S-

200 gel, GE healthcare Life Sciences, US) to remove un-bound polymer molecules and 

transfer the NPs to water. The NPs were stored in the refrigerator (~4°C) for further 

analysis.  

  

3.1.3. Structural Characterization of the nanoparticles 

Inductively Coupled Plasma Atomic Emission Spectrophotometer (ICP-AES, Jarrell Ash 

955, MA) was used to determine the concentration of iron in the samples. The 

hydrodynamic sizes of NPs dispersed in water were measured by Dynamic Light 

Scattering (DLS, Zetasizer Nano, Malvern Instruments, UK), with mean diameters 

(intensity distribution) used for comparing samples and calculating Brownian relaxation 

times. Morphology and crystallographic phase structure of the NPs were investigated, by 

bright field imaging and selected area diffraction, respectively, using a Transmission 

Electron Microscope (TEM, FEI TecnaiTM G2 F20, 200 KeV, Hillsboro, OR), equipped 

with a Gatan CCD camera (Pleasanton, CA). TEM samples were prepared by depositing 

and drying a drop of diluted NPs suspension on carbon coated copper grids.  The TEM 

and DLS results of the samples with different sizes are shown in Fig. 3.3. 

 

3.1.4. Immobilization of the NPs 

Certified molecular biology agarose (BioRad, Herculus, CA) and trioctyl-phosphine 

oxide (TOPO, 99%, Sigma-Aldrich, St. Louis, MO), were used for immobilization of the 

hydrophilic and hydrophobic NPs, respectively. The water dispersed NPs were mixed 
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with a 3 wt.% solution of the agarose (1:1 v/v) and were stored in the fridge for 2h, 

allowing for mixture gelation. Final agarose concentration was 1.5wt%, which is a 

standard value defined for having tissue-equivalent characteristics.[402] Pore sizes 

smaller than ~250nm were reported for Agarose gel prepared with the same 

concentration.[403] Solid TOPO was placed in a water bath (~50°C) and after complete 

melting was mixed thoroughly with chloroform dispersed NPs (1:1 v/v). Solidification of 

the TOPO occurs after about 5min at room temperature. Concentrations of the NPs were 

known in all liquid (1 to 2 mg/mL) and frozen (0.3-0.5 mg/mL) samples and vigorous 

mixing was used to assure their homogeneous dispersion in gel and TOPO. The 

saturation magnetization and MPI performance of these immobilized NPs were studied 

by VSM and MPS, respectively. 
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Fig. 3.3. Characterization of the NPs with different core sizes of (a) ~7, (b) ~12, (c) ~16, 
(d) ~18 (e) ~20 and (f) ~22nm: TEM, diffraction pattern and intensity based DLS. The 
TEM scale bars are all 20nm. The hydrodynamic sizes of these nanoparticles were in a 
range of 55-95nm. TEM images match well with magnetic core sizes of the NPs (shown 
in Figs. 3.4, 3.5 and 3.5) calculated using the Chantrell fitting.[404] 
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3.1.5. Magnetic characterization of the NPs 

Liquid samples (~100µL, containing 100-200µg of NPs) were used to study the 

magnetization behavior (M vs. H) of the NPs by a room temperature vibrating sample 

magnetometer (VSM, Lakeshore, Weterville, OH). Agarose and TOPO dispersed 

samples were transferred to measurement vials before their gelation or freezing and then 

cooled down in the fridge in order to immobilize the NPs. The magnetization curve was 

fit to the Langevin function, using the Chantrell method, to determine the median 

magnetic core size (d0) of the NPs.[404] This method is volumetric and gives the median 

core size distribution of a statistically significant number of NPs, better representing the 

total sample than TEM measurements.  

The Brownian rotational diffusion time constant, τ!,[393, 394] is 

                                                                     τ! = !"!
!!!

                                                      (1) 

where V is the hydrodynamic volume (V = π*dH
3/6) of the NPs, η is the viscosity of the 

environment, K! is the Boltzman’s constant and T is the ambient temperature (Kelvin) 

and where small angles of rotation and small fields (H ≪ H!, where H! = 2K/M! is the 

anisotropy field) are assumed. The Néel relaxation time (τ!) for thermal excitation of the 

magnetization over an anisotropy barrier (KV) under an applied field, H, comparable in 

magnitude to Hk, a property of the material, is given by:                                                                                                   

                                                          τ! = τ! ∗ exp
!"∗(!! !

!!
)!

!!!
                      (2) 

Here,!τ! is 10-10s, V is the volume of the core iron oxide, H is the magnetic field [T/µ0], 

and K (11 kJ/m3) is the magnetocrystalline anisotropy constant for bulk iron oxide.[13, 

17, 18] Note that for small field amplitudes, when H << HK, the term (1-H/HK)2 can be 

dropped in the exponent.[405]  
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3.1.6. MPI signal testing of the NPs 

As discussed before, MPI is a magnetic inductive measurement technique, in which a 

sufficiently large alternating magnetic field results in a non-linear magnetization 

response, M(t), from the magnetic tracers.[1] In a MPI scanner, signal localization for 

imaging is achieved by scanning a field-free point (FFP) across the imaging volume. In 

the x-space approach to MPI image reconstruction,[7] the imaging performance can be 

simply described by the point spread function (PSF), which is a product of the dm/dH, 

and the field gradient, dH/dx. Field gradient is a MPI scanner property. However, dm/dH 

is highly dependent on NPs (e.g. nanoparticles size and magnetization in different 

environments). Therefore, for a given imaging system, with a well defined field gradient, 

the spatial resolution and signal intensity in MPI can be maximized by decreasing the 

dm/dH full width at half maximum (FWHM) and increasing its peak height.[15, 406] 

Alternatively, in the frequency domain approach to MPI image reconstruction, a Fourier 

transform (F) of the signal, F(dM/dt) at each point in the imaging volume is performed 

and compared to a predetermined system function.[13, 14] F(dM/dt) is unique to the 

tracer performance and can be used, alternatively, to evaluate imaging performance.  

Here, we used a custom-built MPS for MPI signal analysis of the NPs with 

various median core sizes, ranging from 7 to 22nm as well as commercial NPs 

ResovistTM and FeridexTM. The MPS excites magnetization in NPs using a transmit coil, 

and measures the voltage, V(t), induced in a receiver coil by the changing NP 

magnetization (details of the spectrometer can be found in our previous report).[16] The 

MPS signals, (dm/dH and harmonic spectrum) are calculated from the received voltage, 

V(t), (using a MATLAB program running with our MPS system, generated by Dr. 

Mathew Fergusson) and is used to evaluate the MPI performance of the NPs in the system 

matrix or x-space approaches, respectively.  Procedures for obtaining these data are 

discussed in sections 3.1.6.1 and 3.1.6.2. For each measurement, 200µL of the samples 

with known iron concentrations were transferred to a 0.6mL microcentrifuge tube and 

each vial was inserted into the MPS coils, applying sinusoidal excitation fields of 5.1 to 

18.6mTµ0
-1 (peak-peak, f0=25kHz). The sample holder and instrument are designed to 
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ensure that the sample’s position is always the same in the center of the coil. All MPS 

measurements were repeated three times and their average with standard deviation are 

shown in this thesis. However, the error bars were sometimes very small and are not seen 

in the plots. 

 

3.1.6.1. Determination of NP dm/dH 

Similar to other imaging systems, in MPI the PSF describes variation of the signal 

intensity with distance in the space around a point source in the imaging volume. It is the 

smallest observable signal source in the system, and therefore defines the spatial 

resolution of the image. The PSF can be recorded in one or more dimensions around this 

central point.[11] An image can be formulated as a convolution of the PSF with the 

distribution of point sources (tracer NPs) within the image volume. Full width at half 

maximum of the PSF determines the image resolution.   

The MPS, which has no field gradient but only a sinusoidal excitation field, 

measures dm/dH(t). The dm/dH is essentially the instrument-independent PSF, in that it 

measures purely the NP tracer response to the excitation field. In x-space MPI, the PSF is 

simply the product of dm/dH and the known field gradient of the instrument and therefore 

the dm/dH gives the spatial resolution and signal intensity, along the excitation field 

direction of an arbitrary imaging system. 10, 11 The applied magnetic field in our MPS can 

be described as: 

                                                     H t = H! sin ωt                                                       (3) 

 

Here, H!  is the peak excitation amplitude listed above and ω is the field angular 

frequency (2πf0), in which f0 was 25kHz for all measurements described in this work. 

The induced voltage can be calculated considering the rate of variation of the 

magnetic moment of the NPs with applied field, m(H), using the following equation:[19, 

407] 

                          V t = −!!. S. !
!"m t = −!!. S. !

!"m H . !
!"H(t)                   (4) 
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in which, µ0 is the magnetic permeability of vacuum equal to 4π×10-7 Vs/Am and S is the 

coil sensitivity with unit of 1/m. Considering equation (3) and re-arranging equation (4), 

we have: 

                                                       !!"m H = !!
!!.!.!.!!

. !(!)
!"#!(!!)                                      (5)  

 

Generally, dm/dH, which has units of (m3), should be normalized by the quantity 

of iron in the sample. The resulting data [m3/g Fe] is a useful metric for evaluating tracers 

performance in a MPI system, that is a function of only the applied field and the tracer 

properties. Here, we generated the dm/dH graphs according to equation (5), and 

normalized by iron mass as measured by ICP. 

 

3.1.6.2. MPI harmonic spectra 

The received voltage signal (V(t)) was divided by µ0.S , defined above, to determine the 

magnetization as a function of time and then divided by field ramping rate (ω.!!). Then, 

harmonic spectra were generated by Fourier transform of the resulting data.[16] Again, 

all the harmonic values were normalized by the amount of the iron in each sample, to 

make the results comparable for all different core sizes.    

 

3.1.7. Results  

We considered several environments to demonstrate the range of responses 

available from our tracers:  hydrophobic magnetic particles, with only an oleic acid 

ligand coating, were dispersed either in chloroform or immobilized in TOPO; 

biocompatible particles coated with PMAO-PEG were suspended in water, or 

immobilized in agarose gel. Gelatinous agarose is a tissue equivalent material that has 

been used extensively for modeling and evaluating NP relaxation behavior in MRI. 

Gelled samples represented the expected signal for NPs that have perfused into 

tissue.[402] TOPO is a dense solid at room temperature that inhibited the motion of the 

hydrophobic NPs. 
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MPS signals (both dm/dH and harmonic spectra) and hysteresis loops for different 

sizes of the NPs dispersed in four different media are shown in Figs. 3.4-3.6. 

Concentration normalized plots shown in Figs. 3.4-3.6 (left side columns) are generated 

according to sections 3.1.6.1 and 3.1.6.2.  Inset graphs show dm/dH after normalizing 

intensity to compare the full width at half maximum of the peaks and correlate it to 

nominal spatial resolution. The range of measured harmonics (from third to thirty ninth) 

is also presented in Figs. 3.4-3.6 (middle column). The harmonic signals are shown after 

normalization by the amount of iron in the samples. Corresponding median core sizes of 

the NPs and their standard deviations were determined using Chantrell[404] fitting to the 

measured m(H) data shown in the right side column. As in previous experiments, we 

observed that NP size strongly influenced MPS performance.[16, 392] In each of the 

model environments we investigated, the equilibrium magnetization (m-H curve) and 

MPS signal (dm/dH and harmonics) both varied substantially with the magnetic core size 

as measured from 7 nm to 22 nm (Figs. 3.4 and 3.5).  

Note that the number of harmonics detected depends on the drive frequency, and 

the MPS hardware. The MPS hardware, specifically the sampling rate of the data 

acquisition card, determines the highest harmonic that can be detected. In our case, our 

card samples at 2MHz, so 1MHz is the highest frequency signal we can detect. So with a 

25 kHz drive field, we can get 40 harmonics, though the odd harmonics are much 

stronger, which is why we say we measure 39. If we decreased the frequency, we could 

measure more harmonics. With higher frequency we would measure fewer harmonics. 

However, we used 25kHz frequency for all measurements presented in this thesis.  

Different values of peak excitation amplitude (!!), were applied for analysis of 

the role of the hysteretic reversal on the behavior of the largest NPs (d0=22nm, σ=0.38), 

in free-rotating (water) and immobilized (agarose), states. The corresponding dm/dH data 

and harmonic spectra are shown in Fig. 3.7(a) and (b). Plots of dm/dH are shown after 

scaling by iron concentration (mm3/mg Fe), and scaled to one to enable comparison of 

their FWHM (inset). The harmonic spectra also show the intensity of the NPs responses 

at different amplitudes.  
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Generally, the magnetic properties of iron oxide NPs are highly sensitive to size, 

morphology and crystallographic structure.[22] Direct observation of the NPs with TEM 

revealed the typical morphology and structure of these NPs.  As shown in Figs. 3.4 and 

3.5, the median core sizes of the NPs increases from  ~7 to 22nm, with increasing the 

molar ratio of the oleic acid to iron oleate from 0 to 20. The selected area electron 

diffraction patterns of the NPs (insets, Fig. 3.3), show bright and sharp spots, arranged as 

individual rings indexed as (200), (220), (311) and (400) of magnetite, from inner rings to 

outer rings, respectively. Finally, electron energy-loss fine structure measurements[408] 

and analysis,[409] has confirmed that the nanoparticles are predominantly magnetite 

(Fe3O4). 

Since the hydrated size of the NPs is very important in determining their 

biological performance, the hydrodynamic size distributions of the NPs in aqueous media 

are also shown in Fig. 3.3. Hydrodynamic size also determines the Brownian relaxation 

time of the NPs, which – according to equation (1) – varies between 84 and 283 

microseconds for the measured range (55 – 95nm) of diameters.[13] The DLS results 

shown here are based on the intensity percentage distribution of the NPs after surface 

modification with PMAO-PEG co-polymer. The results show that the hydrodynamic size 

(Z-average) of the NPs are distributed in a narrow range of 55-95nm with polydispersity 

index (PDI) of 0.18-0.23 for all core sizes. A single peak in the DLS spectrum also shows 

that the phase transfer typically resulted in uniform hydrodynamic size distribution and 

individually polymer-coated stable NPs.  
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Fig. 3.4. dm/dH (left column) and harmonic spectra (middle column) divided by the 
amount of iron in each sample and normalized to one (inset, left column) and normalized 
VSM (right column) data for the NPs with different core sizes before (free in chloroform 
and immobilized in TOPO) and after (free in water and immobilized in agarose) the 
aqueous phase transfer. The data in (a)-(c) are for NPs ranging in core diameter  from ~7 
to 16nm as indicated. Median core sizes and standard deviations (σ) were calculated from 
the VSM results, using Chantrell size fitting.[404] Both dm/dH and harmonics based 
MPS signal intensities increase with median size and decrease with standard deviation of 
the NPs, in agreement with the slope of the m-H curves.  
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Fig. 3.5. All the graphs are presented similar to Fig. 3.4. Both dm/dH and harmonics 
based MPS signal intensities increase with median size and decrease with standard 
deviation of the NPs, in agreement with the slope of the m-H curves. Néel relaxation is 
the dominant mechanism for NPs up to 20nm, while a combination of Néel and hysteretic 
reversal generate the signal in the largest (22nm) NPs.   
 

Fig. 3.8 shows the linear variation of the MPS signal with iron concentration. 

Water dispersed NPs were diluted up to ~15µg/mL and their MPS signals were measured 

three times. The full harmonics spectra, the average values of their third to thirty ninth 

harmonics versus iron concentration and their corresponding dm/dH peak widths 

(normalized to one) and intensities are shown in Figs 3.8(a)-(d), respectively. 
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Fig. 3.6. MPS dm/dH and harmonics graphs of commercial iron oxide nanoparticles 

(FeridexTM (a) and ResovistTM (b)). Details of the graphs are provided in Figs. 3.4 and 

3.5. 

 

3.1.8. Discussions 

Previous researchers have shown that MPI offers the prospect of high resolution and 

high-sensitivity medical imaging.[16, 19, 392, 410-412] MPI is sensitive to variations in 

tracer size,[16] and it has also been shown that the MPI signal is sensitive to tracer fluid 

viscosity,[413-415] as well as freezing of the fluid.[19] We are interested in optimizing 

tracers for specific MPI applications, such as cancer targeting, stem cell tracking or 

angiography. Idealized models of bound and free tracer environments help to understand 

how MPI tracers behave, and how their performance may be impacted by, for example, 

perfusion of tracer particles into a tumor, or targeting to the surface of a tumor cell by 

specific affinity or functionalization. In our MPI experiments, where the excitation 

frequency was fixed at 25 kHz and field amplitude varied from 5.1 to 18.6 mT.µ0
-1, the 
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tracer’s environment did influence MPI performance, due to differences in tracer 

responses to applied magnetic field. Furthermore, we can conclude that MPI imaging of 

immobilized particles is certainly possible, and with optimized tracers, performance 

should equal that of free-moving tracers.  

We observed a transition in behavior with increasing NP core size, corresponding 

to a change from superparamagnetism to ferromagnetism, around 20nm (Figs. 3.4 and 

3.5). This matches well with the blocking size of the NPs (~20.6nm) calculated using the 

following: 

                                                   KV = k!T log !!"#$
!!

!                                            (6) 

where K is the magnetocrystalline anisotropy constant (equation (2)), V is the volume of 

the iron oxide core, kB is Boltzmann’s constant, τmeas is the field switching time or the 

measurement time (20 microseconds, calculated from applied frequency, 25kHz) and τ0 

is 10-10 s. Here, blocking means that for a given measurement time, the thermal energy is 

not sufficient to overcome the NP anisotropy energy barrier (KV). The aggregated or 

clustered NPs can effectively act like NPs of larger size and show ferromagnetic behavior 

exhibiting open loops in their m-H curves. This effect was much more pronounced in 20 

and 22nm NPs when they were dispersed in chloroform. In MPS measurements, these 

transitions caused a shift from zero field (Figs. 3.4 and 3.5) in small sized NPs, to non-

zero values of the field for larger NPs (20 and 22nm), in the location of the dm/dH peak, 

which corresponds to maximum dm/dH (Fig. 3.1(b)). The peak changed systematically 

with increasing NP magnetic size (Fig. 3.2) and sometimes featured an asymmetric “tail” 

at larger sizes. Physically, we interpret these changes to correspond to an evolution in 

magnetic reversal, from Néel-dominated relaxation in the smaller sizes (Fig. 3.1(a)), to 

Brownian or hysteresis-dominated reversal for larger sizes.[13, 392] Assuming highly 

monodisperse NPs without any aggregates, Néel relaxation times of the NPs with core 

sizes smaller than 22 nm were calculated to be less than ~5 microseconds (equation (2), 

assuming zero applied field). However, Brownian or hysteretic reversal is expected to 

lead to a shift in the dm/dH maximum toward later times (phase lag) or larger fields, 

respectively, relative to the time at which the applied field is zero (Figs. 3.1 and 3.2). 



!
97!

Generally, the relative contributions of Brownian and hysteretic reversal will be 

determined by the applied field amplitude and frequency. In these experiments, hysteretic 

reversal was expected to dominate compared to Brownian relaxation, due to the relatively 

large field amplitude (µH ~ 14.6mT, of the order of HK) and relatively high frequency (25 

kHz) magnetic field. Assuming that the viscosity of water is 10-3 N.s.m-2 at room 

temperature, the Brownian relaxation time, calculated for the range of measured 

hydrodynamic diameters (60-90 nm) is 84-283 microseconds – longer than the period of 

the applied field (~40 microseconds) (Note that in a single period of the applied field, the 

NP magnetization was observed to reverse twice, although only one reversal is shown in 

the figures).[13] While the Brownian relaxation time (equation 1) is defined for small 

fields (H<<HK), it provides a 1st-order approximation of the relaxation time when it is 

assumed that the moment cannot rotate within the crystal itself: since rotation from 

saturation to saturation (180 deg) is desired in MPI, to begin the magnetic reversal some 

small initial rotation would need to occur by random collisions before the moment could 

experience a torque from the applied field. Given these factors, it is unlikely that 

Brownian relaxation is the dominant relaxation mechanism under the experimental 

conditions described here, however, as will be discussed below, it could contribute 

measurably by aligning the NP easy axes when they are dispersed in solution.  

To further probe the reversal mechanism of the largest NPs, we varied the 

excitation field amplitude between 5.1 and 18.6 mTµ0
-1 (Fig. 3.7) (All other MPS results 

presented in this study were performed using an excitation amplitude of 14.8 mTµ0
-1). As 

shown in Fig. 3.7(a), the tails  (ranging from ~7-15mT) in the dm/dH data are more 

pronounced at higher field amplitudes (i.e. 14.8 and 18.6 mTµ0
-1), showing more 

contribution from hysteretic reversal. Here, MPS intensity, which depends on the number 

of moments that are reversed by the driving field, increases with increasing field 

amplitude (the same trend is observed in dm/dH plots and harmonic spectra). We note 

also that, as the field amplitude increased, the dm/dH peak location shifted to higher 

fields, while the harmonic spectrum displayed an increasing slope with relatively greater 

contribution from higher harmonics (most notably after the 7th harmonic). These effects 
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are likely due to reversal of the fraction of the sample with larger size, by the higher field 

amplitudes [395, 396] and corresponding to their larger coercivity due to their larger 

volume and reversal energy barrier. Therefore, monodispersity of the NPs plays a key 

role to get the optimum signal intensity and spatial resolution. As discussed above, this 

effect is less pronounced for the immobilized NPs dispersed in gel. Note that, since the 

excitation frequency in all measurements was constant (25kHz), increasing the field 

amplitude increased the field ramping rate. However, all the dm/dH and harmonic data 

were divided by field ramp rate (equations 3 and 4), and therefore the signal intensity is 

only dependent on tracer performance and it is not proportional to ramp rate. It is 

important to note that similar evolution was observed with field amplitude for both gel 

and water samples (the causes of difference between the water and gel samples at each 

amplitude will be discussed later).   

The smallest NPs (~7nm) showed the weakest MPS signal (Fig. 3.4), measured by 

dm/dH height, and the fewest measurable harmonics (up to 15th harmonics). In general, 

as size increased, the dm/dH height increased, dm/dH FWHM decreased, and the number 

of harmonics and their intensity increased, such that larger NPs featured spectra with 

good SNR even up to the 39th harmonic. The evolution in MPS results was consistent 

with the observed increase in the slope of the equilibrium m-H curves of the samples, as 

measured by VSM over the same range of fields probed in the MPS.[181] The maximum 

signal intensity was observed for NPs in the range of 20nm. The decrease of the signal in 

22nm NPs can be described based on the larger size distribution (standard deviation, 

σ=0.373 calculated from Chantrell fitting) observed for the 22nm NPs, as shown in m-H 

graphs.[16] Also, as we will show later in Appendix A, this can be related to phase 

impurities and formation of un-desired Wustite during the synthesis of these larger core 

sizes.  
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Fig. 3.7. Effect of the excitation field amplitude on dm/dH (left) and harmonics (right) 
spectra of the 22nm NPs in water (a) and agarose (b). Hysteretic reversal appeared to 
dominate at larger field amplitudes. As a result, as the field amplitude was increased, it 
reversed ever larger size fractions of the NPs in the sample, resulting in greater signal 
intensity, a shift in the dm/dH peak, and increased higher harmonics. This effect was 
observed both in water and in gel immobilized samples.  
   

The equilibrium magnetization slopes (measured by VSM) are largest in 20 and 

22nm NPs, accompanied by appearance of an open hysteresis loop. For the given VSM 

measurement time (~100s), this behavior is due to a superparamagnetic to ferromagnetic 

transition with increasing core size.[21] The transition could be further enhanced by the 

magnetic interactions between the nanoparticles when they are not coated with PMAO-

PEG, which can lead to interparticle interactions that tend to align the particles into 

chains (Fig. 3.1(b)).[416] The open loop behavior observed for oleic acid coated particles 
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is not seen after coating of the NPs with the co-polymer. Similar evolution was observed 

in the MPS data of these samples, due to hysteretic reversal of these aggregates. Prior to 

coating with PMAO-PEG, the oleic acid coated NPs (core sizes~ 20 and 22nm) featured 

a narrow dm/dH centered at ~8 mT and flat harmonic spectra with high intensity, 

whereas PMAO-PEG coated particles showed a broader peak centered at 0 mT, and 

weaker harmonics. TOPO immobilized NPs typically showed the weakest MPS response. 

However, NPs smaller than 18nm did not show such dramatic signal variations before 

and after coating, either in their MPS or VSM measurements (Fig. 3.4). This is likely due 

to their smaller size; these NPs experience weaker interaction forces in comparison with 

20 and 22nm NPs. However, compared with samples dispersed in chloroform, MPS 

signal intensity decreases after coating for all different sizes, due to the presence of the 

hydrodynamic layer around the NPs that stabilizes the particles and limits their 

interaction (also see Table 3.1).  

The observed dependence in M(H) and MPS behavior on the suspending matrix 

could have several origins, including changes in the size distribution during phase 

transfer, clustering caused by inter-particle interactions, and the ability of the NPs to 

align their easy axes by rotation in liquid suspensions. For example, the dm/dH FWHM 

(insets of Figs. 3.4 and 3.5), decreases after transferring the as-synthesized NPs from 

chloroform to water, which can be clearly seen for 12, 16 and 18nm NPs. We interpret 

this peak narrowing phenomenon to a narrowing of the size distribution of the NPs during 

phase transfer to water, due to elimination of larger and smaller NPs by filtration and size 

exclusion purification after their coating with PMAO-PEG co-polymer. Also, again it is 

important to consider the potential for strong interaction between un-coated NPs in 

chloroform, where steric stabilization is poor and local aggregation can occur, specially 

when an external field is applied, such as during MPS measurements. For the NPs larger 

than 20nm, which are strongly interacting in chloroform, the dm/dH was fully changed 

after freezing the NPs motion in TOPO with maximum values shifted to zero field. The 

peaks in chloroform were sharp and appeared at larger field values, but after freezing in 

TOPO, they transformed to significantly broader peaks (Fig. 3.5). NPs frozen in TOPO 
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show the lowest signal intensities for all core sizes. Their equilibrium magnetization also 

shows a distinctive change that matches with the dm/dH data: when the NPs are allowed 

to align by rotation, such as in chloroform, a sharp transition is noted in the dm/dH, 

harmonic spectrum and m-H loop. Furthermore, chaining of the nanoparticles in 

chloroform may serve to enhance this effect. However, freezing the NPs in random 

orientations, such as by cooling a TOPO dispersion in the absence of an applied field, 

results in a change in saturation field and susceptibility in the equilibrium measurement 

that corresponds to a low intensity, broad dm/dH and low-intensity harmonics.  This 

change could be due to alignment of the free NPs along their easy axis, compared to 

randomly immobilized NPs in TOPO and is in accordance with the Stoner-Wohlfarth 

model for magnetization reversal of single domain nanoparticles with different 

orientations with respect to the direction of the applied field.[417]   

Unlike differences between chloroform and TOPO, immobilization of the aqueous 

NPs in agarose gel did not change the dm/dH peak width considerably (Figs. 3.4, 3.5, and 

3.6 and Table 3.1). The observation of the same peak width in water and gel is indeed an 

interesting finding, regarding tracer design for tissue targeted MPI. However, this 

similarity was mainly observed in NPs smaller than 20nm. For the largest NPs with 

median size of 22nm, the full width at half maximum of the dm/dH in gel is smaller than 

in water. This might be due to clustering of these larger NPs during the phase transfer and 

their stronger magnetic interactions and alignments, when the field is applied, a 

phenomenon which is prohibited when their field induced movements are limited in 

nanoporous gel structure.[418] These clusters are larger than 100nm and form about 5 to 

10 volume percentage of this sample, as shown by DLS data in Fig. 3.3(f). Also, free NPs 

in water can align with each other, when the magnetic field is applied and form clusters 

with large coercivities, acting like larger NPs. The hysteretic reversal occurs for these 

large size NPs at higher fields, resulting in a wider dm/dH peak and a small change in the 

slope of their harmonics spectra (Figs. 3.5 and 3.7). Also, the NPs dispersed in water 

show higher signal intensities in comparison with gelled samples. This could also be due 

to alignment of the free NPs and/or clusters in water, a phenomenon which does not 
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occur in gelled samples and as mentioned above, it can be described based on the Stoner-

Wohlfarth model.[417] 

 
Table 3.1. (a) Signal intensities (approximate peak values, unit: mm3/ mg Fe) and (b) 
FWHM (unit: mT/µ0) of the dm/dH of the nanoparticles with different core sizes (7, 12, 
16, 18, 20 and 22nm) in different environments (water, agarose, chloroform and TOPO). 
The graphs are added for better visualization of the values (Continued in the next page). 

(a) 
Core%Size%(nm)% Water% Agarose% Chloroform% TOPO%

7% NA% NA% NA% NA%
12% 5% 3.1% 5% 2.9%
16% 16.5% 11% 17.5% 7.7%
18% 19.5% 15% 22.5% 6.5%
20% 25% 17.5% 45% 17.5%
22% 28.5% 20% 42.5% 14%
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Table 3.1. Continued from previous page. 
(b) 

Core%Size%(nm)% Water% Agarose% Chloroform% TOPO%
7% NA% NA% NA% NA%
12% 11% 11.5% 14.5% 13%
16% 9% 9% 10% 9.5%
18% 8.5% 8.5% 11% 10.7%
20% 9.5% 9.5% 3% NA%
22% 13.5% 10.5% 3.5% 13%

 

 

 

 

 

 

 

 

 

 

 

Considerably higher dm/dH signal intensities (~2.5x and 5x, respectively) were 

observed in our 16.5nm (σ=0.185) synthesized NPs, in comparison with two typical 

commercially available NPs, Resovist (median size of d0=13.82nm and σ=0.49) and 

Feridex (d0=7.6nm and σ=0.38, Fig. 3.6). Resovist has been extensively used as a gold 

standard for developing the MPI technique. However, increasing the magnetic core size 

to 20.16nm with narrow size distribution (σ=0.29), increased the signal intensity by a 

factor of five compared with 12nm NPs. This increase in signal can be related to the 

larger magnetic core size (Fig. 3.3) and lower σ values of our synthesized NPs.  As it can 

be seen in their VSM data, low magnetization rates of these commercial NPs agree with 
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their weaker MPS signal. It is noteworthy that the MPS signal intensities of Resovist and 

Feridex are also very low after immobilization in agarose. 

For many clinical applications of NPs, such as cell tracking and a wide range of 

tissue targeted imaging and related therapeutic approaches, it is necessary to quantify the 

internalized iron in tissues at very low concentrations without interference of iron-

containing proteins (e.g., hemoglobin, transferrin, and ferritin) supplied by the 

blood.[346] This is more challenging for the organs with low level of NPs accumulation, 

such as kidney, brain and tumors. MPI signal is only sensitive to iron oxide NPs and there 

is no conflicting signal from the endogenous iron.  Also, it is critical to see linearity in the 

variation of the MPS signal with iron concentration in the order of tens of micrograms 

per milliliter.[4, 346] Figs. 3.8(a) and (c) shows the harmonic spectra of these NPs at 

different concentrations. Note that our spectrometer is able to measure up to 39 

harmonics.  

Decreasing the concentration equally shifts all the harmonics in each spectrum to 

lower intensities. The inset shows the linear variation of the 3rd, to 39th harmonics of the 

NPs (d0=22nm) down to very low iron concentrations (i.e. 15µg Fe.mL-1). Also, Fig. 

3.8(b) and (d) shows that the dm/dH peak width does not change with decreasing 

concentrations of the NPs. Again, the inset shows linear decrease of the dm/dH peak 

height with concentration. Larger error bars in the low-concentration dm/dH graphs and 

non-linearity of the 29th and 39th harmonics appear because the MPS signal for these 

samples is close to the background noise level of the spectrometer. 

Generally, when NPs are expected to bind to cells during MPI imaging, it is 

necessary to consider how immobilization will affect their magnetic response. For 

applied fields at 25 kHz and field amplitudes greater than 5 mTµ0
-1, which have been 

introduced as a safe range for clinical applications,[15] the Brownian relaxation is much 

slower than the hysteretic reversal, which was observed to dominate. Synthesizing the 

data we have presented above, we can make some general remarks about optimizing 

tracers for MPI. We observed that signal intensity could be increased by increasing the 
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median core size (up to our 20 nm sample); increasing the field amplitude also enhanced 

the signal intensity when there was a distribution of sizes. However, resolution and 

 

 
Fig. 3.8. Effect of concentration of 22 nm NPs in water on its harmonics spectra (a), and 
the spatial resolution, shown as the dm/dH graphs normalized to one (b). The harmonics 
intensity is decreasing linearly with decreasing the concentration (c). Non-linearity of the 
signals in 29th and 31st harmonics at low concentrations is due to interference of the 
system background noise. The spatial resolution does not change with dilution up to iron 
concentration of 15.725µg.mL-1. The dm/dH intensity shows a linear variation with 
concentration (d). Note that the background noise curve shown in part (a) comes from 
several sources. There is thermal noise from the receive coil, which is a significant 
source. There is also noise coming from the transmit circuit, which includes harmonic 
noise from the power amplifier. There is also some noise from ambient sources. All of 
these contribute, though the first two are most significant. 
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intensity should both be improved by using monodisperse NPs with a uniform coercivity 

and a sharp switching field. Such a sample would also have the advantage that its 

performance would be invariant in water or in tissue. While making large, monodisperse 

samples presents a practical challenge, given the tendency for the nanoparticles to cluster 

due to strong interactions, it represents the best course for further improving MPI 

performance. In other words, highest MPI image quality is achievable through efficient 

surface functionalization of the larger (i.e. NPs with core sizes of  ~20-27nm, as shown in 

Chapters 4 and 5 and Appendix A) and monodisperse NPs to avoid formation of 

aggregates during the NPs processing or applications. 

 

3.1.9. Conclusions 

NPs with approximate median core sizes of 7, 12, 16, 18, 20 and 22 nm and 

narrow polydispersity values were synthesized and successfully functionalized. We 

immobilized the NPs to study their MPI performance and found that signals obtained 

from smaller sizes of the NPs (~12 to 18nm) are less sensitive to their environment, while 

NPs larger than about 20nm that are best for MPI are highly sensitive to the surrounding 

media.  To verify this crucial finding, the chloroform dispersed NPs were frozen in 

TOPO prior to phase transfer and the water dispersed NPs were immobilized in agarose 

gel after functionalization. Peak narrowing was observed when the NPs were transferred 

from chloroform to water due to their smaller size distribution after phase transfer. Open 

loop magnetization hysteresis was observed in hydrophobic NPs larger than 20nm, 

suggesting magnetic interaction of the NPs, which was fully suppressed after coating. 

The relaxation mechanism of the hydrophilic NPs was changed from Néel for smaller 

NPs to a combination of Néel and hysteretic reversal for NPs larger than 20nm. 

Immobilization in agarose, did not change the spatial resolution based on the FWHM of 

dm/dH and the slope of the harmonic spectra for NPs smaller than 20nm. For larger sizes 

(i.e. 22nm), hysteretic reversal of the large size fraction of the NPs, shifted the peak to 

larger fields, a phenomenon that was eliminated after preventing the NPs alignment in 

gel. This shows the key role of monodispersity of the synthesized NPs in order to get the 
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highest MPI signal, specially for larger sizes. Harmonics and dm/dH intensities varied 

linearly with concentration, while the dm/dH peak width remained constant, confirming 

consistent MPI performance of the synthesized tracers down to very low concentrations 

comparable to the usual ranges observed in targeted tissues. The results of the model 

designed here, help to improve the image quality in a broad range of tissue- or cell- 

targeted MPI applications in future.    

   

3.2. Nanoparticles stability and consistency of their MPI signal quality in biological 

solutions 

3.2.1. Introduction 

The core and hydrodynamic size of the iron oxide nanoparticles determine the signal 

intensity and spatial resolution in MPI, whilst their monodispersity when preserved 

during the biomedical application, generates a consistently high quality MPI image.[7, 

16, 392] Detachment of the coating molecules in the presence of strong ionic species in 

the biological media such as blood and adsorption of the proteins are two challenging 

phenomena resulting in instability of the NPs and the formation of aggregates.[21, 22] 

These large size aggregates have shorter blood circulation half-life and rapid clearance 

through the reticuloendothelial system (RES). Also, they have a larger coercivity, and 

respond by hysteretic reversal, requiring larger applied magnetic field amplitudes.[417]  

Therefore, when present in a sample, these aggregates decrease the signal intensity and 

spatial resolution in MPI.[406]  

In this section, we present a silanization method for ligand exchange and subsequent 

conjugation of bis-amine polyethylene glycol (PEG) to the surface of the 18nm oleic acid 

coated NPs.[176, 400, 401, 419] Using this effective process to coat the synthesized NPs 

with amine terminated PEG molecules, we show by DLS that they are water-soluble with 

long-term stability in biological media such as phosphate buffered saline (PBS) and 

sodium bicarbonate buffers and Dulbecco’s modified Eagle medium (DMEM) enriched 

with 10% fetal bovine serum (FBS). The MPS efficacy of the functionalized 
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nanoparticles was also monitored over time, and both signal intensity and resolution 

remained unchanged even after 7 days of incubation. This is attributed to the dominant 

contribution of the Néel relaxation mechanism of the monodisperse and highly stable 

nanoparticles, which was preserved through the incubation period. These results show 

that the NPs were individually coated without forming aggregates and remained highly 

stable in different biological media for more than a week maintaining their spatial 

resolution and signal intensity. The results of this study paved the way for future use of 

these highly stable NPs in various MPI related biomedical applications. For example, we 

will show in Chapter 4 that these stable amine-functionalized NPs can be effectively used 

for multimodal imaging (MPI/MRI/Fluorescent) with a long blood circulation time (i.e. 

~25min) in mice.  

 

3.2.2. Synthesis of highly stable amine-functionalized MPI tracers 

The procedure used for synthesis and PEG coating of the NPs is shown in Table 

3.2. Monodisperse iron oxide NPs were prepared, as discussed before in section 3.1.2. 

Briefly, iron oleate was synthesized and dissolved in 1-octadecene [398, 399] and then a 

mixture of iron oleate, oleic acid and 1-octadecene was refluxed at 320°C for 22h under 

inert argon atmosphere. The molar ratio of iron oleate to oleic acid was adjusted to 1:18. 

The core size of the synthesized NPs was ~18nm. To purify the as-synthesized NPs, we 

sonicated them in 40mL of a 1:1 (v/v) mixture of chloroform and methanol and 

precipitated them three times with a strong magnet. Purified NPs (~30mg) were dried in 

vacuum, redispersed in 35mL toluene by 15min sonication. NPs were functionalized with 

amine-terminated polyethylene glycol (PEG), by modification of the procedures 

described before.[176, 419] First, NPs were silanized by addition of 50µl of 3-

(triethoxysilyl)propyl succinic anhydride (TSP) to the NPs and refluxing the mixture at 

105°C for 12h under argon atmosphere (See Appendix D for details). NPs were then 

purified by addition of 50mL hexane and separated using a strong permanent magnet. 

Precipitated NPs were dispersed in 7mL tetrahydrofuran (THF). 

Dicyclohexylcarbodiimide (DCC, 80mg) and bis-amine PEG (170mg, MW 2kDa) were 
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added to the NPs and the mixture was sonicated at 50°C for about 20h. PEG coated NPs 

were separated by addition of excess hexane and using a strong magnet. Dried NPs were 

dispersed in 3mL sodium bicarbonate buffer (pH=8.5) and sonicated for 15min. Size 

exclusion purification (SephacrylTM S-200 gel) was used to remove un-reacted PEG 

molecules.  

We used ICP to determine the iron concentration at each step of the NPs 

preparation. For long-term stability tests, 50µL of the NPs were incubated in 1mL PBS 

and sodium bicarbonate buffers and DMEM cell culture media enriched with 10% FBS. 

DLS was used to monitor the variation of the average hydrodynamic size of the NPs in 

different media. TEM was used for morphological analysis of the NPs before and after 

the functionalization. For studying the room temperature magnetization (M vs. H) of the 

NPs, about 100µL of the liquid samples (100-200µg of NPs) were transferred to a 

polycarbonate capsule and analysis were performed using a room temperature vibrating 

sample magnetometer (VSM). Size of the NPs were calculated using Chantrell method, 

by fitting the resulted magnetization curves to the Langevin function.[404] We calculated 

the Brownian relaxation times (!!) of the NPs using equations (1) and (2) (section 3.1.5). 

MPS measurements and data analyses were performed as explained in section 3.1.6. 

  

                           Table 3.2. Procedure used for synthesis of PEG coated NPs. 
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3.2.3. Results and discussions 

We used a ligand exchange approach to transfer the hydrophobic NPs to aqueous media. 

NPs were first modified with silane functionalized molecules, which introduces carboxyl 

groups to the surface of the NPs. DCC was then used to bond bis-amine PEG molecules 

to these carboxyl groups. Using SPDP assay,[420]  the average number of active amine 

groups per NP was estimated to be about 102 (see Appendix H for detailed procedure). 

As shown in Fig. 3.9(a), the slope of the m-H curves did not change after coating of the 

NPs with PEG, showing that the median core size of the NPs did not change considerably 

during the process. This indicates that no aggregates or cross-linked NPs were formed 

through the coating reaction and it was confirmed by calculation of the average core sizes 

of the NPs before and after PEGylation, using the Chantrell fitting.[404] Note that the 

slight decrease of the magnetization slope after silanization is due to pre-silanization 

purification process that we used to remove the large aggregates that were formed during 

the high temperature synthesis of oleic acid coated NPs. The calculated median core size 

of the PEG coated NPs was 17.8nm, with a narrow standard deviation of 0.126. These 

values are 18.35nm and 0.225 before silanization and 18.06 and 0.04 after silanization. 

TEM image of the PEG-coated NPs shown in Fig. 3.9(b), clearly confirms our VSM-

based size calculations. The PEG coating cannot be seen in TEM due to its very low 

contrast in comparison with the crystalline core. Also, it rapidly gets decomposed due to 

beam damage from the high energy electron beam (i.e. 200 KeV).  

PEG-coated NPs had a very narrow hydrodynamic size distribution (Z-average of 112nm 

with polydispersity index of 0.189). Due to the electrostatic repulsions between NPs and 

steric hindrance provided by PEG molecules, NPs were very well stable in biological 

media, showing an almost constant hydrodynamic size, without formation of  aggregates 

after a week (Fig. 3.9(c)).  
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Fig. 3.9. (a) Normalized m-H curves of the nanoparticles before and after silanization, 
and after their coating with PEG molecules. The plots are shifted vertically for clarity. 
The median core size (d0) and standard deviation (σ) of the PEG-coated NPs were 
calculated using Chantrell fitting.[404] (b) TEM image of the PEG-coated nanoparticles, 
showing results in accordance with our m-H size measurements. (c) Stability of the 
hydrodynamic size of the PEG-coated nanoparticles in different biological solutions as a 
function of incubation time. Stability plays an important role in long-term MPI 
performance of the NPs as shown by MPS data presented in Fig. 3.10.       
    

The dm/dH and harmonic spectra of the NPs at each step of the procedure (Table 3.2) are 

shown in Fig. 3.10. Signal intensity (i.e. peak height or harmonic values) and spatial 

resolution of the NPs were enhanced after silanization (compare Figs. 3.10(a) and (b)). 

Also, the slope of the harmonics spectrum was less for silanized NPs, showing higher 

harmonic intensities for these particles. Note that higher harmonic intensities represent a 

higher MPI signal intensity in system matrix image re-construction approach. As 

mentioned earlier, these are due to elimination of the larger and smaller fractions of the 

as-synthesized NPs during the washing process that resulted in narrower size distribution 

of the NPs after silanization (σ=0.04) and is in agreement with the m-H curves (Fig. 

3.9(a)).[406] This can be also correlated with the increased interaction of the NPs after 

replacement of the oleic acid with TSP molecules. After coating with PEG, the NPs 

showed a narrow core and hydrodynamic size distributions. These resulted in their high 

spatial resolution and signal intensity (Fig. 3.10(c)). The dm/dH peak and 3rd harmonic 

intensities of the PEG coated NPs were 18.31±0.03 mm3/mg Fe and 14.91±0.02 Vrms/mg 

Fe, respectively, before starting the incubation. Also, the harmonics spectra of the NPs in 
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different solutions perfectly overlap with each other even up to 39th harmonic. Long-

term, the NPs maintained their MPS performance in different biological media, even for 

up to a week of incubation (Figs. 3.10(d) and (e)). We have shown before that there are 

three possible mechanisms (i.e. Néel, Brownian and hysteretic reversal) for relaxation of 

the NPs in MPI.[13, 16, 392, 406] We used equations (1) and (2) to calculate the Néel 

and Brownian relaxation times (~2 and ~300 microseconds, respectively) and compared 

these values with field switching time in our MPS system (~40 microseconds) to 

investigate the relaxation mechanisms of the NPs. The time needed for Brownian 

relaxation was much higher than field reversal time for the frequency used in our MPS 

(25kHz). Therefore, there was no Brownian relaxation contribution in our MPS signals. 

Also, when hysteretic reversal dominates, the dm/dH peak occurs at a finite non-zero 

value that depends on the particle’s anisotropy, so that the dm/dH is asymmetric about 

the origin.[406, 421] Therefore, symmetrical dm/dH peak at near zero field range 

confirms that Neel relaxation was the dominant mechanism, resulting in the consistent 

MPS performance of the PEG-coated NPs.[406]  
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Fig. 3.10. dm/dH (top) and harmonics (bottom) diagrams of the nanoparticles before (a) 
and after silanization (b) and PEGylation (c). The PEG-coated NPs showed a consistent 
signal intensity and spatial resolution after incubation in sodium bicarbonate, PBS and 
cell culture (DMEM enriched with 10% FBS) media for 2 (d) and 7 days (e).  
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3.2.4. Conclusions 

The nanoparticles reported in this study show consistent performance, without any 

agglomeration, suitable for practical MPI measurements related to future cardiovascular 

imaging, cancer diagnosis and stem cell tracking. In fact, size stability of these NPs in 

biological media is the crucial parameter required for these applications.  As we will 

show later in Chapter 4, this also helps to improve the blood half-life of these 

nanoparticles. Furthermore, the presence of amine groups on the surface of the NPs 

provide abundant chemically active sites for conjugation of other molecules such as 

fluorescent Cy5.5 (see Chapter 4). High spatial resolution and signal intensity of these 

NPs, with the majority contribution from Néel relaxation, makes them promising 

candidates for a wide range of in vitro and in vivo MPI applications in the future.  

 

3.3. Intracellular performance of tailored nanoparticle tracers in MPI 

3.3.1. Introduction 

Magnetic Particle Imaging (MPI) is a quantitative mass-sensitive, tracer-based imaging 

technique, with potential applications in various cellular imaging applications. As shown 

in Section 3.1 (Fig. 3.8), it has a high mass sensitivity – down to 15µg/mL – and its 

signal is linear with NPs concentration. Therefore MPI is a potentially useful technique 

for various in vivo cell tracking and tissue imaging applications. However, there is 

limited information available about the MPI performance of the NPs after their 

internalization into cells.  

As discussed before, the spatial resolution of MPI, in the first approximation, 

improves by decreasing the full width at half maximum (FWHM) of the field-derivative 

of the magnetization, dm/dH, of the nanoparticle (NP) tracers. We showed in previous 

sections that the monodispersity, core size, and environment-dependent relaxation 

mechanism of the iron oxide nanoparticles determine the signal intensity and spatial 

resolution of the MPI images.[42] Therefore, considering these parameters is crucial for 

successful utilization of MPI for in vivo imaging of carcinoma tissues or tracking of 
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labeled cells in the future. The exact mechanisms for MPI performance of the NPs after 

cellular internalization are still unknown because of the possible intracellular degradation 

and aggregation of the NPs. 

 

                        

 
Fig. 3.11. The most common intracellular pathway of the MPI tracers. Lysosomes are the 
main organelles responsible for degradation of the NPs. Note that in this schematic 
picture, we only show one single nanoparticle in endosome and lysosome with emphasis 
on their possible pathways in the cells, for simplicity. In real situations, large number of 
the nanoparticles or their aggregates can get accumulated in one endosome or lysosome. 
NPs entered into acidic environment of lysosomes start to degrade. Degradation can 
happen for both coating materials and core iron oxide and its kinetics may vary with NPs 
size or type of the coating materials. Again, degradation of the core and coating 
molecules are not shown in this schematic for simplicity. Coating degradation has been 
conventionally used for drug delivery purposes (shown as cargo molecules). However, 
we believe when the coating molecules are detached from the surface of the nanoparticles 
due to degradation, nanoparticles aggregate and their MPI performance changes. 
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Following the analysis of the NPs performance in a tissue equivalent environment 

with a neutral pH (Sections 3-1 and 3-2),[42] in this section, we studied the long-term 

MPI performance of monodisperse PEG-coated NPs in a simulated lysosome 

solution.[201] Lysosomes are the main intracellular organelles, responsible for 

degradation of the NPs (Fig. 3.11).[105] The results of our study show that depending on 

the concentration of the NPs, the degradation alters the size of the NPs and can cause 

their partial aggregation. These structural changes of the NPs in such intracellular 

environments increase the FWHM of their dm/dH curves, which eventually results in 

lowering the resolution of the MPI images.  

In this work, we incubated 30 to 150µg of the iron oxide NPs (core size: ~20.1nm 

and hydrodynamic size: ~82nm) in a lysosome-like acidic buffer (0.2mL, 20mM citric 

acid, pH 4.7) and investigated  their changes by VSM, MPS, TEM and DLS. The FWHM 

of the dm/dH curves of the NPs increased with incubation time and buffer to NPs ratio, 

consistent with a decrease in the median core size of the NPs from ~20.1±0.98 to 

~18.5±3.15nm and an increase in their hydrodynamic size from ~82nm to ~260nm. In 

fact, these smaller degraded NPs formed aggregates that responded to the applied field by 

hysteretic reversal at higher field values and increased the FWHM. The rate of core size 

decrease and aggregation were inversely proportional to the concentration of the 

incubated NPs, due to their slower biodegradation kinetics, suggesting that higher cellular 

internalization might preserve the spatial resolution of MPI in future cellular imaging 

applications. The results of this model experiment show that the MPI performance of the 

NPs in the acidic environments of the intracellular organelles (i.e. lysosomes and 

endosomes) can be highly dependent on their rate of internalization, residence time and 

degradation.  

 

3.3.2. Incubation of NPs in simulated lysosome solution 

PEG-coated NPs (core size: ~20.1nm and hydrodynamic size: ~82nm) were synthesized 

as described in section 3.2.2. To simulate the intracellular performance of the NPs, 

different amounts of the NPs (30, 50, 100 and 150µg) were dispersed in 0.2mL of 20mM 
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citric acid buffer with pH of 4.8.[201] The mixtures were then sealed and incubated at 

37°C for up to 96 hours and the MPS performances of the NPs were monitored over the 

incubation period. The size variations of the incubated NPs were also verified by DLS, 

TEM and VSM analyses as described in sections 3.1.3, 3.1.5 and 3.1.6. 

 

3.3.3. Results and discussions 

Dynamic light scattering measurements showed that the PEG-coated NPs had a 

hydrodynamic size of about 82nm. We have shown before (section 3.2) that these NPs 

are highly stable in aqueous buffers (e.g. PBS) and biological media (e.g. cell culture 

media enriched with 10% fetal bovine serum) and show a consistent performance as 

efficient MPI tracers without notable change in their core and hydrodynamic sizes over a 

period of at least one week of incubation in these solutions.[17] 

To simulate the MPI performance of these NPs after internalization into main 

cellular organelles (i.e. endosomes and lysosomes), we incubated 30µg of the NPs in 

0.2mL of an acidic lysosome-like buffer solution[201] and determined their core and 

hydrodynamic size variations and MPS performance over a period of 4 days. TEM (Figs. 

3.12(a) and (b)) and DLS (Fig. 3.14(b)) analysis showed that initially monodisperse NPs 

were partially  

 
Fig. 3.12. TEM images of the PEG coated NPs before (a) and after (b) incubation (96 
hours) in lysosome-like (pH=4.8) solution. Core sizes calculated by fitting the m(H) plots 
of the NPs (c) to the Langevin function,[404] confirmed the size variations observed in 
TEM images . Here, 30µg of the NPs were incubated in 200µL of the acidic solution. 
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degraded after incubation and formed aggregates composed of these smaller size NPs. 

These aggregates can be potentially formed following detachment of the stabilizing PEG 

molecules from the surface of the degraded NPs. In agreement with the TEM 

observations, fitting of the VSM magnetization curves of these NPs to a Langevin 

function, showed that their median core size decreased from ~20.1±0.098 nm to 

~18.5±3.15nm after incubation in acidic buffer for 96 hours (Figs. 3.12(c) and 3.14(b)). 

As shown in Fig. 3.12(c), the slope, dm/dH, of the m(H) curves of these smaller NPs was 

slightly less than the NPs prior to incubation. This degradation-dependent size decrease 

was slower when higher concentrations of the NPs (i.e. 50, 100 and 150µg) were 

incubated in the same amount of the buffer solution (Fig. 3.14(b)). Also, the larger core 

size standard deviations after incubation (Fig. 3.14(b)) show that the degradation 

phenomenon increased the core size polydispersity of the NPs. Considering the same 

amount of the acidic solution for all the incubation conditions, the slower degradation of 

higher concentration of the NPs can be correlated with their larger total surface area 

exposed to the degrading solution.[201, 422]  

Spatial resolution of MPI images directly depends on the FWHM of the dm/dH 

curves of the NPs used as the contrast agent.[15] Using magnetic particles spectrometry 

(MPS), we have shown before that this FWHM parameter is highly dependent on the 

median core and hydrodynamic sizes and monodispersity of the NPs.[16, 42, 423] 

Therefore, partial dissolution and aggregation of the NPs in acidic buffer increases their 

FWHM (Figs. 3.13(a) to (d) and 3.14(a)), which results in poor resolution in MPI images. 

This FWHM increase can be attributed to the resemblance of these aggregates to NPs 

with larger core sizes and their forced hysteretic reversal at higher magnetic field values 

(>5mT).[42] Variation of the hydrodynamic sizes in Fig. 3.14(b) show that at lower 

concentration of the NPs (e.g. 30µg) higher percentage of these aggregates form during 

the incubation. These aggregates increase the average hydrodynamic size of the NPs and 

result in shifting the location of the MPS peak to higher field values (Fig. 3.13(a)) and 

formation of m(H) curves with larger coercivity as shown in Fig. 3.13(e) for the applied  
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Fig. 3.13. The dm/dH plots (a–d), measured at 25 kHz in our Magnetic Particle 
Spectrometer,[18] were integrated to derive the corresponding AC hysteresis m(H) curves 
(e–h). Different amounts of NPs – 30 (a and e), 50 (b and f), 100 (c and g) and 150µg (d 
and h) – were incubated in lysosome-like buffer for 0-96 hrs. 
 

 

 

 
Fig. 3.14. (a) Change of the FWHM of dm/dH as a function of NPs concentration and 
incubation time at pH = 4.8. NPs concentrations were held constant during each 
incubation experiment. Note that the lines connecting different concentrations of NPs for 
the same incubation times are intended as guides to the eye. (b) Core and hydrodynamic 
size variation by concentration of the NPs incubated for 96h. The core sizes were 
calculated by fitting of the NPs m-H curves to the Langevin function and the 
hydrodynamic sizes were determined using dynamic light scattering. 
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field frequency (f0=25kHz) used in our spectrometer. Similar to core size variation rates, 

this FWHM and coercivity increases were less for higher concentration of the incubated 

NPs (Figs. 3.13(a)-(f) and 3.14(a)). The details of the relaxation mechanisms of the 

monodisperse NPs in the presence of the applied AC magnetic field (25kHz) can be 

found in Section 3.1. 

 

3.3.4. Conclusions 

Future application of MPI for imaging of targeted tissues (such as cancers or 

atherosclerotic plaques) or magnetically labeled cells (such as stem cells[424, 425], 

macrophages or red blood cells[426]) depends on the consistent performance of the NPs 

after cellular internalization. Lysosomes, the most probable destination of the internalized 

NPs, are acidic (pH ~5.0) and this environment likely degrades the NPs in a short time. 

The spatial resolution in MPI is strongly correlated with the core size and polydispersity 

of the NPs. Therefore, this degradation phenomenon weakens the MPI performance of 

the NPs and special surface modification strategies should be developed to tune the 

cellular internalization rate, pathways and degradation rates of the NPs, based on the 

desired MPI application.   

 

3.4. Chapter summary and future outlook 

Our results in Section 3.1 show that the MPI signal is very sensitive to both NP 

size and environment. Our calculations show that Brownian rotational diffusion is slower 

than the applied field switching cycle and therefore it has considerably less influence on 

MPS signals (assuming non-interacting NPs in MPS magnetic field). dm/dH analyses 

show that Néel relaxation is the dominant mechanism determining MPI response in 

smaller NPs (d0 < ~20nm). Larger NPs show hysteretic reversal when the applied field 

amplitude is large enough to overcome the coercivity. Linear variation of the MPS signal 

intensity with iron concentration but with uniform spatial resolution enable quantitative 

imaging for a range of applications, from high-concentration bolus chase imaging to low-

concentration molecular imaging (while our instrument is noise-limited to ~milli-molar 
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iron concentrations, nano-molar sensitivity is expected for MPI, theoretically). These 

results show that MPI has the potential to be an effective imaging modality even when 

the NPs are immobilized in tissues (e.g. cancer targeting) and cells (e.g. stem cells) and 

pave the way for future application of our synthesized tracers for immobilized or in-vivo 

targeted MPI of tissues. We also, evaluated the MPI performance of the tracers in an 

acidic lysosome-like solution (Section 3.3), since lysosomes are one of the most common 

destinations for nanoparticles after their internalization into cells. Our results showed that 

the partial degradation of the nanoparticles in this acidic environment changes the MPI 

performance (e.g. dm/dH FWHM as a representative of spatial resolution). However, this 

phenomenon is dose-dependent and might be less when higher concentrations of the 

nanoparticles are internalized in lysosomes. We also, developed surface chemistry 

approaches to enhance the stability of our MPI tracers and functionalize them with amine 

groups (Section 3.2). In Chapter 4, we will use these highly stable and functionalized 

MPI tracers for multimodal MPI/MRI/NIRF imaging in mice. 
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Chapter 4.  

IN VIVO MULTIMODAL MAGNETIC PARTICLE IMAGING (MPI) WITH 

TAILORED MAGNETO/OPTICAL CONTRAST AGENTS 

 

4.1. Introduction 

The theoretically predicted spatial resolution (sub-mm) and tracer mass sensitivity (~ 

nanograms) of MPI, position it as a versatile and competitive medical imaging technique 

in comparison with other established whole body imaging modalities such as MRI and 

PET.[1, 7] However, MPI is still at an early stage in its development. In order to expedite 

its clinical translation, further development in both imaging hardware and tracer 

optimization are required.[7, 18] For example, we have shown before that the nature 

(Néel or Brownian) and rate of magnetic relaxation of the NPs in response to the AC 

magnetic fields applied in MPI scanners play a significant role in determining the 

resolution and signal intensity in MPI.[19, 392, 427] These relaxation mechanisms 

depend on the core size, monodispersity and the molecular coatings of the NPs.[18, 42]  

Following these initial findings, we reported a significant improvement in signal 

resolution and intensity using highly monodisperse NPs synthesized by a controlled 

thermal decomposition method, which were subsequently coated with a co-polymer of 

polyethylene glycol (PEG) and poly(maleic anhydride-alt-1-octadecene) (PMAO).[9, 10, 

406] However, surface modification of these monodispersed MPI tracers is required to 

incorporate functionalities that enable a wide range of MPI image guided therapeutic 

applications.[17, 423] In particular, active surface functional groups such as amines (-

NH2), carboxyls (-COOH) or thiols (-SH) can be used for conjugation of various 

antibodies and peptides (e.g. for targeting cancer cells[97, 428]) cationic polymers (e.g. 

for improved stem cells labeling [429]) or labeling of the NPs with reporter molecules of 

other imaging modalities (e.g. fluorescent [430] or PET [153]). Additional 

functionalization of these NPs for other imaging modalities would also accelerate 
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screening of the MPI tracers based on their in vitro and in vivo performance in pre-

clinical trials. 

In section 3.2, we used a combination of ligand exchange and PEG conjugation to 

make amine functionalized PEG-coated monodisperse MPI tracers. Here, we conjugated 

two different types of poly-ethylene-glycols (NH2-PEG-NH2 and NH2-PEG-FMOC) to 

monodisperse carboxylated 19.7nm NPs by amide bonding. Note that our later studies 

showed that nanoparticles core sizes in the range of 24-27nm are ideal for generating 

highest signal intensities and spatial resolution in MPI (See appendix A). However, at the 

time of these studies, we had repeatability challenges to synthesize nanoparticles with 

larger core sizes. Further, we conjugated Cy5.5 NIRF molecules to these functional 

groups and evaluated their in vitro and in vivo imaging efficiency as multimodal 

(MPI/MRI/NIRF) contrast agents. Labeling MPI tracers with NIRF molecules, which 

have a higher tissue penetration depth than other fluorescent molecules, [37, 292] 

provides details of their anatomical biodistribution and intracellular pathways that will 

enable future cellular MPI applications.[83, 327] Note that these amine functional groups 

can be also used for conjugation of cancer targeting biomolecules to NPs. 

In addition, we show that implementation of a proper NPs surface functionalization 

approach can improve their multimodal imaging performance and prolong their blood 

half-lives. Bi-functional PEG (NH2-PEG-NH2) resulted in larger hydrodynamic size 

(~98nm vs. ~43nm for hetero-functional PEGs, NH2-PEG-FMOC) of the tracers, due to 

interparticle crosslinking (see next sections). Formation of such clusters impacted the 

multimodal imaging performance and decreased the blood half-life of these tracers, 

which is critical for some applications such as cancer targeting that require longer plasma 

circulation times.[35] We also found that MPI signal intensity of the tracers in blood 

depends on their plasma clearance pharmacokinetics.  

We also evaluated the biodistribution of these multimodal tracers in mice. Whole 

body mice MPI/MRI/NIRF imaging, showed primary distribution of NPs in liver and 

spleen. We used the T2 MRI relaxivity of the NPs for quantitative assessment of the 

biodistribution of these NPs. Biodistribution of tracers and their clearance pathway was 
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further confirmed by MPI and NIRF signals from the excised organs, where the Cy5.5 

labeling enabled detailed anatomical mapping of the tracers in tissue sections. Therefore, 

addition of other imaging modalities (i.e. NIRF and MRI) to optimized MPI tracers not 

only enhances their imaging functionality but also helps to monitor their in vivo 

biodistribution and clearance with anatomical sensitivity. 

These multimodal MPI tracers, combining the strengths of each imaging modality 

(e.g. resolution, tracer sensitivity and clinical use feasibility) pave the way for various in 

vitro and in vivo MPI applications. Designing such multimodal MPI/MRI/NIRF imaging 

contrast agents should help open new areas for fluorescent or MRI assisted applications 

of MPI in molecular imaging, where MPI can not provide high resolution anatomical 

signals. MPI’s clinical safety, cost effectiveness and imaging efficacy make it a 

promising tool for primary diagnosis of tumors, lesions or plaques. Addition of optical 

imaging modalities to MPI tracers further expands their scope of applications; for 

instance, optically labeled MPI tracers can be used as tumor or lesion paints, which can 

help delineate pre-operatively detected areas from the surrounding healthy tissues using 

portable fluorescent detectors.[431, 432] Thus, physicians in surgery rooms can safely 

remove only the affected areas. The pharmacokinetic and biodistribution results 

presented here will help expedite the development of a new generation of MPI tracers for 

a wide range of intracellular or tissue targeted MPI applications. 

 

4.2. Synthesis of Cy5.5 labeled MPI tracers 

Oleic acid coated NPs were synthesized as described before in section 3.1.2. Then, 

we silanized the NPs according to the procedure discussed in section 3.2.2. Silanized NPs 

were further conjugated with either bi-functional (NH2-PEG-NH2) or hetero-functional 

(NH2-PEG-FMOC) PEG molecules (MW 5kDa, Laysan Bio, US) following modification 

of the method reported for conjugation of bis-amine PEG to carboxylated NPs described 

in section 3.2.2 (Fig. 4.1(a) and (b)).[17] Briefly, 170mg PEG was dissolved in 9mL THF 

and added to the NPs solution. Previous reports have shown that the succinic anhydride 
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group of TSP-coated NPs can hydrolyze and generate free carboxylic acid groups;[176] 

thus, 80mg of dicyclohexyl carbodiimide (DCC) coupling agent was added to facilitate  

 
Fig. 4.1. Two different surface modifications of the NPs by formation of an amide 
bonding between the amine groups on the PEG backbone and carboxyl groups on the 
surface of the silanized NPs: (a) conjugation of the bi-functional (NH2-PEG-NH2) and (b) 
hetero-functional (NH2-PEG-FMOC) PEG molecules. (c) Potential inter-particle bridging  
of some fraction of nanoparticles when bi-functional PEG is used for coating in 
comparison with  (d) individually dispersed NPs modified with hetero-functional PEG. 
(e) Conjugation of amine-reactive Cy5.5 NHS ester to amine-functionalized NPs. 
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amide bond formation between the carboxylic acid-functionalized NPs and amine-

terminated PEG molecules. The reaction vial was filled with argon, sealed and sonicated 

for 16h at 50°C. The PEG conjugated NPs were washed three times with excess hexane 

(50mL) and separated each time using a strong magnet. The final PEG-coated NPs were 

dried in vacuum and dispersed in 3mL sodium bicarbonate buffer (0.1M NaHCO3, pH 

8.2). A 20% solution of piperidine in N,N-dimethylformamide (DMF) solution was added 

to the NPs to release the FMOC protected amine groups on the surface of the NPs 

functionalized with hetero-functional PEG.[433] Size exclusion chromatography columns 

filled with s-200 SephacrylTM gel (GE Healthcare Life Sciences, US) were used as the 

final purification step using 1x PBS as the eluent. The average number of the active 

amine groups on the surface of NPs was determined using N-succinimidyl 3-(2-

pyridyldithio)-propionate (SPDP) assay (see Appendix H).[114, 176] 

Cy5.5 NHS ester (amine reactive, C44H46CN3O4) near infra-red fluorescence 

molecules (Lumiprobe, US) were conjugated to the amine groups of the NPs using the 

protocol recommended by the manufacturer (see Appendix I). The emission and 

excitation wavelengths of these NIRF molecules were 673 and 707nm, respectively, with 

a fluorescence quantum yield of 0.2. Briefly, 1mg of the dye was dissolved in fresh DMF 

and added to the degassed aqueous solutions of the NPs (5mg). The vials were wrapped 

with aluminum foil and shaken overnight. The un-reacted dye molecules were removed 

using S-200 columns. 

 

4.3. Characterization of the NIRF labeled MPI tracers 

We used ICP to determine the iron concentration in each NPs solution. DLS was used 

to measure the hydrodynamic size of the NPs. High Resolution TEM was used for 

analysis of the core size and morphology of the NPs. Using a room temperature VSM, we 

measured the magnetization, m(H),  behavior of the NPs. Further, using Chantrell fitting 

to the magnetization curves, we determined the median core size of a statistically-

significant number (100µL, ~2.65mg Fe/mL) of the NPs to be about 19.7nm 
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(σ=0.27).[404] Weight losses of the samples were also studied after freeze-drying of the 

water-dispersed NPs using a thermo-gravimetric analysis system (TG, Perkin-Elmer, 

US). We also used a Bruker Vertex 70 Fourier transform infra-red (FTIR) spectrometer 

equipped with an attenuated total reflectance (ATR) unit for analysis of the surface 

coating of the freeze-dried NPs.  

We used our home-built Magnetic Particle Spectrometer (MPS, f0 = 25kHz and 

µ0Hmax = 20mT) to estimate the MPI performance of the MNP tracers in real MPI 

scanners. The details of these MPS measurement parameters can be found in section 

3.1.6. To measure the Cy5.5 fluorescence signal of the NPs, 50µL of the NPs with 

different concentrations were added to 96-well clear bottom plates and the plates were 

scanned using an Odyssey NIRF instrument (LI-COR, US), using the 700nm channel 

with excitation and emission wavelengths of 685 and 705nm.  

 

4.4. Animal experiments 

Female CD-1 mice (25-35g, 8 weeks old) were purchased from Charles River 

Laboratories and used for the in vivo studies. We used 36 mice for blood circulation 

studies and 9 mice for biodistribution studies. All the animal studies were reviewed and 

approved by the Institutional Animal Care and Use Committee (IACUC) of the 

University of Washington (protocol number 4282). All the animal study data are 

expressed as mean ± standard deviation (SD).  

 

4.5. Pharmacokinetics studies 

Anesthetized mice were injected with NPs (100µL, 2mg Fe/mL) through their tail 

veins. Blood samples were collected retro-orbitally at ~ 0 (immediately after injection), 5, 

10, 15, 20, 30, 45 and 60 mins after injection. The blood samples were stored in anti-

coagulant EDTA coated vials and then transferred into 100 µL polycarbonate capsules 

for VSM and MPS studies. Two samples were collected from each mouse, after which 

the animals were euthanized immediately. Three blood samples were prepared for each 

blood-draw time point. The VSM and MPS measurements were repeated three times for 
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each sample and the results were averaged. In most of the measurements the standard 

deviation values were very small and not observable on the presented graphs. The 

average saturation magnetization obtained from the VSM and the average signal intensity 

determined from the MPS measurements were compared with the standard calibration 

lines generated from the NPs prior to injection to assess the amount of the NPs in the 

blood after normalization to mouse weight (kg). The average amounts of the NPs in 

blood samples were plotted versus post-injection time and the blood circulation half-life 

was determined from the exponential decay curve generated for each type of NPs. The 

half-lives determined from VSM (static magnetic field) and MPS (AC magnetic field, f0 = 

25kHz) were compared to check the consistency of the results. Note that these magnetic 

measurements show the half-life of magnetic component of the nanoparticles (i.e. iron 

oxide core), and here we think, based on high stability of the nanoparticles, the half-life 

observed for the core and coating materials are the same and nanoparticles do not dis-

integrate during the circulation in blood. Future radiolabeling experiments are required to 

determine the exact half-lives of each compartment of the nanoparticles (i.e. core and 

different coating molecules). 

 

4.6. Blood phantoms imaging 

For MPI imaging of the blood samples, 100µL of the blood was transferred into 

polycarbonate capsules and placed in the center of the centrifuge tubes as shown in Fig. 

4.2. MPI images of the blood phantoms were acquired with the projection Field Free Line 

(FFL) MPI scanner at UC Berkeley [434, 435] operating with a magnetic field gradient 

strength of 2.4 T/m along x- and z-axes. The y-axis of the instrument, which corresponds 

to the direction of the FFL, has a significantly smaller magnetic field gradient strength of 

0.08 T/m. The samples were translated along the z-axis of the imager using a single-axis 

translation stage (Velmex, US). Images of the blood phantoms were taken with a field of 

view (FOV) of 4 cm x 6 cm and acquisition time of 12 seconds. The maximum intensity 

of the images was then extracted for analysis.  
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For T2-weighted MRI imaging, the blood samples were mixed (1:1 volume ratio) with 

2wt.% solution of agarose in water and cooled down in the refrigerator to 4°C to solidify.  

Agarose is usually considered as a tissue equivalent material for similar MRI analyses. 

[402] We used a 14T (600MHz) vertical bore Magnetic Resonance Spectrometer 

(Bruker). T2 weighted images of the blood samples were acquired by Bruker MSME T2 

protocol (12 echo times; TR/TE=4000/6.28...12x6.28). ImageJ and MATLAB software 

were used to generate the colorized R2 images of the blood samples drawn at different 

times from their reciprocal T2 images. 

For NIRF imaging, 50µL of the blood drawn at different post-injection times were 

added to wells of a 96-well clear-bottom plate and the plate was then scanned on the 

Odyssey NIRF scanner similar to NPs measurements. 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
Fig. 4.2. Phantoms used for MPI imaging of the blood samples. The blood samples were 
transferred to 100µL polycarbonate capsules, which were then placed inside a 50mL 
polypropylene tube (scale bar~ 2cm). 
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4.7. Biodistribution studies 

For biodistribution studies, mice were injected with 100µL, 1mg Fe/mL of the NPs. 

Three mice were used to test each type of NPs and the results were compared with 

control mice injected with sterile PBS (1x). Axial T2–weighted MRI images (i.e. MRI 

images with T2 contrast) of the mice (25 axial slices of the abdominal region, each 1mm 

thick) were acquired before injection and 24 and 72 hours after injection of the NPs. 

Using ImageJ software we determined the change in R2 values (∆R2) in the liver, spleen 

and kidneys before and after injection of the NPs and calculated the amount of the NPs in 

each organ as follows [10]: 

∆R2=r2*C     (1) 

where, r2 is the NPs T2 relaxivity (mMFe-1.s-1) and C is the NPs concentration (mM Fe) 

in each organ. To determine the T2 relaxivity of the NPs, we mixed (1:1 volume ratio) of 

various concentration of the NPs (0, 2.5, 5, 10, 20 and 40µg Fe/mL) with 2wt.% agarose 

gel. The R2 images were generated using the same parameters described for blood 

phantoms. Relaxation times (r2) of the NPs were determined using the slope of their 

linear plot of R2 values versus iron concentration.[10, 356] 

NIRF images of the mice and excised organs were acquired using the in vivo imaging 

system (IVIS, Caliper Life Sciences, US) equipped with the Living Image software 

package. Images were acquired using a high lamp level (excitation and emission 

wavelengths of 640 and 680 nm, respectively, exposure time of 1 second and f-step at f4).  

MPI images of the sacrificed mice were acquired using the same scanner described for 

blood phantom imaging, with a FOV of 4 cm x 12 cm and acquisition time of 16 seconds. 

For ex vivo MPS analysis, organs sections with determined weights were placed inside 

the 0.5mL vials and analyzed using our home-built MPS with a drive frequency, 

f0=25kHz. The resulting data were then normalized to tissue weight. 

For histology analyses, we sacrificed the mice 72 hours after injection of the NPs and 

fixed the harvested organs in 10% formalin and then embedded them in paraffin. Tissue 

sections were then imaged following hematoxylin & eosin (H&E) and Prussian Blue (PB) 

staining. For ex-vivo NIRF imaging of the tissue sections, formalin fixed tissues were 
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placed into sucrose solution (30%) at 4°C until the tissues sank. Then, the tissues were 

transferred to optimum cutting temperature (OCT) compound and sectioned (12µm 

thickness) after freezing. The sections were then imaged using the Odyssey scanner, 

similar to the NPs and blood phantom analyses described above. 

 

4.8. Results and discussions 

4.8.1. Synthesis and evaluation of the multimodal MPI tracers 

Structural, magnetic and MPS results of the two types of the NPs are summarized in 

Table 4.1. We have shown before that a well-controlled synthesis is required to 

synthesize monodisperse iron oxide NPs with enhanced performance as MPI tracers in 

comparison with other commercially available NPs such as Resovist and Feridex.[10, 21] 

Here, we used thermal decomposition of iron oleate in the presence of oleic acid to make 

highly monodisperse oleic acid capped NPs in organic solvents with the median core size 

of 19.7nm (standard deviation: 0.267). This core size was calculated using Chantrell 

fitting to the NPs magnetization curve and matched well with the TEM results (Fig. 

4.3.a).[404] These NPs were carboxylated using a previously reported ligand exchange  

(or silanization) method.[17, 176, 419] Two PEG derivatives (bi-functional NH2-PEG-

NH2 and hetero-functional NH2-PEG-FMOC) with the same PEG to NPs molar ratios 

were conjugated to these NPs by the formation of an amide bond between the terminating 

amine groups (-NH2) of the polymers and carboxyl groups (-COOH) on the surface of the 

silanized NPs (Fig. 4.1).  FMOC protected amine groups were de-protected by addition of 

a 20% piperidine in DMF solution. Finally, amine-reactive Cy5.5 NHS ester NIRF 

molecules were conjugated to the amine-functionalized NPs (Fig. 4.1.e).     
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Table 4.1. Structural, magneto/optical and blood circulation characteristics of the two 
different NPs.  

Coating 

Size MPS signal 
Relaxivity  
[s-1.mg Fe-1](a) 

NIRF 
[a.u.](b) 

Half 
life 
[min] 

Core 
[nm] 
(σ) 

Hydrodynamic 
[nm] (PDI) 

Intensity 
[mv/mg Fe] FWHM 

NH2-
PEG-
NH2 

 
19.7 
(0.27) 

98 (0.29) 22 11.1 376.8±22 23 12-14 

NH2-
PEG-
FMOC 

43 (0.18) 27 9.2 325.59±24 42 23-26 

(a) MRI T2 relaxivity of the NPs. 
(b) NIRF signal intensity from 50µg of the NPs. 

 

NPs functionalized with bi-functional PEG had a larger average hydrodynamic size 

(~98nm) in comparison with those functionalized with hetero-functional PEGs (~43nm) 

(Fig. 4.3.b). The bi-functional PEG molecules can further form amide bonds with the NPs 

carboxyl groups through both their terminating amine groups (Fig. 4.1.b). Therefore, 

some of these bi-functional PEG molecules can form clusters by bridging between the 

adjacent NPs and increase the average hydrodynamic size to ~98nm. The bridging keeps 

the NPs close to each other and shields a major part of the carboxyl groups on the surface 

of the NPs, making them inaccessible to other PEG molecules. Therefore, the average 

number of PEG molecules that could covalently bond with the NPs carboxyl groups 

decreased when bi-functional PEG was used compared to the hetero-functional PEG. 

This was confirmed by lower weight loss percentage of bi-functional PEG coated NPs 

(~25% less compared to those coated with hetero-functional PEG) due to thermal 

decomposition of the coating polymer in TG analyses (Figs. 4.3.c and d). Note that the 

oleic acid coated NPs showed only ~4% weight loss due to decomposition of the surface 

coating oleic acid molecules by increasing the temperature (Fig. 4.4). In order to prevent 

bridging between NPs, a hetero-functional PEG molecule with only one active amine 

group (the other amine was protected with a FMOC group) was used (Fig. 4.1.d). In 

comparison with the bi-functional PEG, the hetero-functional PEG resulted in a denser 

coating as confirmed in TG analysis (Fig. 4.3.d). ATR-IR spectroscopy of the freeze- 

dried samples (Fig. 4.5) showed characteristic peaks of PEG C-H stretch band (at ~2850 
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Fig. 4.3. (a) TEM image showing the core size distribution and morphology of the NPs. 
The inset HRTEM image shows the lattice fringes of a single nanoparticle. (b) DLS 
intensity data showing the hydrodynamic size distribution of the NPs functionalized with 
NH2-PEG-NH2 and NH2-PEG-FMOC. (c) and (d) Thermogravimetric (TG) analysis data 
showing the weight percentage of the PEG molecules in each type of the NPs – notice the  
lower weight loss in NPs coated with bi-functional PEG (~70%) compared to 
heterofunctional PEG (~95%), suggesting a greater coating density with hetero-functional 
PEG. The dotted curves show the TG graphs of the pure polymers before their 
conjugation to the NPs; on the other hand, the TG graphs of the coated NPs represent the 
total weight loss due to decomposition of the conjugated polymers, silanization molecules 
(TSP) and any oleic acid residue on the surface of the NPs. Note that the same polymer to 
NPs molar ratio was used for both types of the NPs presented here. Square and triangle 
symbols are added to graphs in parts (c) and (d) to help recognizing the samples.  
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Fig. 4.4. Thermogravimetric (TG) analysis of the oleic acid coated NPs. The as-
synthesized NPs were purified and dried in vacuum before this measurement. Compared 
to Fig. 4.3, this graph shows that oleic acid was only a small fraction of the NPs weight. 

 

cm-1) and different vibrational modes of PEG C-O-C bonds (at around 950, 1115, 1248, 

1341 and 1462 cm-1) in all samples.[48, 436] The bands at ~1646 and 1565 cm-1 showed 

the presence of primary amine groups or amides bands on the NPs surface, confirming 

the successful conjugation of PEG molecules to carboxyl groups  of the silanized 
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Fig. 4.5. ATR IR spectra of the NPs coated with (a) NH2-PEG-NH2 and (b) NH2-PEG-
FMOC. Part (C) shows the appearance of the amine characteristic peak at 1646 cm-1, 
after releasing the FMOC-protected amine groups. The peak at 1728 cm-1 corresponds to 
presence of carboxyl groups on the surface of the NPs. 

 

NPs resulted from our ligand exchange method.[176] These bands were more pronounced 

after releasing the FMOC-protected amine groups. Also, in previous reports, no 

characteristic peaks of the TSP anhydride rings were observed at around 1800-1850 cm-1, 

showing that they were hydrolyzed and formed carboxyl groups (~1728 cm-1) after 

silanization.[48, 176] Amine quantification using the SPDP assay further validated 

findings from TG and IR analyses – the average number of the active amine groups on 

the surface of the NPs was about 47% less (~97 for NH2-PEG-NH2 versus ~185 for de-

protected NH2-PEG-FMOC) when bi-functional PEG was used to functionalize the NPs.  
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The clusters formed due to the bi-functional PEG behaved similar to larger core sizes 

of iron oxide and respond to the applied AC magnetic field of the MPS system at higher 

field values (Fig. 4.6.a); consequently, the full width at half maximum of the field 

dependence of the differential susceptibility, dm/dH, increases slightly, confirming as an 

additional supportive evidence that some clusters formed in these samples (Fig. 

4.6.b).[17, 42, 423] Note that dm/dH is the instrument-independent point spread function 

(PSF) in MPI, and is solely the contribution of the nonlinear particle response to the AC 

magnetic field. Therefore, the FWHM and peak height of the dm/dH curves obtained 

from MPS can be interpreted as the instrument-independent spatial resolution and signal 

intensity in ideal MPI images, respectively.[42] In a MPI scanner, a static field gradient 

(dH/dx) is superimposed with the AC magnetic field, and the system PSF is given by the 

product of dm/dH and dH/dx.[7, 15] 

 

 

Fig 4.6. (a) Schematic showing the increase in FWHM of the dm/dH graphs due to partial 
cross-linking between the NPs when bi-functional PEG (NH2-PEG-NH2) was used for 
their surface modification. (b) MPS performance (dm/dH) of the NPs after conjugation of 
NH2-PEG-NH2 or NH2-PEG-FMOC to their surface. 
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Fig. 4.7. MPS (dm/dH) graphs of the NPs as representatives of their MPI performance.  

 

The linear dependence of the MPS signal intensity with concentration of the NPs 

helps determine the amount of the tracer accumulated in imaging volume (voxels) in 

different organs, such as liver, spleen and brain. In other imaging applications such as 

cancer imaging and atherosclerosis diagnosis, this linearity can be used to quantify the 

nanoparticles uptaken by tumors or aorta leasions. The MPS signal intensity (maximum 

of dm/dH) of the Cy5.5 labeled NPs discussed above showed a linear dependence with 

iron concentration, ranging from 37.5 to 1500µg/mL (Fig. 4.7). We have seen this 

linearity for various other MPI tracer formulations and one example is also shown in 

Figs. 3.5.  This linearity of the MPI signal intensity measured with MPS, matches well 

with the linear variation of the NPs saturation magnetization (Ms) with iron 

concentration, measured with VSM (Fig. 4.10).  
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Fig. 4.8. (a) MRI R2 maps and (d) T2 relaxivity of the NPs, showing the performance of 
the nanoparticles as MRI contrast agents. These relaxivity values were calculated from 
the R2 maps shown in part (a) and were later used for determination of the nanoparticles 
biodistribution in live mice. 
 

When used as T2 MRI contrast agents, the T2 contrast generated by NPs dispersed in 

agarose gel phantoms also changed linearly with iron concentration. This MRI signal 

change linearity has been also used in various quantitative analyses of the nanoparticles 

in tissues and organs during the last two dcades.  The colorized R2 images (Fig. 4.8.a) 

were then generated from the reciprocal of these T2-weighted MRI phantom images. The 

average R2 values of the samples were plotted as a function of iron concentration in each 

sample (Fig. 4.8.b). The slope of this line is the T2 relaxivity (r2) of the NPs. The 

relaxivity (r2) of the NPs coated with NH2-PEG-NH2 and NH2-PEG-FMOC were 

calculated as 376.8±22 and 325.59±24 s-1.mg Fe-1, respectively. These are relatively high 

r2 values compared to various values reported for iron oxide nanoparticles in literature. 

We believe this larger r2 value is due to higher magnetization rate of the larger core sizes.   

We also used an Odyssey NIRF scanner to determine the fluorescent signal of the 

NPs phantoms. Similar to MPI and MRI imaging modalities, the NIRF signal intensities 

of these fluorescently labeled NPs, decrease approximately linearly with dilution of the 

NPs concentration (Fig. 4.9). Note that the samples were transferred to wells of a 96-

wells plate and inserted into an Odyssay scanner to measure the fluorescent signal. The 

signal at edges of the wells is slightly more than the central points, even though they 

represent the same sample. This is in fact an imaging artifact generated due to convex 
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interfaces between nanoparticles aqueous solutions and wells edges. The NIRF signal 

intensity was higher in NPs functionalized with hetero-functional PEG. This was due to 

presence of larger number of active amine groups on the surface of these NPs (~185 vs. 

97), which increased the Cy5.5 labeling efficacy. Overall, Figs. 4.7, 4.8 and 4.9 show the 

efficiency of these nanoparticles as multimodal MPI/MRI and NIRF imaging contrast 

agents at different concentrations. The signal intensities in all these imaging modalities 

change linearly with NPs concentration, which is critical for determining the amount of 

the NPs in tissues. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
Fig. 4.9. (a) NIRF images of the NPs and (b) fluorescent signal intensities measured from 
each sample using and Odyssay scanner. 
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4.8.2. Pharamacokinetic studies  

NPs tracers are often intravenously injected for various applications such as targeted 

imaging of the organs (e.g. cancers) [97, 437] and cardiovascular diseases.[438] The 

major part of the IV injected tracers gets rapidly eliminated from the blood stream by 

mononuclear phagocytizing macrophages in the mononuclear phagocytic system (also 

called reticuloendothelial system, RES).[147]  

 

Fig. 4.10. Magnetization (m-H) graphs ((a) and (c)) and saturation magnetization (msat, 
(b) and (d)) of the NPs at different concentrations: (a) and (b) NH2-PEG-NH2 and (c) and 
(d) NH2-PEG-FMOC. These graphs were used as standard references for determination 
of the NPs concentration in blood samples from their m-H diagrams (Fig. 4.12).  
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The pharmacokinetics of this phenomenon determines the blood circulation half-life of 

the NPs, which is a critical parameter defining the efficiency of the NPs to reach or reside 

in targeted organs or regions of the body.[34] 

We injected the two types of the Cy5.5 labeled NPs into CD-1 female mice through tail 

veins (100µL, 2mg Fe/mL) and determined the NPs concentrations in the blood samples 

drawn retro-orbitally at different times post-injection (0 to 60 min). To find the half-lives, 

we measured the MPI signal intensity and saturation magnetization of the blood samples 

by MPS and VSM analyses, respectively (Fig. 4.11). These values were then compared 

with our MPS and VSM calibration lines generated using standards prepared from the 

original NPs (Figs. 4.7 and 4.10).[10] After normalizing to mice body weight (kg), we 

determined the half-lives of the NPs by fitting both MPS and VSM data to a first-order 

exponential decay model, assuming a one compartment structure for nanoparticles which 

do not dis-integrate during the circulation in blood. The NPs functionalized with bi-

functional amine had a blood half-life of about 12 min, while NPs functionalized with 

heterogeneous PEG had a longer blood half-life of about 23-26 min (Fig. 4.12). This 

observed difference is attributed to the larger hydrodynamic size of the NPs coated with 

bi-functional PEG. NPs with larger hydrodynamic sizes have a considerably higher 

chance to get entrapped and taken up by macrophages in trabecular meshworks of the 

RES organs.[34, 147] Also, the half-lives determined from both MPS (f0 ~ 25kHz) and 

VSM techniques were consistent, suggesting that the circulating NPs were 

superparamagnetic without any aggregation, which would otherwise alter their responses 

to the applied magnetic fields.  
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Fig. 4.11. m-H (a and c) and MPS dm/dH (b and d) graphs of the blood samples drawn 
retro-orbitally at different (0-60 min) post-injection times. Note that 0 min data 
correspond to a blood sample that was directly taken after NPs injection. (a) and (b) are 
the results of the blood analyses after injection of the NH2-PEG-NH2 modified NPs, and 
(c) and (d) show the same results for the NH2-PEG-FMOC modified NPs. All the VSM 
and MPS measurements were repeated three times and average graphs with standard 
deviations are presented here. 
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Fig. 4.12. Concentration of the NPs in blood samples calculated from m-H and dm/dH 
graphs shown in Fig. 4.9. Red and black color graphs in (c) and (f) show the blood half-
lives of the NPs determined by VSM and MPS data, respectively. We used the standard 
lines generated by NPs before the injections (Figs. 4.7a and 4.8) to determine the blood 
half-lives of the NPs from these blood MPS and VSM data. NPs coated with hetero-
functional PEG (NH2-PEG-FMOC) showed a longer plasma circulation time (23-26 min) 
than NPs coated with bi-functional NH2-PEG-NH2 (12-14 min). 

 

 

Fig. 4.13. Consistency of the FWHM of the MPS (dm/dH) graphs of the blood samples 
drawn retro-orbitally at different NPs post-injection times. The NPs were functionalized 
with (a) NH2-PEG-NH2 and (b) NH2-PEG-FMOC. 
 

When NPs are unstable and form aggregates, the resulting increase in their 

hydrodynamic size leads to a widening of the FWHM of their MPS signal (dm/dH) (Fig. 
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4.6).[9, 178, 354] We have shown earlier that our PEG functionalized NPs show a 

consistent hydrodynamic size and MPI performance over 7 days of incubation in different 

biological media such as PBS and DMEM cell culture media enriched with 10% fetal 

bovine serum (FBS).[17, 423] However, the incubation salt concentrations, pH values 

and temperature, even if controlled precisely, cannot usually replicate the stability of the 

NPs characteristics in the presence of different plasmatic proteins and body innate 

immune system. Therefore, in our pharmacokinetic studies, we also focused on 

monitoring the FWHM of the NPs in blood samples drawn at different times, in order to 

evaluate their in vivo blood stability. The FWHM of the dm/dH of all the NPs were 

unchanged during their circulation in blood (Fig. 4.13). This constant FWHM implies a 

stable spatial resolution when these NPs are used as MPI tracers, in a wide range of 

applications such as cardiovascular imaging or targeted cancer imaging. Generally, MPS 

measurements can uniquely show the aggregation state of the injected magnetic NPs in 

the blood at very low tracer concentrations, an important phenomenon that has not been 

detectable by other size measurement techniques such as dynamic light scattering or 

microscopy methods.  

We prepared MPI, MRI and NIRF phantoms from these blood samples and studied 

the signal variations in each modality. Fig. 4.14.a shows the MPI images of the blood 

phantoms (also see Fig. 4.2). The MPI signal intensity decreased 20 min after the 

injection of the NPs, due to elimination of the NPs from the blood. The same trends were 

observed in MRI T2-weighted and NIRF images (Fig. 4.14.b and c). The rate of decrease 

of signal intensity was faster for NPs coated with bi-functional PEG, which had a shorter 

half-life (Fig. 4.12) in all the three imaging modalities. Comparable trends were observed 

in all the imaging modalities.   
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Fig. 4.14. Tri-modal imaging of the blood samples drawn after injection of NIRF labeled 
NPs functionalized with NH2-PEG-NH2 and NH2-PEG-FMOC: (a) MPI, (b) MRI R2 map 
and (c) NIRF images. No signal was observed in blood samples without any NPs. The 
signal intensity in all the three imaging modalities depends on the concentration and 
pharmacokinetic of the NPs in the blood plasma. NPs coated with NH2-PEG-FMOC 
showed stronger post-injection signals in the blood in all these three imaging modalities.  
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Fig. 4.15. Whole mouse body imaging 72 hours after injection of NPs functionalized with 
NH2-PEG-FMOC: (a) colorized MPI (b) NIRF and (c) MRI T2 weighted and colorized R2 
images. These three imaging modalities show that injected NPs were accumulated in the 
principal RES organs (i.e. liver and spleen). MPI generates a positive contrast image 
directly originated form the superparamagnetic NPs without any background noise from 
surrounding diamagnetic tissues. The NIRF image generated from the tissue penetrating 
signals of the Cy5.5 molecules and the negative contrast T2-weighted MRI images 
confirm the MPI biodistribution observations. These complementary modalities can be 
used for more accurate targeted imaging of the organs (e.g. tumors) in future.  
 

4.8.3. Biodistribution and toxicity studies 

Fig. 4.15 shows the MPI image of a mouse 72 hours after injection of the NPs 

functionalized with NH2-PEG-FMOC (100µL, 1mg Fe/mL), in comparison with its NIRF 

IVIS and T2-weighted and colorized R2 MRI images. We show the rest of the data for 

these NPs because of their longer blood half-life and better imaging performance (Figs. 

4.6 to 4.9 and 4.12). Note that in comparison with pharmacokinetic studies, we injected 

lower dosage of the NPs for biodistribution studies to avoid quenching of the T2 MRI 

images of the liver and spleen due to presence of high concentration of NPs.[10] The 

images show that the NPs accumulated in liver and spleen. As described in details in 

section 2.2.1.2, this was because of the dominant role of the Kupffer cells in liver and 

splenic macrophages in spleen in recognizing and taking up the NPs.[147] 

Cross-modal imaging functionality of these tracers enabled us to track their 

biodistribution and pharmacokinetic pathways by means of different techniques and 

protocols developed based on the strengths of each imaging modality. While each one of 
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these imaging tools can reveal specifically relevant information about the fate of the 

injected NPs, combination of all their complementary results helps to track them more 

precisely in the body and therefore ensure higher levels of safety evaluation. For 

example, here for quantitative biodistribution studies we used the relative change of the 

contrast and the rate of T2 relaxivity decay in axial slices across the abdomen (Figs. 4.16a 

and b). We compared the change of relaxivity of different organs in T2-weighted MRI 

images of the live mice before and after injection of the NPs, to calculate the amount of 

the NPs in each organ over this 72 hours post-injection time (Figs. 4.16a and 4.17). The 

NPs were mostly observed in liver and spleen. 
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Fig. 4.16. (a) R2 values calculated form the change of the T2 contrast of the organs in live 
mice used for calculation of the concentration of the NPs functionalized with NH2-PEG-
FMOC in each organ (b). Note that the negligible signal observed for pre-injections mice 
in part (b) is due to presence of unavoidable tissue background signals in MRI. 
Biodistribution of these NPs determined by (c) MPS and (d) IVIS NIRF scanning of the 
excised organs of the mice sacrificed 72 hours after injection of the NPs. MPS, NIRF and 
MRI results show a similar mice biodistribution pattern for the injected NPs. A major 
part of the NPs were accumulated in liver. The remaining fraction of the NPs was 
detected in spleen, without any signal in kidney, brain, heart and lungs. 
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Fig. 4.17. (a) Average R2 values of the live mice organs determined from the T2 weighted 
MRI images obtained 72 hours after injection of the NPs functionalized with NH2-PEG-
NH2, instead of NH2-PEG-FMOC which is shown in Fig. 4.14.a and b. Again, R2 values 
were used to calculate the NPs concentrations in each organ using equation 1. 
 

 

The ex vivo MPS and NIRF IVIS analyses of the excised organs (Figs. 4.16.c and d) 

also confirmed the MRI biodistribution results. A high intensity NIRF signal was 

observed in the liver in comparison with the spleen. Other organs (kidneys, lung, heart 

and brain) did not show any fluorescent signal. These results were also confirmed when 

we used an Odyssey scanner to detect the fluorescent signal in 12µm sections of these 

organs. Our MPS system also did not detect any magnetic response from the excised 

lung, heart, brain and kidney. However, similar to other modalities, we observed a strong 

MPS signal generated from the liver and spleen. The NIRF and MPS signals from other 

excised organs were statistically indistinguishable from the background. 
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Fig. 4.18. Optical microscope images (left) of H & E stained liver (a) and spleen (b) 
sections (12µm thickness slices) in comparison with their NIRF images (right) obtained 
form an Odyssey fluorescence scanner. The NIRF images show that NPs were only 
entrapped in the red pulp and marginal zones of the spleen. An almost uniform 
distribution of the NPs was observed in liver.  
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Fig. 4.19. Optical microscope images of the Prussian Blue (left) and H&E (right) stained 
tissue sections. The images were used for histological evaluation of the liver, spleen, 
kidney, heart, lung and brain 72 hours after injection of the NPs functionalized with NH2-
PEG-FMOC. Comparison of these Prussian Blues stained sections with PBS-injected 
control tissues (Fig. S8a) confirm the results of Fig. 6, showing that the NPs were mostly 
accumulated in RES organs (liver and spleen). The typical H&E images of the tissue 
sections show that the NPs did not cause any abnormal toxicity-related feature in these 
organs 72 hours after injection.  
 

High magnification NIRF images of the 12µm cross-sections of the liver and spleen 

revealed more microstructural details of the NPs biodistribution in the liver and spleen 
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(Fig. 4.18). This NIRF slice-imaging assay delineates, with anatomic resolution, smaller 

areas in these organs with higher percentage of the NPs. Such information would be 

missed by other imaging methods that involve whole organ imaging or homogenization 

of the organs. Here, the NIRF images of the liver and spleen sections, obtained from the 

Odyssey scanner are compared with the optical microscope images of their H&E stained 

counterpart slices. As shown in Fig. 4.18.a, the NPs were almost homogeneously 

distributed in liver section. However, in the spleen, they were only observed in the red 

pulp and marginal zones, without any inter-diffusion into the white pulp regions (Fig. 

4.18.b). The structure of the spleen is shown in Fig. 2.3 and the uptake mechanism of the 

nanoparticles by spleen is discussed in details in section 2.2.1.2. Such distribution is 

observed because spleen arteries direct the NPs and other blood components to regions 

where the resident splenic macrophages uptake NPs – red pulp and marginal zone. On the 

other hand, the white pulp is mainly composed of lymphatic tissue and does not show any 

uptake of NPs. These distribution patterns also confirm the high rate of the NPs uptake by 

macrophages in these RES organs.[83] The Prussian Blue (PB) stained histology results 

(Figs. 4.19 and 4.20.a) also show consistent biodistribution results, when compared with 

control PBS injected mice (Fig. 4.20.b).  

No symptoms of NPs toxicity (e.g. weight loss and behavioral changes) were 

observed among the injected mice during this period. H&E stained tissue sections of the 

liver, spleen, kidneys, lungs, heart and brain were also reviewed to find any unusual 

microstructural feature due to injection of the NPs (Figs. 4.19 and 4.20.a). Despite the 

relatively high levels of the NPs in liver and spleen, no visible abnormalities were found 

in these organs, when compared with control mice organs. Overall, the preliminary 

toxicity evaluations show that the NPs were well tolerated by the rodents.   
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(a) 

 
Fig. 4.20. Continued. 

 

Nanoparticles coated with NH2-PEG-NH2!
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(b)  

Fig. 4.20. Histology images of the Prussian Blue (left) and H&E (right) stained tissue 
sections prepared from the mice sacrificed 72 hours after injection of (a) NPs 
functionalized with NH2-PEG-NH2 and (b) PBS (1x, control mice). 20x magnification 
was used for all images. 

Nanoparticles coated with NH2-PEG-NH-FMOC!
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4.9. Chapter summary and future outlook 

The predicted high resolution and tracer mass sensitivity of MPI make it a potentially 

effective bio-imaging technique. However, enhancement of resolution and sensitivity in 

MPI demands synergistic efforts aimed at advancing both currently available scanners 

and NPs tracers as contrast agents. In the latter case, MPI signal intensity and spatial 

resolution are highly dependent on the size selectivity and monodispersity of the core and 

hydrodynamic sizes of NPs. Here, we used a controlled synthesis method to make highly 

monodispersed NPs (core size ~ 19.7nm) functionalized with amine groups. We showed 

that selection of a proper PEG derivative is necessary in order to make highly 

monodisperse nanoparticles. DLS, TG, magnetic measurements, and MPI measurements 

showed formation of clusters when bi-fucntional PEG was used for the phase transfer. 

Staining of the nanoparticles coating with heavy metals (such as uranium) and TEM 

analyses can be used for more accurate analyses of these clusters in future. We used these 

amine groups as conjugation sites for labeling of the NPs by Cy5.5 near infrared 

fluorescent molecules. Then, we explored the performance of these NPs as multimodal 

(MPI/MRI/NIRF) contrast agents. The combination of MPI, MRI and NIRF imaging 

modalities enabled us to monitor the biodistribution and pharmacokinetics of our MPI 

tracers with anatomical precision. MRI enabled quantitative mapping of NPs distributed 

in different organs after administration in mice. Tissue penetration and signal stability of 

the NIRF technique also provided more detailed anatomical information about the 

pathway of the MPI tracers in organs. For example, the high-resolution NIRF images of 

the spleen sections showed the NPs accumulation only in red pulp and marginal zones of 

the white pulp. Therefore, by using these novel types of the MPI tracers, the key 

pharmacokinetic and biodistribution information can be obtained from a reduced number 

of animal experiments by only a single MPI tracer administration. These improvements 

in MPI tracers design will expedite the development of future MPI applications in cancer 

targeting or stem cell-labeling and tracking. Also, we believe that using the methods 

reported here for nanoparticles with larger core sizes (i.e. 24-27nm, which were not 

available in our lab at the time of these studies due to synthesis challenges), helps to 
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improve the MPI signal intensity and spatial resolution of these multimodal tracers. 

However, clinical use feasibility and safety of the iron oxide nanoparticles becomes less 

certain with any additional surface modifications. Therefore, translation of these NPs to 

clinical applications will require careful toxicity studies.   
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Chapter 5.  

EVALUATION OF MPI FOR ADVANCED IN VIVO APPLICATIONS 

 

We discussed the size-dependent biodistribution and blood clearance pharmacokinetic of 

the nanoparticles  in Chapters 2 and 4. Also, we showed that proper functionalization of 

the NPs enable us to control the size (Chapters 3 and 4) and presence of functional groups 

such as amines (-NH2), carboxyls (-COOH), thiols (-SH) and maleimides on the surface 

of the NPs can be used for conjugation of other molecules such as near infra red 

fluorescent (NIRF) or targeting peptides. In this section, we evaluate MPI capability for 

targeted imaging of the tissues in animal models. We also provide preliminary data on 

radiolabeling of optimized tracers for multimodal MPI/SPECT/PET/C imaging. For 

targeted MPI studies, we use nude mice with brain cancer (C6) xenografts 

subcutaneously injected to their flanks. We label optimized MPI tracers with near infra 

red Cy5.5 and conjugate lactoferrin (a specific targeting molecules for targeting the 

glioma)[439] and evaluate the targeting ability of the NPs with and without using an 

external permanent magnet placed adjacent to the tumor xenograft.  We use an IVIS 

system (animal whole body fluorescent imaging) to monitor the accumulation of the NPs 

in the tumors. Here, fluorescent signal analyses enable us to estimate the targeting 

efficiency of the tracers and select the animals with highest targeting efficiency for tissue 

harvesting and MPI evaluation by our magnetic particle spectrometer (MPS). The results 

of this study will provide fundamental knowledge about MPI feasibility for forthcoming 

tissue targeted imaging in animal models. In addition, SPECT and PET provide high 

tracer mass sensitivities and combining them with MPI enables us to study the 

biodistribution of the tracers more accurately. We hope these preliminary studies can 

expedite clinical translation of MPI for various cancer diagnosis or cardiovascular 

imaging applications in future.   
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5.1. Cancer targeted magnetic particle imaging (MPI) 

In Chapter 4, we used healthy CD-1 mice to evaluate the blood circulation half-

life and biodistribution of our iron oxide nanoparticles optimized for cardiovascular 

imaging (i.e. imaging of the blood flow in aorta after intravenous injection of the 

nanoparticles). Here, we study the cancer targeting ability of our functionalized MPI 

tracers in mice with tumors. We evaluate diffusion and binding of our magnetic 

nanoparticle tracer in the tumors through their leaky vasculatures, following tail vein 

injection of the nanoparticles. We conjugate a targeting peptide (lactoferrin) to the NPs 

for brain cancer targeting and compare the results with and without using a strong magnet 

adjacent to the tumors.  

Here, we provide preliminary studies to gather critical proof-of-concept data 

necessary for future application of these magnetic nanoparticles as contrast agents for 

cancer imaging (or diagnosis) using MPI in combination with other imaging modalities 

such as fluorescent imaging, SPECT/PET/CT and MRI. Note that our nanoparticles are 

specifically optimized for MPI and there is currently no MPI cancer imaging report 

available in literature, due to novelty of this imaging technique. We believe MPI clinical 

safety, high resolution and tracer sensitivity makes it a suitable technique for future 

cancer imaging applications. For this study, we conjugate a specific targeting peptide (i.e. 

lactoferrin for brain cancer targeting) and use a strong magnet to enhance nanoparticles 

uptake by tumors. Also, we use PBS (1x) solution and NPs without lactoferrin as controls. 

Our hypothesis is that nanoparticles get accumulated in tumors based on three 

mechanisms: 1) magnetic targeting effect, 2) ligand assisted targeting, and 3) enhanced 

permeation and retention (EPR) effect. EPR is based on the diffusion of particles through 

the tumors leaky vasculatures (enhanced permeation) and subsequent accumulation in 

tumors (retention). All these three mechanisms depend on nanoparticles hydrodynamic 

size, surface coating and charge. For more details of these mechanisms please refer to 

Section 2.2.3. Note that our goal is to enhance the nanoparticles uptake by the tumors 

using a combination of these three parameters together and evaluate MPI for cancer 
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imaging. Determination of the exact role of each parameter on tumor uptake requires 

extensive studies with larger number of mice in future. 

Here, we evaluate the accumulation of our tracers in tumors using NIRF imaging and 

magnetic particle spectroscopy (MPS). This pilot study enables us to assess capability of 

our tracers (already optimized for cardiovascular imaging using MPI) for detecting 

tumors, using MPI. Therefore, similar to our previous studies (Chapter 4), we use whole 

body NIRF imaging to determine the distribution of our tracers following a tail vein 

injection in mice with tumors and focus more on monitoring the signals (fluorescence and 

magnetic signals) from the tumor tissues. To do this, we label our NPs with a Cy5.5 near 

infrared fluorescent dye after conjugation of lactoferrin to their surface and then we track 

them using a near-infrared optical camera (IVIS), after their intravenous injections via the 

tail veins. Post-euthanasia, we will measure the amount of the nanoparticles accumulated 

in tumors using our magnetic particle spectrometer (MPS) for MPI assessments. The 

procedures for nanoparticles injection, animals anesthesia and euthanasia are based on 

our approved animal protocol # 4282-01 (similar to Chapter 4). The results of this 

proposed research will pave the ways to explore new nanomedicine strategies for cancer 

diagnosis and therapy in future, using clinically safe magnetic iron oxide nanoparticles 

and MPI.  

!

5.1.1. Animal models 

Nanoparticles biodistriibution and pharmacokinetics studies in normal CD-1 mice were 

discussed in Chapter 4. Here, we use athymic CD-1 nude mice (Charles river), since their 

genetically designed immune system deficiency, allows growth of tumors in their bodies. 

These are ideal mice for tumor xenograft studies. Subcutaneous injection of the tumor 

cells to generate xenograft models have been extensively used as a standard method for 

various cancer researches. To generate the tumor xenografts required for this 

investigation, we used subcutaneous injection of the rats C6 glioma cells (1,000,000 cells 

in 100µL of DMEM-10%FBS cell culture media and 100µL of Matrigel, Fig. 5.1) into 

mice (female, 8 weeks old) right side flanks. The tumor growth was monitored and 
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tracers were injected through the tail veins, when the tumor size reached to 10% of the 

body weight (after about 3-4 weeks[30]).  

 

 

 

 

 

 

 

 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5.1. Rats C6 glioma (brain cancer) cells injected subcutaneously to generate brain 
cancer xenografts in nude CD-1 mice. 
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To assure that the tumor sizes do not exceed 10% of the normal body weight, we used 

body condition scoring (BCS) twice a week following the criteria reported before.[440] 

To do this, mice should be picked up at the base of their tails and body conditions should 

be assessed by passing the finger over the pubic bones and the back. Then we assign a 

score ranging from 1 to 5 to each mouse based on their body conditions and our 

observations. Following is the criteria for scoring the mice: 

Score 5: Obese mouse, where bones can not be felt by crossing the finger 

Score 4: Well-fleshed mouse, which is not obese and fingers can barely touch the mouse 

bones 

Score 3: Mouse with normal and optimal conditions 

Score 2: Thin mouse with prominent bones 

Score 1: All muscles are wasted with no traces of fats left in the body. 

Animals should be used for nanoparticles injection and imaging experiments when their 

BCS numbers are in the range of more than 2. If animals gain or lose 10% of their body 

weight or have a score of 1-2, they should be euthanized based on protocols. In addition, 

subcutaneous tumor sizes were monitored by use of calipers once per week (Fig. 5.2). 

Also, if animals show symptoms of pain and distress during this perios, they should be 

euthanized. 

$
$
$

Table 5.1. Animal model used for cancer targeted MPI studies. 

Species Strains Sex Ages Size 

Mouse Nude CD-1 mice Female 8-12 weeks 20-30gr 
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5.1.2. Nanoparticles  

We used lactoferrin conjugated nanoparticles for targeting of the brain cancer xenografts. 

Oleic acid coated NPs with median core size of about 27nm were coated with a PMAO-

PEG co-polymer, in which PEG molecules were functionalized with a maleimide group. 

Maleimides are highly reactive with thiols (-SH), which makes them a suitable platform 

for conjugation of various types of targeting peptides with thiol groups on their backbone 

structure. We used lactoferrin, since our recent in vitro studies showed that they can 

effectively target the C6 brain cancer cells, presenting a decent MPI signal after cellular 

internalization.[439] However, lactoferrin lacks any thiol group, but it has large number 

of amine groups on its backbone structure. Therefore, we used a simple thiolation 

procedure to transform some of these amine groups to thiols (Fig. 5.2).[30] For the 

thiolation, we dissolved 1 mg of lactoferrin in 1ml PBS. Then, 50µg of 2-iminothiolane 

(also called Traut’s reagent) was added to the lactoferrin solution and purified using 

Amicon vials (MWCO 30kDa) and re-dispersion in the same amount of PBS. The 

thiolated lactoferrin was then added to the NPs solution, wrapped in aluminum foil and 

placed on a shaker at room temperature overnight. Then, the lactoferrin conjugated NPs 

were purified using PD-10 columns equilibrated with sodium bicarbonate (pH~8-8.5) 

buffer. 5mg of Cy5.5-NHS NIRF molecules were dissolved in 0.5mL of DMSO and then 

100µL of this solution was added to each 1mg of lactoferrin conjugated NPs. The mixture 

was wrapped in aluminum foil and placed on a s shaker for 2 hours. Finally, the NPs 

were purified using Amicon centrifuge vials (MWCO 30kDa) to remove the un-reacted 

Cy5.5 molecules from the NPs solution and redispersed in PBS solution. DLS 

measurements showed that the final hydrodynamic size of the NPs was about 112nm. We 

also developed another batch of the NPs without any lactoferrin on their surface and used 

them as control samples to evaluate the effect of lactoferrin on targeting. To do this, we 

added 100mg NH2-PEG-SH (3.4 kDa) to the NPs solution (1mg Fe), sonicated the 

mixture for 15 minutes to make sure all the polymer is dissolved and then wrapped it in 

Aluminum foil and placed it on a shaker overnight. Thiol groups of the PEG react with 

maleimide groups on the surface of the NPs and their other amine terminating tail can be 
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used for Cy5.5 conjugation. Finally, we purified these NPs and labeled them with Cy5.5 

as described above. DLS measurements showed that the hydrodynamic size of these NPs 

was around 104nm. 

 

 
Fig. 5.2. Schematic showing the thiolation of lactoferrin and its conjugation to maleimide 

functionalized MPI tracers. 
 

 

5.1.3. Biodistribution and tumor uptake studies 

The outline of the procedures used for these animal studies is shown in Table 5.2. We 

monitored all these mice 2-3 times per week during these studies to check the specific 

behavioral and clinical signs and tumor growth. Mice were injected through the tail veins 

with 200 µL of 1 gFe/L iron oxide nanoparticle tracer solution. Before and during 

injections, mice were anesthetized with 2-3% isoflurane. Prior to injections, all agents 

+" SH!

SH
!

+"

Lactoferrin"
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were filtered using 0.2-µm sterile nylon syringe filters to ensure sample sterility. Small 

magnetic discs (diamter~1cm, thickness~0.5cm) were placed on the skin adjacent to the 

tumors and fixed using sterile wound tapes, based on the results reported by Cole et al. 

[40]. We compared the targeting results with and without using an external magnet. As 

discussed in Chapter 2 (Section 2.2.3), using external magnets adjacent to tumors have 

been extensively used for enhancing the accumulation of the magnetic nanoparticles in 

tumors.  

Before the injections and 1 and 2 hours post-injection, mice were monitored using an 

IVIS fluorescent imaging system to evaluate nanoparticles extravasation through the 

tumors leaky blood vessels and uptake in the tumor, clearance organs (such as liver, 

spleen, kidneys), lungs, brain and heart. Artificial tears ointment was used to prevent 

ocular drying that can cause blindness during prolonged anesthesia. The anesthesia 

parameters are listed in Table 5.3. During the nanoparticles injections and imaging steps, 

mice were maintained under 2-3% isoflurane anesthesia and immediately euthanized with 

isoflurane overdose following completion of the experiments. Cervical dislocation was 

performed as the secondary method for euthanasia. Then, the tumors were harvested for 

fluorescent imaging and MPS measurements. 

 

 

Table 5.2. Outline of the procedures used for each mice during the tumor xenograft 

imaging experiments. 

Species Name of Procedures 

 

Nude CD-1 Mice 

 

 

Subcutaneous injection of the tumors, Tail vein injection of 

the nanoparticles, IVIS imaging, euthanasia. 
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Table 5.3. Anesthesia parameters and procedures used during these studies. 

 
Mice with brain cancer xenografts: 

Species Anesthetic 
Agent 
 

Dose 
(mg/kg or %) 

Route Procedures 
requiring anesthesia 

Nude 
CD-1 
mice 

Isoflurane 2-3% in O2 flowing at 
1L/min 

Gas via 
nose 
cone 

Subcutaneous 
injection of the tumor 
cells, injection of the 
nanoparticles through 
tail veins 

 
We used 3 mice for each condition to determine the targeting efficiency using whole 

body and xenograft IVIS imaging and MPS. There are various reports showing that using 

three mice for imaging studies is enough for getting reliable results with significant 

differences, at least for a preliminary and pilot nanoparticles biodistribution study similar 

to these experiments.[10, 30, 92, 114, 441, 442] We used fluorescent imaging (IVIS) and 

magnetic particles spectrometry (MPS) to determine the amount of the nanoparticles in 

tumors. Change of signal in MPS is highly sensitive to the concentration of these 

magnetic nanoparticles. Tissues fluorescent signal intensity is also highly dependent on 

the number of the fluorescent-tagged nanoparticles accumulated in them. These 

techniques have been effectively used for quantifying the nanoparticles in tissues and 

organs.[30, 92, 114, 441, 442] Therefore, based on these reports, we estimated that using 

n=3 for imaging is a reliable number for our pilot studies and we do not think increasing 

the number of mice was necessary at this stage.  

 

 

5.1.4. Results and Discussions 

We have developed a general PMAO-PEG coating platform for functionalizing the 

surfaces of our chemically synthesized iron-oxide nanoparticles[1] tailored for MPI.[2] 

We showed the potential of this coating platform for enhancing in vivo circulation 

time,[3] multimodal imaging,[4] and by conjugating lactoferrin, demonstrated their MPS 

efficacy in specific internalization of glioma cells in vitro.[5]  Here, we demonstrate the 
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targeting efficiency of lactoferrin-Cy5.5 conjugated NPs in a rodent model with brain 

cancer xenografts, using in vivo near infra red fluorescent (NIRF) imaging (IVIS system) 

and ex vivo magnetic particle spectroscopy (MPS).  

Iron oxide NPs with median core size of 27nm were synthesized, thiolated lactoferrin 

was conjugated to their PMAO-PEG coatings (Fig. 5.2.) and then purified using PD-10 

columns. Cy5.5-NHS NIRF molecules were also conjugated to the lactoferrin molecules 

using methods reported earlier.[92, 439] In vivo evaluation of the NPs uptake in tumors, 

1 and 2 hours after injection, was carried out using an IVIS system; then the animals were 

sacrificed and the magnetic and fluorescence signals of excised tumors were measured by 

IVIS and MPS (frequency~25 kHz).  Mice were injected in four different groups with: 

(1) Lactoferrin-conjugated NPs and external magnet to enhance the targeting, (2) 

Lactoferrin without magnetic targeting, (3) NPs without lactoferrin on their surface to 

evaluate EPR perfusion, and (4) phosphate buffered solution (PBS) as a control.   

Overall, our in vivo (Figs. 5.3, 5.4. 5.5 and 5.6) and ex vivo results (Fig. 5.7) showed 

that nanoparticles were accumulated in tumors based on three mechanisms: 1) enhanced 

permeation and retention (EPR) effect, based on the diffusion of particles through the 

tumors leaky vasculature (enhanced permeation) and subsequent accumulation in tumors 

(retention); 2) ligand (lactoferrin) assisted targeting and 3) magnetic targeting. Generally, 

these three mechanisms depend on nanoparticles hydrodynamic size, surface coating and 

charge.[6]  In vivo NIRF imaging showed a very small uptake in the tumors due to the 

EPR effect (Fig. 5.6); however,  the lactoferrin conjugated NPs were readily internalized 

into xenografts (Fig. 5.5), with further enhanced uptake when we placed a magnet 

adjacent to the tumors (Fig. 5.4).  
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Fig. 5.3. Fluorescent images of a control mouse (anesthetized) with brain cancer 
xenograft, at different angles, before and 2 hours after injection of PBS. Note that the 
bright spots are related to innate autofluorescence of the mice and have a much weaker 
signal intensities compared with fluorescent signals observed in mice after injection of 
Cy5.5 labeled NPs, shown in Figures 5.4, 5.5 and 5.6.  
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Mouse 1 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 

Fig. 5.4. Continued. 
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Mouse 2: 

 
 

Fig. 5.4. Continued. 
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Mouse 3: 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Fig. 5.4. IVIS image of the mice injected with Cy5.5-Lactoferrin conjugated NPs, with a 
magnet placed adjacent to the tumor xenograft on the right side flank. 
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Mouse 4: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5.5. Continued. 
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Mouse 5: 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 
 

 
Fig. 5.5. Continued. 
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Mouse 6: 
 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Fig. 5.5. IVIS image of the mice injected with Cy5.5-Lactoferrin conjugated NPs, 
without using magnetic targeting. 
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Mouse 7: 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Fig. 5.6. Continued. 
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Mouse 8: 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.6. Continued. 

Preinj'1'h'2'h'



!
176!

Mouse 9: 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5.6. IVIS image of the mice injected with Cy5.5-labeled NPs, without using 
lactoferrin and magnetic targeting. 
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Fig. 5.7. NIRF (IVIS) images (top) and MPS signal intensity (per tumor mass) of the 
tumor xenografts excised from mice injected with Cy5.5-lactoferrin conjugated NPs, with 
and without using magnetic targeting, compared with Cy5.5-labeled NPs (without any 
lactoferrin and magnetic targeting) and PBS as controls. In IVIS images brightness is 
proportional to the uptake of the fluorescently labeled NPs. 

 

NIRF images of the excised tumors (Fig. 5.7) showed that the tumor uptake, based on 

these mechanisms is cumulative, with the combination of magnetic and lactoferrin-

assisted targeting showing the most increased uptake. These results were also confirmed 

by magnetic particle spectroscopy (MPS) analyses of the tumor tissues from the excised 

xenografts (Fig. 5.7).  
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5.2. Quantitative biodistribution studies of optimized MPI tracers radiolabeled for 

multimodal SPECT/CT imaging 

Building on the robust PMAO-PEG co-polymer coating platform [1] for 

functionalizing our optimized MPI tracers [2], we radiolabeled them for SPECT/CT 

contrast to enable accurate determination of their biodistribution and pharmacokinetics.  

SPECT/CT imaging provide high tracer mass sensitivity, enabling accurate, quantitative 

estimation of NPs concentration in the main clearance organs (i.e., liver, spleen and 

kidneys, as discussed in Chapter 2).[443] This complements our earlier NIRF imaging of 

similar MPI tracers to determine their biodistribution with anatomical sensitivity (Chapter 

4).[92] 

 

5.2.1. NPs development and animal studies 

Iron oxide NPs with median core size of 27 nm (Fig. 5.8), optimal for MPI, were 

synthesized and coated with PMAO in chloroform and transferred to water, showing a 

negative zeta potential (~-30 to -50 mV) due to presence of carboxyl groups on their 

surface. For details of PMAO coating and phase transfer of the NPs, please refer to 

Appendix F. Nanoparticles were coated by dispersing a dried mixture of nanoparticles 

and PMAO in 0.1M NaOH and sonicating for three hours. After sonication, aggregates 

were removed by permanent magnet and the remaining particles were centrifuged at 

14,100 rcf for one hour. The supernatant was removed and enough 10mg PEI/ml in DI 

water was added to reach of a ratio of 10mgPEI/1mg nanoparticles. The mixture was 

purged with argon and sonicated for one hour. Centrifugation, PEI dispersion, and 

sonication were repeated once. Nanoparticles were purified by centrifugation and 

dispersed in PBS. NPs showed a hydrodynamic size of about 65nm (Fig. 5.9) and a 

positive zeta potential of ~+30 to +60mV (Figs. 5.10) due to presence of cationic PEI on 

their surface.  
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Fig. 5.8. TEM image and size distribution histogram of the NPs used for radiolabeling 
and biodistribution studies by SPECT/CT. 
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Fig. 5.9. Hydrodynamic size of the PEI coated NPs measured by DLS. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5.10. Zeta potential of the PEI coated NPs showing a highly positive charge due to 
presence of cationic PEI on the surface of the NPs. 
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Fig. 5.11. m-H graph of the NPs. Size calculations using Chantrell fitting[404] showed a 
median core size of about 27nm, which matches with TEM images of these NPs. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5.12. MPS (dm/dH) graph of the NPs, showing a small FWHM, representative of a 
high spatial resolution in MPI. 
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For ligand modification and 67Ga-radiolabeling of these NPs with optimized 

magnetic properties and MPI performance (Figs. 5.11 and 5.12), the PEI coated particles 

were modified with the chelator p-SCN-bz-NOTA (Macrocyclics, USA) and then 

radiolabeled with Gallium-67 (67Ga, T1/2 = 78.3 h) (Fig. 5.13). For this purpose, 800 µL of 

the particles were diluted with NaHCO3 (800 µl, 0.1 N) and incubated with 0.8 mg of p-

SCN-bz-NOTA) solution at 19 °C overnight. The particles were concentrated using an 

Amicons (30 kDa MWCO), washed twice and re-suspended in 1 mL PBS. NOTA is now 

bound to the particles through a thiourea bond. Particles were radiolabeled by adding 
67GaCl3 (5.3 mCi) to the suspension and incubating at room temperature for 30 minutes 

with mixing, followed by Amicon concentration and washing twice with PBS (92% 

labeling efficiency). The radiolabeled particles were dispersed in PBS for the 

biodistribution studies.  The hydrodynamic size and zeta potential of the labeled NPs are 

shown in Fig. 5.14.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5.13. Schematic showing the surface coating of the NPs with PMAO and PEI their 
radiolabeling with 67Ga using NOTA chelator. We used a branched PEI. However, note 
that we show a linear PEI here to simplify the schematic, since NOTA conjugation and 
radiolabeling procedure are the same for both types of PEI (image courtesy of Prof. 
Kannan Krishnan). 
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Fig. 5.14. Hydrodynamic size distribution and zeta potential of the radiolabelled NPs. 
Note to the negative zeta potential observed after conjugation of NOTA to PEI coated 
NPs, compared to the positive zeta potential of the PEI coated NPs shown in Fig. 5.10. 

 

For biodistribution studies using SPECT/CT imaging, three female C57bl/6 mice 

(Charles River Laboratories ,Wilmington, MA) were injected via the tail veins with the 

tracers (120 µl, radiolabelled PEI-MNPs).  The animals were scanned individually in a 

SPECT/CT (imaging protocol approved by the University of British Columbia Animal 

Care Committee according to guidelines set out by the Canadian Council on Animal 

Care) immediately and at 4 h post injection and sacrificed then (Fig. 5.15). Following 

each SPECT acquisition, a whole body CT scan was performed to obtain anatomical 
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information and both images were registered (Fig. 5.15). For quantitative analysis, 

SPECT data were reconstructed with ordered subset expectation maximization algorithm 

(OS-EM) using 6 iterations of 16 subsets and 0.4 mm3 voxel size. All organs were then 

counted for radioactivity. 
 

MPS analyses of the tracers showed an excellent dm/dH response with a narrow 

FWHM (Fig. 5.12), suitable for high resolutions MPI.[9] The branched PEI used in 

conjugation is a cationic polymer with abundant number of available amine groups, 

making it a suitable platform for radiolabeling with 67Ga-NOTA (Fig. 5.13). SPECT/CT 

imaging (Fig. 5.15) and biodistribution studies (Fig. 5.16) confirmed that PEI-coated NPs 

were only accumulated in liver and spleen 4 h after injection, with almost no traces of 

NPs in kidneys, lungs and heart. Quantitative measurements of the radioactivity from all 

organs (Fig. 5.16) indicated the biodistribution to be predominantly in the liver (92±10% 

of the input dose) and spleen (5±1%) with trace distributions, within experimental error, 

in the brain and kidneys. 
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Fig. 5.15. Typical SPECT/CT image of a mouse showing the biodistribution of the 67Ga-
NOTA-labeled MPI tracers in mice, 4 h after tail vein injection. NPs were only 
accumulated in liver and spleen with no trace of NPs observed in kidneys or other organs. 
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Fig. 5.16. Biodistribution of the 67Ga-NOTA-labeled MPI tracers in mice, 4 h after tail 
vein injection. All graphs confirm that NPs were mainly accumulated in liver and spleen. 
The results are shown based on radiation activity observed in each organ, percentage of 
the injected NPs in each organ, percentage of the NPs in each organ divided by the 
dosage observed in the blood and percentage of the NPs per mass of each organ.!
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5.3. Conclusions and future outlook 

Our functionalized platform, with glioma-targeting lactoferrin conjugated to the 

PMAO-PEG surface coatings of the optimized MPI tracers, enhanced uptake by tumors. 

As we were expecting, magnetic targeting further improved this phenomenon. High 

tracer mass sensitivity and fast image processing of NIRF, in combination with MPS 

analyses (as a first measure of the MPI performance of the NPs) enabled us to monitor 

the NPs uptake by tumors and do preliminary investigation of the feasibility of in vivo 

MPI cancer diagnosis. NPs uptake by the tumors can be improved by increasing blood 

circulation and decreasing hydrodynamic size.[6] Our results also show that improving 

tracer mass sensitivity is required for future applications of MPI in detecting solid tumors 

at early stages. 

In addition, our radiolabeling studies show that amine functionalization of the PMAO 

coated MPI tracers with PEI, enables facile radiolabeling of 67Ga-NOTA, using a thiourea 

bond, suitable for quantitative SPECT/CT imaging. Absence of radioactive tracers in the 

kidneys, 4 h post tail-vein injection, confirmed by the high tracer mass sensitivity of 

SPECT/CT imaging, is promising for the safe applications of these tracers for in vivo 

MPI imaging. The flexible PMAO-PEG platform further provides opportunities for 

various conjugation strategies, ideal for multimodal MPI/CT/NIRF/MRI/CT/SPECT 

imaging, and each one with distinct advantages.  
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Chapter 6.  

CONCLUSIONS AND FUTURE DIRECTIONS 

 

 

In this thesis, we used experimental models to simulate the extracellular and 

intracellular performance of the MPI tracers. We also functionalized the NPs and showed 

that these functional groups can be used for conjugation of contrast agents of other 

imaging modalities (such as near infra-red fluorescent microscopy). These functional 

groups can be also used for conjugation of targeting biomolecules (such as peptides and 

antibodies) for future cancer targeting and imaging applications. Functionalized NPs can 

be also used for chelating the radionuclides for multimodal MPI/PET imaging.  

Similar to other imaging modalities, spatial resolution and signal intensity are the 

two major parameters that should be considered in order to generate decent MPI images. 

Following the results and discussions in previous sections, we know that the FWHM and 

peak height of the dm/dH curves generated from the NPs determine the quality of the 

images in MPI. Our animal studies showed that compared to pre-injection NPs, the 

FWHM was increased after internalization of the NPs in liver and spleen. This lowers the 

spatial resolution in MPI and decreases the efficiency of this technique for accurate 

location of targeted tissues (e.g. cancers or labeled stem cells). Future studies are required 

to investigate the correlation of the MPI image qualities (i.e. spatial resolution and signal 

intensity) with the intracellular status of the NPs and to find the optimum NPs 

characteristics in order to maintain their MPI performance efficiency after reaching to the 

cells and internalization. The surface characteristics, size and charge (i.e. zeta potential) 

of the NPs should be tuned to enhance their uptake by these cells. The optimum 

conditions (e.g. NPs incubation time and concentration and highest cell viability) should 

be found in order to have the highest MPI efficiency and consistency for imaging of these 

cells.  
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Cancer-targeting biomolecules (e.g. antibodies or targeting peptides) can be 

conjugated to the surface of the functionalized NPs reported in this thesis for cancer 

targeted MPI. However, to achieve this, it is important to preserve the MPI performance 

of the NPs after these conjugations and control the hydrodynamic size of the final NPs in 

order to have longest possible circulation time in the blood and higher accumulation of 

the NPs in cancer tissues. Using MPS measurements, the variation of the FWHM of the 

dm/dH curves obtained from the cells should be monitored, based on the intracellular 

location of the NPs and their possible aggregations or degradations in cells. Linearity of 

the MPI signal intensity and consistency of the resolution should be also studied for 

different concentration of the NPs in the cells.  

For MPI evaluation of the macrophages or stem cells labeled with NPs, the 

number of uptaken NPs per cell is important in order to get a high intensity signal, 

specially after differentiation of the stem cells. Differentiation and proliferation of the 

cells may decrease the number of the NPs per cell and result in weaker MPI signal over 

incubation time. This can be a challenge for all in vivo applications of the MPI for stem 

cells or macrophage tracking. Therefore, it is necessary to monitor the variation of the 

MPI signal of the labeled cells by time to see the effects of these biological phenomena 

on the MPI signal. Combining the results of this study with the toxicity results, will help 

to find the optimum dosage of the NPs required for each labeling. Note that stability of 

the hydrodynamic size of the optimized NPs and consistency of the MPI signal of the 

NPs in cell culture medium are crucial factors for accurate analysis of these results.  
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Appendices 

A. Synthesis of 25nm magnetite nanoparticles as efficient magnetic particle imaging 

tracers optimized by tuning their size-dependent crystalline structure 

 

A.1. Introduction 

As we discussed before, in the x-space approach to image reconstruction in MPI, 

the point spread function (PSF) is a good measure of the signal intensity and spatial 

resolution of the images.[15] Here, the PSF is the product of the magnetic field gradient 

(dH/dx, where x is the position of the point source in imaging volume) and dm/dH.[42, 

407] Typically, dH/dx is a constant parameter for a given MPI scanner, and dm/dH is an 

intrinsic property of the NPs; the latter is highly dependent on magnetization and 

relaxation dynamics of the NPs (i.e. size, monodispersity and excitation time).[10, 15, 42, 

423] The full width at half maximum (FWHM) and peak height of dm/dH , measured in a 

MPS, can predict the spatial resolution and signal intensity in x-space MPI image 

processing. Smaller FWHM and larger peak height of dm/dH, correspond to improved 

spatial resolution and signal intensity, respectively.[18]  

We have shown that increasing the core size of the highly monodisperse NPs to 

about 25-27nm (close to the superparamagnetic to ferromagnetic transition at a 100s 

measurement time) can significantly improve the spatial resolution and NPs mass 

sensitivity in MPI, compared to commercially available tracers such as Resovist.[9] This 

is because of the high saturation magnetization rate of these NPs at field points of 

magnetization reversal. Preparation of monodisperse NPs with tailored size is possible 

through thermal decomposition of the organometallic iron precursors (e.g. iron oleate, 

FeOOH or iron pentacarbonyl) in the presence of surfactants (e.g. oleic acid and oleyl 

amine). In fact, controlling the NPs nucleation time as an entirely separate step (i.e. burst 

of nucleation) followed by uniform growth of the nuclei is crucial to synthesize such 

monodisperse NPs by this method. This is in contrast to the simultaneous nucleation and 

growth phenomena happening continuously during the preparation of NPs by co-
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precipitation of iron ferric and ferrous ions in alkaline solutions, which usually results in 

formation of highly polydisperse iron oxide nanoparticles (e.g. Resovist and 

Feridex).[22] In thermal decomposition synthesis, assuming a constant reaction volume, 

increasing the molar ratio of oleic acid surfactant to iron oleate precursor to an optimum 

value results in NPs with larger median core sizes.[42] However, presence of larger 

amounts of oleic acid required for synthesis of 25-27nm NPs has some drawbacks. 

Condensation and refluxing of the oleic acid create extensive turbulence (bumping) in the 

system, increasing NPs polydispersity. Also decomposition of oleic acid and its reaction 

components at high synthesis temperatures (i.e. 320ºC) generates carbon monoxide in the 

system that changes the crystalline structure, composition and phase purity of the NPs by 

reducing magnetite or maghemite to Wüstite .[444, 445] Wüstite is a magnetically weak 

phase of iron oxide that dramatically decreases the magnetization rate of the NPs 

resulting in poor MPS performance, and to prevent its formation, control of the oxidation 

levels in the synthesis systems is desirable. 

Here, two separate batches of monodisperse NPs (dC~25-27nm) were prepared using 

exactly identical synthesis parameters, but with significantly different crystalline 

structures and magnetic properties, caused by a small change in their synthesis 

atmosphere. First, we synthesized these NPs using thermal decomposition of iron oleate 

in the presence of oleic acid at 320ºC. Then, these two groups of the NPs were coated 

with poly(maleic anhydride-alt-1-octadecene) (PMAO) and polyethylene glycol (PEG) 

polymers, to make them fully soluble in aqueous solutions. High resolution TEM 

(HRTEM) and scanning TEM (STEM) characterization showed that the reaction 

produced Wüstite NPs coated with a thin layer of magnetite (i.e. a Wüstite[FeO]/ 

magnetite[Fe3O4] core/shell structure) when the system was purged with argon and fully 

sealed. On the other hand, when enough air was accessible into the synthesis system 

through the condensers, single crystalline magnetite NPs with considerably enhanced 

MPS performance were formed. Such dual-phase crystal structure resulted in poor MPS 

performance by increasing the FWHM of the dm/dH signal. Introducing controlled 

amounts of air in the synthesis reaction, however, formed single crystalline magnetite 
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structures with significantly improved MPI signals (narrower FWHM and higher 

intensity). We demonstrate that phase purity is as important as NP core size (dC~25-

27nm) to improve MPS performance, and generate high quality MPI images. 

 

A.2. Large scale synthesis of 25nm NPs as efficient MPI tracers 

Monodisperse hydrophobic NPs (dC ~25-27nm) were synthesized by modification of a 

method reported before for synthesis of NPs with smaller core sizes (dC < 22nm).[42, 46, 

327] Note that the synthesis parameters were optimized for much larger scale synthesis 

with an approximate yield of about one gram of dried and purified NPs. Briefly, 9 mmol 

(8.1 gr) iron oleate and 99 mmol (27.96 gr) oleic acid were dissolved in 45 gr of 1-

octadecene solvent and heated at 320°C for 24 hours. Two separate batches of NPs were 

prepared under inert argon atmosphere and in the presence of air, partially accessible to 

the system through open condenser exhaust tubing. Iron oxide nanocubes were also 

prepared in the presence of sodium oleate by adjustment of a previously reported 

approach.[446] Briefly, 3.1 gr iron oleate, 0.285 gr sodium oleate and 1 gr oleic acid were 

mixed with 30 gr squalene as the solvent and heated at 175°C for 2h under argon 

atmosphere, followed by heating at 320°C (heating rate of 20°C/min) for another 1h.  

As-synthesized NPs were dispersed in 20mL mixture of chloroform and methanol (50-50 

vol.%) by sonication (~3min) and then separated by a strong magnet. This step was 

repeated four times and the purified NPs (~10mg) were redispersed in 5mL chloroform, 

by 30min sonication. 500mg poly(maleic anhydride-alt-1-octadecene) (PMAO, Mn 

=30,000-50,000 kDa, dissolved in 5ml chloroform) was added to the NPs and sonication 

was continued for 1h. Then 660mg polyethylene glycol (mPEG-NH2, MW 20kDa) was 

dissolved in 5mL chloroform and was added to PMAO coated NPs and sonication was 

continued for another 16h. Rotary evaporation was used to remove chloroform and then, 

5mL Tris-acetate-EDTA (TAE, 1x) was added to the dried NPs, followed by 1h 

sonication to redisperse the NPs. The water dispersed PEG coated NPs were purified by 

repeating centrifugation (14000rpm, 45min) and redispersion in the same amount of 

dionized water for three times.  
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Transmission electron microscopy (TEM, FEI TecnaiTM G2 F20, 200 KeV), equipped 

with a Gatan CCD camera was used to analyze size and morphology of the synthesized 

NPs. STEM was performed on a Cs-corrected FEI Titan scanning/transmission electron 

microscope (S/TEM) operated at 300kV with a high-angle annular dark field (HAADF) 

detector. Magnetization behavior (m-H) of the NPs (~150µg of NPs solution in 100µL 

polycarbonate capsules) were studied using a vibrating sample magnetometer (VSM). 

Dynamic light scattering (DLS) was used to measure the hydrodynamic size of the PEG 

coated NPs. We also used our magnetic particle spectrometer (MPS) with a sinusoidal 

excitation field of 18.6mTµ0
-1 (peak-peak, f0=25kHz) to evaluate the performance 

(dm/dH) of the synthesized NPs.[16, 42] The data processing method for calculating 

dm/dH graphs from the induced voltage in receiving coils of the MPS was reported 

earlier in section 3.1.6.[42] All dm/dH plots obtained from MPS were normalized to one 

in order to compare their FWHM, which is a good indicator, to first order, of the potential 

spatial resolution in an MPI scanner. 

 

A.3. Results and Discussions 

The signal in MPI is directly originated from superparamagnetic iron oxide nanoparticles 

(NPs) and therefore it is highly dependent on field dependent magnetization rate of the 

NPs.[18] We have shown before that increasing the core size (dC) of the 

superparamagnetic NPs, increases the spatial resolution and signal intensity due to their 

much faster magnetization rates (dm/dH) caused by the AC field in MPI scanners.[9] In 

x-space MPI image reconstruction method, these image quality improvements are 

represented by narrower full width at half maximum (FWHM) and larger peak heights of 

the dm/dH graphs, as measured by a magnetic particle spectrometer (MPS).[7, 11, 42]  

Synthesis of the different sizes of monodisperse hydrophobic NPs with narrow size 

distributions is achievable by controlled thermal decomposition of iron precursors in the 

presence of proper ratios of the stabilizing surfactants (e.g. oleic acid and oleyl amine) 

and solvents (e.g. 1-octadecene, octadecane, docosane and eicosane).[16, 42] However, 

our investigations showed that, compared to synthesis of the smaller sizes (i.e. dC < 
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22nm), further adjustment of the synthesis parameters are required when larger core sizes 

(e.g. dC  ~ 25-27nm) of the NPs are desired. The size, monodispersity, crystalline 

structure and composition of larger NPs changes considerably with minor changes in 

reactants stirring rates, synthesis temperature, reaction volume, type of the solvents and 

synthesis atmosphere. In this study, we modified a previously reported method for large 

scale synthesis of 25-27nm monodisperse oleic acid coated NPs (~ one gram of the dried 

and purified NPs). While all the other synthesis parameters were exactly the same, the 

synthesis atmosphere can dramatically change the crystalline structure and therefore the 

magnetic properties and MPS performance of these NPs. To investigate this, we 

synthesized two separate batches of NPs using the same synthesis parameters and 

changed the reaction atmosphere to control the oxidation level of the NPs. One reaction 

was performed when the synthesis flask was fully purged with argon and the other 

reaction was done in the presence of partial air accessible to the synthesis flask through 

the condensers. The preliminary TEM images showed almost similar core sizes and 

morphologies, however, more accurate HRTEM, electron diffraction pattern and HAADF 

STEM analyses showed fundamental structural differences on the atomic scale (Fig. A1) 

that were further confirmed by VSM (m-H) and MPS (dm/dH) measurements (Fig. A2). 

TEM and HAADF STEM images in Figs. A1(a) and (b), show that a core/shell structure 

was formed when the reaction was fully protected by inert argon gas. HRTEM analyses 

of the lattice fringes (Fig. A1(c)) showed an inter-planar (d-spacing) of 0.214nm, which 

matches well with the {200} crystallographic planes of Wüstite (FeO). This dual-phase 

structure generated Moiré patterns in HRTEM images. However, when oxygen was 

partially accessible to the reaction system, single crystalline NPs were formed (Figs. A1 

(d) and (e)). The d-spacing of 0.792nm from the HRTEM images of these NPs 

corresponds to {111} planes in magnetite (Fe3O4). Electron diffraction patterns obtained 

from a selected area of these two samples also showed characteristic peaks related to 

FeO/Fe3O4 and pure Fe3O4, confirming the lattice fringe analyses results (Fig. A1(f)). It is 

known that the decomposition of oleic acid and its reaction by-products followed by their 
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Fig. A1. HRTEM ((a) and (c)) and HAADF STEM (b) images showing 
Wüstite/magnetite core/shell formed due to reductive role of carbon monoxide during the 
synthesis; (d) and (e) HRTEM images of pure magnetite formed when partial oxygen was 
available in reaction flask; (f) electron diffraction patterns of these two types of NPs 
showing the characteristic peaks of Wüstite and magnetite.  
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Fig. A2. TEM images ((a) and (b)) and electron diffraction pattern (c) of the nanocubes 
showing their core/shell Wüstite/magnetite nanostructures; Compared to apparent sizes in 
TEM images, a smaller core size of ~13.4nm was calculated using Chantrell fitting[404] 
to the VSM m-H plot of the nanocubes (d), due to presence of  magnetically weak 
Wüstite as their main crystallographic phase.     
 

condensation and vigorous bumping and turbulence in reaction system results in 

formation of excessive amounts of carbon monoxide (CO) in reaction flask.[447] This 

carbon monoxide reduces magnetite (Fe3O4) to Wüstite (FeO) and transforms to carbon 

dioxide (CO2), a more thermodynamically stable state in the system.[444] Therefore, 

when the reaction system was fully purged and sealed with argon, this carbon monoxide 

resulted in a FeO/Fe3O4 core/shell structure. However, when oxygen was partially 

available, the magnetite reduction to Wüstite was prevented and single crystalline Fe3O4 
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NPs were obtained. This process was confirmed by introducing a strong reducing agent 

(sodium) into the system for synthesis of iron oxide nanocubes by a previously reported 

procedure, where it helps further to reduce Fe3O4 to FeO even at smaller oleic acid to iron 

oleate ratio, forming the same Wüstite/magnetite core/shell structure for smaller NPs 

sizes (Fig. A2).[445]  

Other approaches such as post synthesis oxidation at mild temperatures in air,[448] or by 

an oxidizing agent (trimethylamine N-oxide),[449] followed by annealing at higher 

temperatures have been also used for transforming Wüstite to magnetite or maghemite 

NPs.  Note that Wüstite is metastable at room temperature and tends to transform to zero 

iron (Fe), assuming that all kinetically favorable parameters (time and energy) are 

provided for diffusion of oxygen toward the surface of the NPs. This results in formation 

of Fe3O4 shell around the Wüstite core, based on the Kirkendal mechanism (preferred 

outward elemental diffusion in NPs systems).[450] Fe3O4 may also form on the surface of 

Wüstite during the growth stage, which happens after burst of nucleating by heating the 

reaction at 320°C for 24 hours. Also, a part of this Fe3O4 shell may be due to surface 

oxidation in ambient temperature when samples are exposed to air. 

Wüstite is a magnetically weak phase, which dramatically changes the MPS performance 

of the NPs by increasing the FWHM (i.e. losing resolution in MPS, Fig. A3(a)). On the 

other hand, magnetite NPs showed a very narrow dm/dH peak, with a FWHM of about 

60% of the Resovist (commercially provided iron oxide NPs). Note that hydrodynamic 

sizes and polydispersity indexes of the NPs measured by DLS method were almost 

identical (dH ~ 55-65nm, PDI ~ 0.2-0.25). Such variations in MPS dm/dH response were 

also confirmed by comparing the near zero field slopes of the m-H graphs and 

magnetization rates of these two types of NPs (Fig. A3(b)). Single crystalline magnetite 

NPs were rapidly magnetized and reached their saturation magnetization at much smaller 

field values, compared to FeO/Fe3O4 core/shell structures, a phenomenon which resulted 

in their significantly improved MPS performance (better FWHM of the PSF). Finally,  
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Fig. A3. Measures dm/dH in the MPS (a), and m-H plots obtained by VSM  (b), showing 
narrower FWHM (higher MPI resolution) and faster saturation magnetization for single 
crystalline magnetite NPs (dC~25nm) in comparison with Wüstite/magnetite core/shell 
NPs and a commercially provided tracer, Resovist®. 
 

Chantrell fitting of m(H) curves to determine NPs core size based on their magnetization 

rates,[404]  showed that in contrast to their apparent similar TEM sizes, the core size, 

dC~12nm, for core/shell NPs, due to presence of the magnetically weak Wüstite core. The 

dC calculated for the single crystalline magnetite NPs was ~25nm, matching well with 

their TEM images.  

 

A.4. Conclusions  

Increasing the core size of the highly monodisperse NPs to about 25-27nm can 

significantly improve the resolution and signal intensity in MPS. However, the MPS 

performance of these NPs depends on their crystalline structure and oxidation state; in 

other words, their phase purity. Formation of carbon monoxide due to decomposition of 

the oleic acid and other reactants during the synthesis reduces magnetite (Fe3O4) or 

maghemite (Fe2O3) to Wüstite (FeO), which is a magnetically weak phase of iron oxide 

with a poor MPS performance. When oxygen is partially accessible into the reaction 

system, pure magnetite NPs form due to an in situ oxidation. The FWHM of dm/dH of 

these single crystalline magnetite NPs was significantly smaller than commercially 
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available NPs such as Resovist, which is a substantial improvement toward MPI 

applications targeting sub-mm resolutions in the future.  
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B. Preparing samples for nanoparticles characterizations 

 

Dynamic light scattering (DLS) and Zeta potential measurements: 

DLS and Zeta potential measurements help to determine the hydrodynamic size and 

surface charge of the nanoparticles. Add 0.7-1mL DIW to a cuvette. Add about 30-50 µL 

of the NPs to the water and disperse them by several times pipetting. Insert the cuvette 

into DLS sample holder and run the measurement using DLS software. For Zeta potential 

measurements, make the sample similar to DLS samples, then use a needle to inject the 

solution into a zeta potential cuvette. Make sure there is no bubble left in cuvette. 

 

Inductively coupled plasma (ICP): 

ICP is used to determine the iron concentration (or nanoparticles concentration) in each 

sample. For Water dispersed samples, transfer 10 µL of NPs solution to a 15mL 

centrifuge tube. Add 100 µL concentrated HCl solution. Vortex and make sure all the 

NPs are dissolved. A yellow color solution will form when all the NPs are digested by 

acid. Now, increase the volume to 5mL by adding DIW. The sample is ready for ICP 

measurements. For oleic acid coated NPs in organic solvents such as chloroform and 

hexane, sonicate the solution and transfer 10 µL of the NPs solution to a vial. Keep the 

vial at room temperature to evaporate all the solvents. Then add 100 µL HCl and follow 

the procedure as described above for water dispersed samples.  

 

Important safety note: Concentrated HCl is a very strong acid. Open the acid bottle only 

inside the fume hood and use lab coats, goggles and special gloves. 

  

Vibrating sample magnetometer (VSM): 

VSM is used for determination of magnetization of the NPs. It can be also used to 

estimate the median core size of the NPs using Chantrell fitting.[404] To run VSM, 

transfer 100 µL of the NPs in aqueous solutions to polycarbonate capsules and fix the 
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capsule in a straw using double-side tape. Then attach the straw to VSM sample holder 

and run the measurement. For samples in organic solvents use 200 µL gelatin capsules. 

 

Transmission electron microscope (TEM):  

TEM is used for determination of the size, morphology and crystalline phase of the NPs. 

To make TEM samples, first purify the oleic acid coated NPs, as described in Appendix 

D, Step 1. Then disperse the purified NPs in toluene, depending on the amount of the 

nanoparticles. A very pale color solution is best for TEM, which can be easily obtained 

by adjusting the NPs concentration and amount of the toluene. Sonicate the NPs solution 

for 15-30min. Clean a glass slide using chloroform and methanol. Cut a small piece of 

filter paper and place it on the glass slide. Place the TEM grid on the filter paper and add 

7 µL of the NPs solution on the grid and let it dry. Sometimes, you can repeat adding NPs 

several times to ensure having higher concentration of the NPs on the grids, specially 

desired for electron diffraction and crystallographic phase analysis. For water dispersed 

samples, add 7 µL of the NPs solution to the grid and let it dry in oven at 50 °C. 

 

Note: Grid type: Carbon Film only on 200 mesh, Copper, Ted Pella, current product No.#    

01840-F)   

 

Magnetic Particle Spcetrometer (MPS): 

MPS is a quick test, helpful to estimate the MPI performance of the NPs. Transfer 200 

µL of the NPs solution to 0.5mL centrifuge tubes and run MPS measurements. 
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C. Procedures for synthesis of oleic acid coated NPs 

C.1. Using iron oleate as the iron precursor 

Step 1: Synthesis of iron oleate 

Dissolve 40 mmol of iron chloride (10.8 gr, FeCl3·6H2O) in a mixture of 80mL methanol, 

60mL DIW and 140mL hexane, in a three-necks flask. To do this, first dissolve iron 

chloride in methanol and then add water and hexane. Note that this generates some heat 

that may cause boiling of the methanol. It is better to add iron chloride powder to 

methanol slowly. Make sure iron chloride gets fully dissolved. An orange color solution 

forms. Then, add 36.5gr sodium oleate (120 mmol). Seal the reaction flask using rubber 

septums and purge the system with argon. Start heating the mixture by a slow heating 

ramp of 1°C/min. Set the temperature to 57°C and keep the mixture stirring and refluxing 

for four hours. Use a separatory funnel to separate organic layer containing iron oleate 

from the heavier water phase. Remove the water layer and then add equal volume of 

DIW. Shake it well and again keep it to separate the aqueous and organic layers. Repeat 

this for 2-3 times. Note that presence of sodium impurities may result in change of NPs 

morphology. Add about 5 grams of sodium sulfate to the hexane-iron oleate solution to 

remove any remaining water from the solution. Use rotary evaporator to remove all 

hexane from the system. A viscous dark brownish solution will be left, which is iron 

oleate usable for synthesis of the NPs. 

 

Step 2: Synthesis of oleic acid coated NPs 

Dissolve 9 mmol (8.1 gr) iron oleate and  99 mmol (27.96 gr) oleic acid in 45 gr of 1-

octadecene solvent in a 250mL three-necks flask. Use a magnet bar for stirring the 

solution. Make sure the magnet bar is in the center of the flask. Wrap the reaction flask 

with aluminum foil to ensure a uniform temperature distribution in solution. Purge the 

system with argon. Increase the temperature to 120°C using a heating ramp of 3°C/min. 

Keep at this temperature for 1h, while there is a slow argon flow. This helps to remove 

residua water and other organic impurities from the system. Then start heating to 320°C 

using a heating ramp of 5°C/min. Keep the reaction running at this temperature for 24 
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hours. Note that these parameters are set to synthesize NPs with median core sizes 

ranging from 23-27nm. To make smaller core sizes, smaller iron oleate to oleic acid 

ratios should be used (such as ~1:9 for 18nm NPs or ~1:7.5 for 16nm NPs and etc.). Also, 

note that stirring rate used for this protocol is 450rpm. We have seen than using larger 

stirring rates decreases the size of the NPs. As mentioned in Appendix A, magnetite 

phase purity and formation of Wustite are challenges for synthesis of larger core sizes. 

Wustite forms due to formation of carbon monoxide. Post-oxidation steps can help to 

transform this wustite phase to magnetite and enhance the MPI performance of the NPs. 

To oxidize the NPs, decrease the temperature of the as-synthesized NPs solution to 150-

250 °C/min, when the septums are removed and the solution surface is exposed to air. 

Depending on the size and the amount of impurities in each batch, keep heating the 

solution for 12-24h. Also, a flow of Argon-1% oxygen can help to oxidize the NPs. To do 

this, insert a needle into the reaction flask and keep the gas flow at 320 °C for 8-12 hours 

depending on the size of the NPs. Note that exceeding the amount of oxidation results in 

formation of hematite which is not desired for MPI applications due to its weak magnetic 

properties. 

 

C.2. Using Iron oxyhydroxide as the iron precursor 

The synthesis set up is very similar to Appendix C.1. The only difference is using 

FeOOH instead of iron oleate. Using FeOOH makes the synthesis procedure faster, 

compared with synthesis of nanoparticles from iron oleate, which requires an additional 

step to synthesize and purify iron oleate. The NPs synthesis mechanisms are almost the 

same as iron oleate method, since iron oleate forms as an intermediate phase when 

FeOOH is used for synthesis of NPs. 
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To do this synthesis dissolve 0.356gr FeOOH and 18.81gr oleic acid in 50mL 1-

octadecene. Use iron oxyhydroxide (Iron(III) oxide - hydrated, Sigma-Aldrich, 

presumably goethite: α-FeOOH) and grind it using a mortar and pestle first. Changing the 

oleic acid to FeOOH ratios to 1:15, 1:16, 1:16.6, 1:18 and 1:20 results in synthesis of 

nanoparticles with median core sizes of about 15, 22, and 25-27nm, as shown in Fig. 

C.2.1. Do the refluxing reaction in a 250 mL three-neck round bottom flask. Purge the 

reaction flask with argon and heat the system to 120°C for approximately one hour. Then, 

increase the temperature to 320°C at 15°C/min and hold the reaction stirring (450rpm) at 

this temperature for 24 hours.  

 

Fig. C.2.1. Particle size versus oleic acid:FeOOH ratio for iron oxide nanoparticles 
produced by thermal decomposition of iron oxyhydroxide.  
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D. Procedure for nanoparticles silanization and PEG conjugation 

 

List of Materials: 

Oleic acid coated Fe3O4 Nanoparticles, 3-(triethoxysilyl)propyl succinic anhydride (TSP), 

Toluene, Hexane, THF: tetrahydrofuran, NH2-PEG-NH2 (2 or 5kDa), 

dicyclohexylcarbodiimide (DCC), Sodium borate buffer (25mM, pH 8.5) 

!
!
Procedure: 

Step$1:$Purification$of$the$as9synthesized$oleic$acid$coated$nanoparticles$

1. Transfer about 30mg of the as-synthesized NPs to three 40ml vials, about 10mg in 

each vial 

2. Add 20mL of a methanol-chloroform mixture (40-60%) to the NPs, sonicate for 1 

min to disperse the NPs and put the vial on a magnet to precipitate the  NPs.  

3. Repeat this step 3-4 times using a 50-50% methanol-chloroform mixture, until the 

supernatant gets clear. 

4. Add about 13.3mL toluene to each vial and sonicate for about 15min to disperse 

the NPs. 

5. Transfer all the NPs to one 40mL vial. 

6. Aggregated NPs can be removed by centrifuge before starting the silanization. 

7. Run ICP to know the exact concentration of the NPs before silanization. 

 

Step$2:$Silanization$of$the$purified$oleic$acid$coated$NPs$

1. Transfer the NPs solution to a 125mL flask. Purge the flask with Argon. Both 

mechanical stirrer or magnetic stirrer with a magnet bar can be used for stirring 

the solution. It is recommended to use mechanical stirrer for larger core sizes. 

2. Increase the temperature to 80 °C, and add 50-100µL TSP (depending on the NPs 

size) to NPs by injection, using a needle and 1mL syringe. 

3. Increase the temperature to 100-105 °C and run the reaction for 8 hours. 

!
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Step$3:$Conjugation$of$NH29PEG9NH2$to$silanized$NPs$

Note: The same procedure can be used for conjugation of other PEG derivatives, such as 

mPEG-NH2 and NH2-PEG-FMOC and NH2-PEG-SH. 

1. Purify the silanized NPs by adding 90mL hexane and placing them flask on a 

strong magnet. Repeat this 3 times. 

2. Dry the NPs (remove all hexane residues) by argon flow and then 30min 

vacuuming. 

3. Disperse the NPs in ~7mL THF and sonicate for 15min. Usually the NPs should 

be well dispersed in THF. 

4. Dissolve 170mg of PEG in 11mL THF. Use a 20ml glass vial and sonication. 

Make sure the polymer is fully dissolved. Larger molecular weights require longer 

sonication to dissolve. 

Note: Thaw the PEG first before opening the vial and after using it, purge it with 

argon and store at -20°C. 

5. Dissolve 80mg DCC in 320 µL THF.  

6. Add DCC and PEG solutions to NPs solutions in the 125mL one-neck flask. Seal 

the flask using a rubber septum and zip-tie and purge the flask with argon for 

about 10min. 

7. Sonicate the mixture for 16h. 

8. Open the flask inside the fume hood and fill it with hexane and put it on a 

permanent magnet to precipitate the NPs. 

9. Remove the supernatant and add 90mL hexane and repeat this purification step 2-

3 times. 

10. Finally remove all hexanes and dry the NPs using argon flow and then vacuuming 

for about 30-60min.  

Note: Make sure all the hexane is removed. Otherwise, there will be issues for 

dispersing the NPs in aqueous phase (next steps). 

11. Add 3-4mL of sodium bicarbonate buffer to dried NPs and sonicate them for 30-

60min, depending on the batch. 
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12. Collect the NPs and transfer them to 1.5 centrifuge tubes.  

13. Centrifuge at 5000 rcf for 15-30min (depending on the batch) to remove the 

aggregates. Collect the supernatant. 

14. Filter the supernatant using 0.2 µL cellulose acetate filters and a 10mL syringe. 

15. Prepare a PD-10 column packed with S-200 resin, equilibrated with sodium 

bicarbonate buffer. 

16. Purify the NPs using the PD-10 columns. 

17. Run DLS, Zeta potential, VSM, MPS and ICP to characterize the NPs. 

$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
$
!
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E. Procedure for coating of nanoparticles with PMAO-PEG co-polymer 

!
18. Choose a sample and follow standard purification procedure for 2 ml of sample. 

a. Be sure to weigh vial used for purification with or without cap.  

8. After the last wash, close cap, puncture the cap with 2-3 16G needles and place 

vial in vacuum chamber for ~20-30 mins.  

a. Keep chamber on vacuum constantly in order to remove air and 

dry particles. 

9. Once dried, remove vial and weigh in order to find mass of particles. 

10. Disperse dried particles in chloroform (4ml chloroform for every 10 mg of 

particles). 

a.  Sonicate for ~1hr. or until particles are fully dispersed in 

chloroform.  

11. Weigh out 300 mg PMAO-PEG (at room temperature) for every 4 ml chloroform 

used in step 4. Measure identical amount of chloroform as used in step 4 in 

separate vial and dissolve PMAO-PEG into this vial. 

12. Pipet PMAO-PEG chloroform solution into vial of particles. Sonicate combined 

solution for ~1 hr. 

13. Add small magnetic stir bar to vial and place on magnetic stir plate overnight 

(~12 hrs.) at a speed ~8000 rpm.  

a. If particles are aggregating on magnet bar, additional PMAO-PEG 

may be needed 

14. Remove magnet bar and transfer solution to 100 ml round bottom flask. 

15. Rotovap at 33°C and 70 rpm for 90 minutes or until all chloroform is evaporated 

from particles (particles should be dried to the side of the flask). 

16. Add 5ml TAE (10x) buffer to particles in flask. Sonicate for ~1hr. 

17. Divide solution into 1.5 ml plastic vials and centrifuge 

a. Centrifuge at 8000 rcf for 1hr.  
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b. After centrifuging, collect and save supernatant and dispose of 

precipitates. 

c. Filter particles through 200K filter using 5ml syringe to remove 

unbound PMAO-PEG. 

d. Additional centrifuging time depends on particular particle batch. 

Centrifuge until DLS particle size is ~70nm and curve is 

monodispersed. 

e. Before each additional centrifuging, sonicate and vortex 1.5 ml 

plastic vials with supernatant to fully disperse particles. 

18. Once desired particle size is obtained, filter particles through PD-10 column. 

19. If needed, concentrate particles using a 0.2 µm filter of cellulose acetate to desired 

concentration. 

20. Run MPS and VSM. 

!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
! !
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F. Procedure for coating of the nanoparticles with PMAO and their 

functionalization with carboxyl groups 

 

---------------Purification of the NPs--------------- 

 

1. Weigh out vial with or without cap but take note and keep same for future 

measurements. 

2. Use glass pipet and take 2-3 aliquots of sample into weighed glass vial. Write 

down the NPs batch number/label. 

3. Begin purification procedure 

a. Add a 1:2 ratio of Hexane and Ethyl Acetate to NPs (5 mL to 10 mL), 

sonicate for ~5-10 mins, then place the vials on magnet. 

i. If solution isn’t separating well after ~10 mins, add a variable 

volume of ethanol. When a milky white shade is seen near 

surface of solution then enough has been added. Amount of 

ethanol required to reach color is dependent on total volume in 

vial. Resonicate for 5-10 mins and place on magnet. 

b. Discard supernatant after separation and add a 1:1 ratio of Hexane and 

Ethyl Acetate again (10mL to 10 mL), sonicate for ~10-20 mins, then 

place on magnet. Discard supernatant after separation. 

c. Repeat this procedure 2-3 more times using 1:1 ratio of Hexane and 

Acetone. More or less runs dependent on how well sample is separating 

and getting purified. 

4. After final purification and discarding of supernatant, puncture cap of vial with 1-

2, 16 gauge needles (purple color) and place in vacuum chamber of glove box for 

~30mins/until dry. 

5. Weigh dried out NP filled vials in same fashion as in step 1.  

6. Calculate mass of NPs in vial and add chloroform in this way: 
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7. Sonicate to disperse NPs. 

8. Note: when weighing out masses of NPs, be sure to have batches that add up to 

10mg ±2mg. Otherwise, purify batches to get to such an amount as process 

currently doesn’t have adequate repeatability in scales larger than 10 ± 2 mg of 

NP. 

 

---------------PMAO coating of the NPs--------------- 

 

1. Now that you have the weight of the NPs, add PMAO to a new vial in a ratio of 

50:1, PMAO to NP. Then add chloroform to this vial in a 1:100, chloroform to 

PMAO ratio. As an example, for 5 mg of NPs add ~250 mg PMAO dissolved in 

2.5 mL Chloroform.  

a. Sonicate vial until PMAO is fully dissolved which will take anywhere 

from 10-30 mins. Observe solution to be sure so you don’t wait too long. 

2. Pour or pipet fully dissolved PMAO solution to vial containing dispersed NPs. 

3. Sonicate the combined solution for an hour at ~55°C. 

4. After sonication, use funnel and transfer solution to 250 mL round bottom flask. 

Again be sure that NP mass is around 10mg in your round bottom flask.  

5. Place flask in rotary evaporator set to 40°C and 150 rpm. If water bath is above 

40OC it may be better, unknown at this point. 

6. After 30-60mins have elapsed and all solution is evaporated and particles coating 

flask seem dry, use fume hood vacuum pump on the flask to ensure complete 

evaporation. Pump for ~1 hr. 
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-------------NaOH------------- 

 

1. Create a 0.1M NaOH solution.  

2. Use following ratio to determine amount of NaOH solution to add: 

 
!.!"!!"!!"
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3. Add the calculated amount of NaOH solution to round bottom flask containing 

dried NPs. 

4. Sonicate this solution at ~57°C for 2-3 hours. For the initial time attempt to 

dislodge all dried, coated particles from flask wall. Once, dislodged leave in 

sonicator for remaining time. 

5. After sonication, solution should be relatively clear. If solution is cloudy with a 

slightly milk colored layer then chloroform is still present and the batch is no 

good.  

6. Take DLS and MPS to check quality of particles.  

 

----------------Final: purification of the functionalized NPs------------------ 

 

1. Divide solution into 1.5 mL snap cap vials and centrifuge solution at 14.1 rcf for 

approximately 2-3 hours. 

a. Note that it may not take nearly as long. Check every 30-40 minutes.  

2. Once supernatant is fully transparent remove vials and discard supernatant while 

retaining particles.  

3. Add 0.5 mL deionized DIW to each vial, vortex and sonicate for 30 seconds to 1 

minute to disperse particles then repeat this process for a total of 3 times. 

4. After final centrifugation, disperse particles in 1 mL DIW and gather all solutions 

in a 40 mL glass vial and sonicate at 50-57°C the combined solution for 1 hour. 

5. Filter the particles through 0.2 µm filter of cellulose acetate then run through PD-

10. 
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a. Medium for PD-10 filtration is DIW. Add ~40mL DIW to each column 

and let it pass through the column. Then add 2mL of nanoparticles 

solution and wait until all the nanoparticles solution enters the column. 

Then add another 40mL DIW and collect the nanoparticles droplets at the 

bottom. Finally add another 40mL of DIW to rinse the column and then 

close its top and bottom and keep it for next uses. Use new columns after 

3-4 times of using them. 

6. Gather eluted solution (nanoparticles) and run DLS. If DLS shows no aggregates 

then stop reading. The process is finished. If not, (most likely) then continue to 

step 7. 

7. Divide solution amongst 1.5 mL vials. Centrifuge vials in 5-minute intervals at 

3.0 rcf. 

a. When supernatant appears to be a copper to pale copper color then stop 

centrifuging, collect supernatant, and run DLS. 

b. If DLS shows aggregates in solution, then recentrifuge and test again until 

aggregates are no longer present. 

8. Run MPS, Zeta Pot, and VSM once completely finished. 
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G. Effect of PEG molecular weight on MPS performance of the 25nm NPs 

Samples Description: 

Samples shown in Figures G.1, G.2, G.3 and G.4 were made by first coating the NPs 

(core size ~ 25-27nm) with PMAO (Appendix F) and then conjugating mPEG-NH2 

(MWs ranging from 3 to 40kDa) to the carboxyl groups of PMAO in chloroform. Note 

that we did not use NaOH to open the anhydride rings of the PMAO, since anhydride 

rings can react with primary amine groups in organic phases such as chloroform.[48] All 

these samples showed a negative surface charge after phase transfer to water. The sample 

shown in Figure G.5 was made by direct using of PMAO-PEG (20kDa) co-polymer using 

our conventional phase transfer method (Appendix E). Our zeta potential measurements 

showed that these NPs had a neutral charge on their surface. 

As-synthesized NPs were purified and then coated with PMAO as the first step. For each 

5mg of the dried and purified NPs, we used 250mg PMAO powder. We did the coating in 

chloroform (~1ml chloroform per 10mg of dried NPs). Then, PMAO coated NPs were 

purified and for each 5mg of the original NPs, 333mg of the mPEG-NH2 was added to 

PMAO-coated NPs dispersed in chloroform (~1mL). The mixture was sonicated at room 

temperature for 16 hours. At the end the chloroform phase was evaporated using a rotary 

evaporator and dried NPs were dispersed in water. The un-reacted PEG molecules were 

purified by centrifuge and filtering (0.2µm Nylon syringe filters).  
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!  

Fig. G1. MPS dm/dH graph (left) and m-H graph (right, generated by integration of the 
dm/dH graph) of the NPs after conjugation of mPEG-NH2 with molecular weight of 
3kDa to PMAO coated NPs and their transfer to water. The dm/dH graph is normalized to 
one. The hydrodynamic size and zeta potential of these NPs were 80-100nm and -30mV, 
respectively. 

!  

 
Fig. G2. MPS dm/dH graph (left) and m-H graph (right, generated by integration of the 
dm/dH graph) of the NPs after conjugation of mPEG-NH2 (MW~ 20kDa) to PMAO 
coated NPs and their transfer to water. The dm/dH graph is normalized to one. m-H graph 
(dotted graph) of the NPs measured by VSM is also shown for comparison. The 
hydrodynamic size and zeta potential of these NPs were 69nm and -37.5mV, 
respectively. 
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Fig. G3. MPS dm/dH graph (left) and m-H graph (right, generated by integration of the 

dm/dH graph) of the NPs after conjugation of mPEG-NH2 (MW~ 30kDa) to PMAO 

coated NPs and their transfer to water. The dm/dH graph is normalized to one. m-H graph 

(dotted graph) of the NPs measured by VSM is also shown for comparison. The 

hydrodynamic size and zeta potential of these NPs were 47nm and -48.7mV, 

respectively. 
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Fig. G4. MPS dm/dH graph (left) and m-H graph (right, generated by integration of the 
dm/dH graph) of the NPs after conjugation of mPEG-NH2 (MW~ 40kDa) to PMAO 
coated NPs and their transfer to water. The dm/dH graph is normalized to one. m-H graph 
(dotted graph) of the NPs measured by VSM is also shown for comparison. The 
hydrodynamic size and zeta potential of these NPs were 70nm and -45mV, respectively. 
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Fig. G5. MPS dm/dH graph (left) and m-H graph (right, generated by integration of the 
dm/dH graph) of the NPs after their coating with a co-polymer of PMAO-PEG (20kDa) 
are shown here for comparison with two-steps conjugation results shown in previous 
figures. The dm/dH graph is normalized to one. m-H graph (dotted graph) of the NPs 
measured by VSM is also shown. The hydrodynamic size and zeta potential of these NPs 
were 70-80nm and -3mV, respectively. 
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Fig. G6. Summary of the results shown in previous figures. Table shows the molecular 
weight and coating type of the NPs, their hydrodynamic sizes, zeta potentials, core sizes 
calculated from their VSM graphs and FWHM of their dm/dH graphs. Note that the NPs 
coated with 3kDa PEG were not stable and therefore, we were not able to measure their 
hydrodynamic size and zeta potential values. The lower graph shows the dm/dH graphs 
of all these NPs formulations after normalization to one.  
 

20 and 30KDa PEGs seem to give the narrowest MPS signal, which means 

highest spatial resolutions. The data for 20 and 30KDa PEG are almost similar, however, 

20KDa PEG is more cost-effective and dissolves in solvents easier. Smaller molecular 

weights of PEG are not effectively stabilizing the NPs in the presence of field during the 

MPS or MPI measurements, resulting in aggregations during the measurements and 

generating poor MPS signal. 40KDa PEG on the other hand results in increasing the 

FWHM of the MPS graphs, possibly due to its effects of relaxation mechanism (Neel or 

Brownian) of the NPs during the MPS and MPI measurements. 
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H. Quantification of the accessible primary amine groups on the surface of the iron 

oxide nanoparticles (SPDP assay) 

! !
List of Materials: 

Amine-functionalized Fe3O4 Nanoparticles, Boric Acid Buffer (0.1 M, pH = 7.4), De-

ionized Water, Dimethyl Sulfoxide (DMSO), Sodium Bicarbonate Buffer (0.1 M, pH = 

8.5), N-Succinimidyl 3-(2-pyridyldithio)propionate (SPDP), Tris-

(Carboxyethyl)phosphine hydrochloride (TCEP) 

!
!
Procedure: 

1- Adjust the concentration of the NPs to ~2.85mg Fe/mL. Total amount of the iron 

needed for this assay is  ~2mg Fe. 

2- Dissolve ~4.3 mg SPDP in 150 µL anhydrous DMSO (B). 

3- Add the SPDP solution to nanoparticles solution using a pipette. 

4-  Shake the mixture at room temperature for about 2h. 

5- During this time prepare a PD-10 column equilibrated with boric acid buffer. 

6- Purify the nanoparticles-SPDP mixture using PD-10 columns. 

7- Make an ICP sample. Iron concentration will be needed for later calculations. 

8- In a separate vial dissolve ~72mg TCEP in 0.5mL boric acid buffer. Make sure it 

is fully dissolved. 

9- Add 125 µL of TCEP solution to 1.125mL of purified SPDP-functionalized 

nanoparticles solution. 

10- Let this mixture shaking for 30min. 

11- Keep a part of this TCEP solution as blank sample, which will be needed later 

during this assay. 

12-  Transfer 0.5mL of the nanoparticles-TCEP mixture to an amicon centrifugal vial 

(MWCO 100kDa) and centrifuge this at 10,000 for about 10min. This will 

separate pyridine-2-thione (P2T). 

13- Add 0.4mL of the boric acid buffer to 0.4mL of the P2T solution and vortex. 
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14- Measure the UV-vis absorbance spectra. 

15- Record the absorbance at 343 and 415nm.  

16- Use this equation to calculate the correct absorbance at 343nm: 

€ 

ΔA343 = 2 × (A343 − A415) !!
17-  Calculate the P2T concentration using 8080cm-1, as the extinction co-efficient. 

18- Comparing this with blank sample, calculate the amount of nmol amine groups 

per milligram of the nanoparticles. Note that iron concentration should be 

calculated using the ICP results. 

19- Now, knowing the nanoparticles diameter and using density of bulk magnetite, 

calculate the average number of amine groups per nanoparticle. 
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I. Conjugation of Cy5.5-NHS NIRF molecules to amine functionalized NPs 

1- Dissolve ~1mg of Cy5.5 in 1 mL dimethyl sulphoxide (DMSO) or 

dimethylformamide (DMF). A blue color solution forms.  

2- Add the dye solution to the degassed aqueous solutions of the NPs (5mg).  

3- Wrap the vials with aluminum foil and shake them at room temperature overnight.  

4- Purify the labeled NPs using PD-10 columns to remove the un-reacted dye 

molecules. 
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J. Culture of the cells 

Note: cell culture medium is DMEM or EMEM enriched with 10% FBS. This can be 

different for each cell line and the following procedure is the general protocol. 

1- Thaw the cells using water bath. 

2- Add 5mL cell culture medium to a 15mL centrifuge tube.  

3- Using a pipette, transfer the cells solution to this centrifuge tube. 

4- Centrifuge at 1000 rpm for 5 min to precipitate the cells. 

5- Remove the supernatant and add 5 mL cell culture medium and pipette several 

times to disperse the cells (solution A). 

6-  Add 10mL cell culture medium to a 75mL Corning flask. 

7- Add 1mL of the solution A to this flask. Pipette up and down several times to 

disperse the cells. Shake the flask to distribute the cells and gently place the flask 

inside the incubator. 

8- Check the cells using the optical microscope before and after incubation. 

9- Check the cells growth and confluency 1-3 days after incubation. 

10- Depending on the number of the cells, change the media every 3-5 days. Check 

the color of the media and cells and do this when needed. 

11- Remove the old cell culture medium and discard it. 

12- Gently add 10ml PBS to flask and shake it slowly and then remove the PBS using 

pipettes.  

13- Add fresh cell culture medium, check the cells using optical microscope and 

incubate the cells.  
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