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Abstract 

 Iron oxide nanoparticles coated with biodegradable coatings have formed the 

basis for enhanced contrast and subsequent development of the nanoparticles for contrast 

agent imaging research. The successful development of responsive, multimodal contrast 

agents requires a bottom-up approach starting with the nature and composition of the iron 

oxide nanoparticles, with the goal to maximize the relaxivity of the agents. The relaxivity 

of nanoparticles is dependent on the total anisotropy of the particles themselves, which is 

in turn a function of the size, shape, composition, surface coating, and interparticle 

distance of the nanoparticles. The effects of these parameters were established prior to the 

design of responsive contrast agents. 

 Responsive, monomodal imaging agents designed to respond to Cu(I) via click 

chemistry are presented and were found to produce significant changes in transverse 

relaxivity, corresponding to regime changes upon nanoparticle aggregation. These 

changes agreed well with theoretical modeling and laid the foundation for the subsequent 

design of multimodal imaging agents. 

 Two multimodal imaging agents were then designed to investigate the ability of 

contrast agents to generate not only a magnetic response, but also a luminescent or 

optical response. The first multimodal imaging probe, an iron oxide nanoparticle – 

lanthanide conjugate probe was designed to maximize relaxivity using a pegylated-

nanoparticle based architecture. The probe was found to have high relaxivities and 
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exhibited traditional time delayed lanthanide luminescence. The second probe, a core-

shell iron oxide – Au composite structure, was also designed. It was found that an organic 

intermediate layer maintained the relaxivity of the core nanoparticles, while the gold shell 

exhibited significant plasmonic absorbance, enabling the probes to function as 

multimodal imaging probes. 

 Finally, responsive multimodal imaging probes using the previously designed 

multimodal imaging probes as templates were designed. By using Cu(I) to induce 

aggregation of gold and iron oxide nanoparticles, the aggregation of the probes was 

monitored via attenuation of the SPR absorbance and changes in relaxivity. Additional 

probes using the iron oxide – polymer based designs allowed for DNA detection as 

monitored by changes in luminescence and relaxivity.  
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Chapter 1  

Nanoparticle Based Imaging Agents 

I. Introduction 

The use of magnetic resonance imaging (MRI) in clinical diagnosis has increased 

significantly over the last 30 years. In 2007, over 27 million MRI procedures were 

performed, and over 40 % of those used a contrast agent. The standardization of this 

imaging technique is owed to its non-invasive nature and the transparency of tissue to 

radio waves. The ability to obtain powerful structural and 3D spatial resolution images 

has led to the increased use of MRI. Additionally, the rate of development of contrast 

agents, used to enhance the imaging contrast, has also increased to enhance the diagnostic 

power of the instrument. These contrast agents, composed of paramagnetic metals, 

function by enhancing the relaxation times of water protons, greatly facilitating diagnosis 

of features intrinsically low in contrast. 

 While the majority of contrast agents are gadolinium(III)-based, new classes of 

particulate contrast agents based on magnetic iron oxide nanoparticles (MIONs) has 

emerged and received significant attention, especially in the last 15 years. This particulate 

MIONs are composed of nonstoichiometric amounts of iron(II), and/or iron(III), and 

oxygen. Generally two forms, maghemite (Fe2O3) and magnetite (Fe3O4) are used due to 

their superparamagnetic properties. Advantageously, the particulate MION’s have 
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significantly higher transverse relaxivities when compared to the gadolinium based 

agents, thus requiring lower concentrations of MION-based agents to obtain the same 

contrast.  

 The majority of clinically approved magnetic iron oxide nanoparticles (MIONs) 

take on two distinct forms: either small particles of iron oxide (SPIO) or ultra-small 

particles of iron oxide (USPIO). In the case of the SPIO, multiple nanoparticles are 

clustered and encompassed in a biodegradable coating, such as dextran. In the case of the 

USPIO, only one individual nanoparticle is encompassed in the coating. This has 

interesting effects on the resulting efficacy of the nanoparticle agents. It is apparent from 

Table 1.1 that the SPIO (r2 = 98 – 151.0 mM
-1

s
-1

) typically exhibit higher relaxivities than 

that of the USPIO (r2 = 60 mM
-1

s
-1

). This illustrates an extremely important point that is 

used throughout the investigations in this dissertation: aggregation of nanoparticles, or 

the decrease of interparticle distance, increases the transverse relaxivity of the 

nanoparticles. This dependency forms the basis of the collectively termed responsive, 

monomodal imaging agents (Chapter 3). As will be seen, the probes designed in this 

work can be tailored to respond to a variety of analytes. 

Table 1.1. Clinically approved MION-based contrast agents. 

Name 
r2 

(mM
-1

s
-1

) 

r1 

(mM
-1

s
-1

) 
Type 

Feridex 98.3 23.9 SPIO 

Resovist 151 25.4 SPIO 

Combidex/Sinerem 60 10 USPIO 

 



Nanoparticle Imaging Agents Chapter 1 

3 

  

A. Theory of Relaxivity 

In order to fully understand the mechanisms by which iron oxide nanoparticles 

can function as contrast agents, it is imperative to establish a good foundation on the 

basics of nuclear magnetic resonance (NMR), which can then be applied to MRI. These 

relaxation principles give rise to the use of distinct pulse sequences by which the 

relaxation times, T1 and T2, are measured. It is then these relaxation times by which 

magnetic resonance imaging (MRI) uses to provide contrast in its images. 

Consider the proton spinning around the z-axis in Figure 1.1. The proton 

generates a small net magnetic dipole parallel to the axis of rotation, the z-axis. This 

generates an angular momentum, which is described by the nuclear-dependent quantum 

spin number, I. Quantum spin numbers of I = ½ are observed for the hydrogen, carbon, 

nitrogen, and fluorine nuclei. As a result, the nuclear angular quantum spin number, mI = 

± ½. 

In the absence of magnetic fields, the rotations of protons are disoriented and 

Figure 1.1. (a) A proton spinning in the absence of an applied magnetic field. (b) The 

positively charged proton generates a magnetic field. This magnetic field is a result of 

proton having a nuclear magnetic spin number I = ½. 
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randomized in solution. However, in the presence of a magnetic field, B0, preferential 

alignment occurs and, in the case of I = ½ nuclei, two distinct non-degenerate 

orientations are observed. This is the “Zeeman Effect”, from which arise the Zeeman 

energy levels. From the figure, the energy required for the α → β transition increases 

proportionally with the strength of B0. The higher the applied magnetic field strength, the 

more energy that is required for the transition to occur. Additionally, the energy 

difference between the two states is quantized by hν0, where h is Plank’s constant and v0 

is the frequency of radiation needed to undergo the transition. Since ΔE = (hγ/2π)B0 and 

ΔE = hν0, it can be seen that ν0 = (γ/2π)B0, where γ is the gyromagnetic ratio for a proton. 

The frequency for the transition is directly proportional to the strength of the applied 

magnetic field. This energy of the frequency, ν0, coincides with energy of radiofrequency, 

which thus used in NMR and MRI instrumentation. 
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According to Figure 1.2, the resting state of a collection of nuclei is envisioned 

and expressed as M0. To reorient the nuclei, a 90° pulse is applied and the M0 is now 

entirely contained in the x,y-plane. The relaxation back to the original state is measured 

by two different mechanisms, and is illustrated in Figure 1.3. First, the z-component of 

M0 will begin from 0 and restore, or grow, back to its original magnitude over an amount 

of time termed the longitudinal (spin-lattice) relaxation time, T1. Consequently, the 

intensity of the xy-component of M0 after the pulse is applied will start from a maximum 

magnitude and decay, or shrink, back to its original value of 0 over an amount of time 

termed the transverse (spin-spin) relaxation time, T2. Both T1 and T2 are first order 

processes that occur on the order of milliseconds and are sensitive to a variety of solution 

conditions.  

 When functioning as a contrast agent for MRI, the protons of interest are those 

Figure 1.2. (a) In the presence of a magnetic field, protons begin to precess at the 

corresponding Larmor frequency, v0, carving out a cone shape. (b) Collections of nuclei 

with individual magnetic vectors precess either parallel or anti-parallel to the applied 

magnetic field. (c) The assembly of precessing nuclei in (b) can be summed into one 

single vector, M0. 
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found in water molecules of a specimen’s blood, tissue, or bone. While the unique 

environment of each of these areas of a specimen affects the respective proton relaxation 

times differently and results in an intrinsic contrast of a body, MIONs are often used to 

enhance this endogenous contrast. The efficacy with which MIONs behave as MRI 

contrast agents is determined by their relaxivities, either longitudinal (r1) or transverse 

(r2) according to Equation 1: 

 

   [  ]   
 

       
  

 

      
                  Equation 1 

 

where Ti,dia and Ti,para are the relaxation times of water protons of the media in the 

absence of any contrast agent (water, PBS, serum …) and in a suspension of MIONs in 

the same media, respectively. [Fe]total is the total concentration of iron (not MIONs) 

measured after digestion of the nanoparticles, typically in nitric acid at 110 °C. The 

increase in relaxation rate of water protons induced by MIONs originates from a 

multitude of factors, however prominent among them is the increased dipolar coupling 

between the magnetic moment of water protons and the electron magnetic moment of the 

particles (viz. a “superspin’ of all the combined individual electronic spins in the 

nanocrystals). 
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A key advantage of the MRI is the ability of the instrument to detect the 

difference in relaxation times of water protons in a biological body. Though the 

difference may be small, the different times result in differing amounts of contrast in 

bone, muscle, fat, and tumor cells. However, if the intrinsic contrast is not enough, a 

contrast agent is typically added to further differentiate relaxation times from one area to 

another. Of specific importance is the effect of this paramagnetic species on the 

relaxation rate. Depending on the nature of the species, being particulate or molecular, 

the presence of paramagnetic identities can induce drastic effects on these relaxation 

times. The relative magnitude of the effect is highly dependent on the nature of the 

species; however the general trend is to reduce the relaxation times, T1 and T2, of the 

nuclei. Superparamagnetic MIONs fall into this category, and significantly reduce 

Figure 1.3. Two distinct pathways for relaxation are observed in nuclear relaxation. 

Longitudinal relaxation measures the restoration of the longitudinal, or vertical, 

component of M0. Transverse relaxation measures the decay of the xy-component of M0. 

Typically relaxation times are on the order of milliseconds and are affected by a multitude 

of factors, including solvent viscosity and the presence of paramagnetic species in 

solution. 
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relaxation times, indicating powerful sensitivity as a negative-T2 weighted contrast agent. 

 

B. Theory of Nanoparticle Relaxivity 

1. General Considerations 

Unlike for gadolinium complexes, the parameters influencing how iron oxide 

nanoparticles affect relaxivity are poorly understood. In the case of gadolinium 

complexes, the Solomon-Bloembergen-Morgan theory which relates the influence of the 

number of coordinated water molecules, their exchange rate, the electronic relaxation 

time of the metal, and the rotational correlation time of the complex to its longitudinal 

relaxivity is now well-established.
2,3

 Unfortunately, no such equation currently exists to 

accurately predict the efficacy of particulate contrast agents. The importance of the 

intrinsic properties of the nanoparticles, such as their phase, size, shape, and crystallinity 

on their magnetic behavior are starting to be elucidated.
2-8

 However, much debate still 

exists over how each of these variables affects properties such as surface spin canting or 

magnetic anisotropy and, consequently, the relaxivities of the contrast agents.  

  Since gadolinium based contrast agents have been investigated for over 30 years, 

the equations and models governing their effect on relation times are well-established, 

drawing on inner-sphere, outer-sphere, and secondary outer-sphere interactions between 

water molecules and paramagnetic agent. However, this is not the case for the MIONs. 

Extensive theoretical modeling, especially by Gillis, Roch and Gossuin, have highlighted 
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relationships between the structural parameters of MIONs and the longitudinal and 

transverse relaxivities.
2,9-15

 These changes are attributed to altering the magnetic moment, 

M, of the particles resulting in modification of the net anisotropy of the nanoparticles. 

There are four major factors that determine the total anisotropy of MIONs:  

(1) The bulk magnetocrystalline anisotropy field. This depends on the 

chemical composition, and the crystallographic structure of the MION. 

Both maghemite (γ-Fe2O3) and magnetite (Fe3O4) have inverse spinel 

structures, although the bulk saturation magnetization of the former 

(73.5 emu/g) is lower than that of the latter (92 emu/g).  

 

(2) The demagnetizing field. Determined by the shape of the MION, this 

component is equal to zero for perfectly spherical crystals and 

increases with the asymmetry of the MIONs. 

 

(3) The surface anisotropy field. Surface spin canting has a net impact on 

the magnetism of small iron oxide nanoparticles. The orientation of the 

individual electronic spins of atoms on the surface of the nanoparticles 

is a function of the nature of the surface binding groups. 

 

(4) Dipolar coupling of nearby crystals. This component increases in 

significance as the intercrystal distance decreases. It is thus a key 

component to the change in relaxivity for particulate responsive 

contrast agents which are based on biomarker-induced controlled 

aggregation of MIONs. 

 

Prior to the design of MION-based probes, it is essential to experimentally elucidate the 

effect of these parameters on relaxivity. It is thus the initial focus of this dissertation to 

systematically examine the effects of the parameters on the relaxivity of MIONs (Chapter 

2). Optimization of these parameters allows for the design of efficient contrast agents. 

After these effects have been investigated, the manipulation of parameter (4) allows for 
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the design of monomodal and multimodal responsive contrast agents (Chapters 3 and 5), 

drawing on the examples set by current agents (Table 1.1) insomuch as that changes in 

nanoparticle aggregation induce changes in relaxivity. The effect of aggregation on 

relaxivity can be described in two major regimes: the motional averaging regime and the 

static dephasing regime, based on the size of the aggregates. 

 

2. The Motional Averaging Regime (MAR) 

 In the MAR, the small cluster of nanoparticles is approximated by a single, 

magnetized sphere. The cluster is characterized by long correlation times and as such, has 

significant contributions to enhancing spin-spin relaxation mechanisms. A cluster of 

nanoparticles, or a single nanoparticle, is said to exist in the MAR when the condition, 

Δω < τD
-1

, is met, where Δω is the difference in angular frequency experienced by a 

proton at the surface of the cluster compared to that of a proton in the bulk solvent, and 

τD is the translational diffusion time of a proton around the cluster. From the equation, Δω 

= (1/3)Mγμ0, where M is the magnetization of the cluster, γ is the gyromagnetic ratio, and 

μ0 is the vacuum magnetic permeability, it can be seen that Δω is dependent on the 

magnetization of the cluster, with M increasing according to a Langevin function. 

Additionally, since τD  = R
2
/D, where R is the radius of the cluster, and D the water 

diffusion coefficient, τD is also dependent on the size of the cluster. Larger clusters have 

larger radii. As such, it can be seen from these two functions that increasing the size of 
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the nanoparticle cluster will increase both τD and Δω. In the MAR, the diffusion of water 

is fast, cluster radii are small, and Δω < τD
-1

. In other words, the rapid diffusion of the 

water molecules cancels out the effects of the single, small nanoparticle or small clusters. 

The water protons near the surface of the MION clusters are able to exchange rapidly 

with the water molecules farther from the surface. However, if clustering is allowed to 

increase, this exchange will slow down, and the natural consequence of this is that 

eventually the clusters will get large enough such that inequality flips and Δω > τD
-1

, and 

the effect of the cluster on relaxation times is now described by the Static Dephasing 

Regime (SDR). 

 

3. Static Dephasing Regime (SDR).  

 A cluster of nanoparticles enters the static dephasing regime when Δω > τD
-1

. This 

is usually a consequence of the water molecules moving across a larger magnetic cluster, 

such that the effects of the nanoparticles are no longer averaged over the motion of the 

water molecules. The relaxation of protons becomes faster than the exchange rate of 

protons close to the cluster and those far from the cluster. This results in a plateau of the 

increase in relaxivity, and additional aggregation no longer increases the relaxivity.  

 

 The clustering of the nanoparticles together has important consequences to their 

relaxivity. The clustering effect forms the basis for the monomodal, responsive probes 
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designed in Chapter 3. The responsive probe in Chapter 3 is designed to generate a 

magnetic, or MRI based, response. Much recent work, however, is focused on 

incorporating secondary imaging components to the nanoparticle system to enhance the 

sensitivity and resolution of the agents. In order to design responsive, multimodal 

imaging probes, understanding of non-responsive, multimodal imaging probes is 

necessary. These probes take on two forms: magnetoluminescent and magnetoplasmonic 

imaging agents. 

 

C. Magnetoluminescent Imaging Agents 

 Magnetoluminescent agents are multimodal imaging agents that contain both a 

magnetic and luminescent imaging capabilities. These agents take advantage of the 

infinite penetrative depth and 3-D spatial resolution of the MRI, and the high sensitivity 

of ex-vivo imaging techniques such as fluorescence spectroscopy. While these agents can 

take on a multitude of forms and styles, the focus here will be agents that contain a 

magnetic core provided by iron oxide nanoparticles, and a luminescent tether. 

Historically, the luminescent component is predominantly composed of organic 

chromophores such as Cy5.5, flavinmononucleotide (FMN), or more general alexafluor 

fluorophores.  Lanthanide and inorganic based agents also comprise, although a minority, 

some current multimodal imaging agents (Table 1.2).  
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Table 1.2. Summary of composite MION-based imaging probes. 

Motif 
Size 

(nm) 

r2 

(mM
-1

s
-1

) 
Coating 

Dosage 

(mg/kg) 
Application ref 

CLIO@ 

Cy5.5 
34.8 53.4 Dextran  

Tumor targeting 

 
16,17

 

AnxCLIO@ 

Cy5.5 
50 

48 

0.47 

(0.47 T, 40°C ) 

Dextran 2 
Cardiomyocyte targ. 

 
18

 

CLIO@ 

Cy5.5 
35 

r2 = 54.3 

r1 = 21.4 

(0.47 T) 

Dextran 165 µg Endothelial cell targ. 
19

 

CLIO@ 

Cy5.5and Cy7 
28 

r2 = 45 

r1 = 16  

(0.47 T) 

Dextran 10  
20

 

CLIO@Cy5.5 

CLIO@Cy3.5 

28 

36 

r2 = 111 

r2 = 118 
Dextran 5 NIRF: in vivo 

21
 

MION@FMN 
97 

(cluster) 

r2 = 202 

r2 = 2.1 

(3T)  

FMN  -  
22

 

Feridex@ 

Alexafluor 
N/A N/A Dextran -  

23
 

MION@ 

RodB 

5 nm 

(cluster) 

r2 = 294  

(0.3 T) 
PEG2 - Cancer Cell Targ. 

24
 

MION@Ln 5 
r2 = 160 

r1 = 3.2 
PEG 2000 -  

25
 

MION@RodB 
10 nm 

(cluster) 
r2 = 287 HMBP - 

Tumor targeting 

 
26

 

*dashes indicated no information was provided, CLIO = Cross Linked Iron Oxide 

 

When designing magnetoluminescent imaging agents, a few important 

considerations must be addressed to maximize the efficacy of the probes. These 
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considerations are: 1) the excitation and emission wavelengths, and 2) the transverse 

relaxivity. The excitation wavelength is of paramount importance for the probes, as in-

vivo fluorescent imaging capabilities are severely limited by the low penetrative depth of 

UV-Vis light. This is manifested in the prominent use of Cy5.5 for the emissive portion 

of the magnetoluminescent probes. With an excitation wavelength of over 500 nm, and 

NIRF emission, Cy5.5 lends itself better than most other fluorophores for in-vivo 

imaging of mice and other small mammals. It should be noted that even at 500 nm, the 

penetrative depth is only a few centimeters. The current design of the lanthanide based 

probes suffers from this the most as their excitation wavelengths, though over 200 nm 

from the emission wavelength, still exists below 400 nm (although this isn’t important for 

ex-vivo applications). However, other aspects of the lanthanide-based sensors give them 

distinct advantages over organic fluorophores (vida infra).  

 For maximum effectiveness in MRI imaging, high transverse relaxivities are 

desirable to minimize the required dosage and increase the sensitivity of the probes. The 

vast majority of current magnetoluminescent probes, due to synthetic ease, use 

MION@dextran type probes. These are also called cross-linked iron oxide (CLIO) 

nanoparticles. The particles are synthesized via coprecipitation of iron salts, typically 

FeCl3, and then coated with a large dextran coating. While known to produce large 

numbers of nanoparticles, the resulting particles themselves are often characterized by 

lower magnetic saturation values and poor monodispersity. The effects of the poorer 

nanoparticles and thick coating are directly evident in the low transverse relaxivities of 
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the dextran based systems, and r2 = ~50-60 mM
-1

s
-1

. If the particles are given a short 

coating however, such as Rodamine B or FMN, particle aggregation effects work to 

increase the relaxivity of the probes, and r2 > 250 mM
-1

s
-1

.
17,19

 However, large clusters of 

nanoparticles are not physiologically as stable as that of the dextran-bound CLIOs. As 

such, their use for MRI in-vivo imaging is limited and luminescence investigations 

limited to in-vitro cellular uptake studies.  

Between the dextran CLIO and MION@organic, lies the MION@PEG@Ln 

species.
25

 With transverse relaxivities just over 100 mM
-1

s
-1

, the relaxivities surpass that 

of dextran based probes but falls short of cluster based probes. Ideally, the use of PEG 

maintains particle monodispersity while allowing a more facile diffusion of water to the 

surface. Indeed, PEG-coated nanoparticles typically out-perform dextran coated probes in 

terms of transverse relaxivity. Advantageously, the luminescence of the lanthanide 

species, although requiring short excitation wavelengths under 400 nm, allows for time-

gated luminescence images to be obtained. The millisecond lifetime of the excited 

lanthanide complex allows for complete elimination of background auto-fluorescence 

prior to its own luminescence.  

The above observations have significant implications when it comes to designing 

the next-generation, responsive magnetoluminescent imaging probes. Ideally, the probes 

must allow facile diffusion to the surface of the nanoparticle surface to provide maximum 

relaxivities. Interestingly, while Feridex based CLIO’s used in the studies offered here, 

very little investigation is done with SPIO based magnetoluminescent agents. The SPIO 
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based agents are typically characterized by much higher relaxivities and would provide a 

stronger base by which to design next-generation probes. Maximum relaxivities are 

obtained for either MION@PEG derivatives or using SPIO based probes. The nature of 

the luminescent species, as currently established, can either be lanthanide based-time 

gated emission with more damaging high energy incident irradiation or NIR fluorophore 

based, using lower energy incident irradiation. Additionally, the non-responsive imaging 

probes would have to exhibit a dual response to analyte. This would require aggregation 

induce response of the core MION concomitant with turn on/off of the luminescent 

species upon target recognition (vida infra). 

 

D. Magnetoplasmonic Imaging Agents 

 Magnetoplasmonic imaging agents are a unique class of multimodal imaging 

agents that contain two components designed to provide specific imaging capabilities. 

Specifically, for magnetoplasmonic agents, one component must be MRI active, while 

the other component optically active. As can be envisioned, a multitude of combinations 

are possible when designing such agents. For instance, the magnetic imaging component 

could consist of metallic iron, manganese, or cobalt cores and combined with plasmonic 

components originating from gold, silver, or other metal nanoparticles. For the purposes 

of this discussion, however, the magnetic imaging capability of the probes will be limited 
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to iron oxide nanoparticles, and the plasmonic component limited to gold nanoparticles 

and nanoshells.  

 There are four major core-shell based categories of multimodal imaging agents 

used when creating magnetic iron oxide (MION) and gold nanoparticle (AuNP) 

conjugates. The four classes are divided by the direct or indirect relationship between the 

MION and Au components. 

1) MION@Au core-shell. Direct reduction of gold onto the surface of 

the MION results in a core shell model that has unique magnetic 

implications. This motif forms the basis for the dominant style of core-

shell models. 

 

2) MION@polymer@Au. Rather than forming a gold shell directly onto 

the surface of the MION, an intermediate organic polymer layer such 

as poly(ethylene)imine or poly(ethylene)glycol is placed between the 

layers. Preventing the surfaces from direct contact helps maintain the 

magnetism of the MIONs in some cases. Literature examples for this 

motif are fewer than MION@Au direct reduction models. 

 

3) MION@Si@Au. The intermediate layer consists of either SiO2 or a 

silane derived intermediate layer. The gold is then reduced onto the 

surface of the silicon layer. Silica shells on MION’s have unique 

magnetic implications as well as Au shells on silica, creating 

interesting behaviors for these style probes. Similarly, a silane, rather 

than silica-derived intermediate layer is also used, created a 

MION@silane@Au.  

 

4) Au@MION. Opposite to the other styles, and not as prominent in the 

literature, is the last style in which the Au forms the center of the core 

shell model. While these probes exhibit high relaxivities due to the 

exposed MIONs, their application to techniques such as SERS is 

limited due to the inaccessible Au core. 

Each of these four styles has unique properties that render them applicable for 

different detection techniques. All of the styles are used for cell targeting and imaging, 
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photo- and magnetic-induced hyperthermia, protein separation and isolation, and 

catalysis. However, due to the restraints put on the cores in each system, certain 

limitations are provided. For instance, catalytic gold reactions are not possible in system 

(4), where the gold core is completely inaccessible via coverage from the MIONs. Due to 

the exposure of the MION’s to water, however, probes designed as in (4) have very high 

relaxivities compared to those of (1-3), and are particularly effective contrast agents for 

MRI.  

 The focus of this portion of the discussion will be initial discussion of the four 

types of probes outlined above. Since the overarching focus of this chapter is application 

and design of responsive, multimodal imaging probes, the specifics of the synthetic 

details will not be discussed.After addressing the relevant characteristics and application 

of these multimodal imaging probes, their application to their specific imaging areas will 

be discussed, and finally, their ability to function as “smart” or “responsive” imaging 

probes, which is not well-understood at the current time. 

 

1. MION@Au core-shell 

The predominant form of iron oxide – gold multimodal imaging agents are 

designed in bottom-up approaches where the MION forms the center, or core, of the 

probe, and the gold component forms a shell around the central MION. This is not the 
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only structure motif synthesized, however, by with both dumbells and the rarer, roses, 

being reported (Table 1.3). 

 Each of these structures result unique implications when it comes to the relaxivity 

of the composite nanoparticles.  Relaxivity is the primary measurement when 

determining the efficacy of the probes as MRI contrast agents. MIONs, in general, 

function as negative, T2-weighted contrast agents, as the significantly accelerate the 

transverse, or T2, relaxation times of protons. (It should be noted that, while the particles 

do exhibit higher longitudinal, or T1, relaxation times) is generally enhanced by MION 

clustering (Chapter 1). Unfortunately, in most cases the relaxivity is not reported. While 

these studies do report successful synthesis of the core-shell systems, without relaxivity 

data it is impossible to determine their efficacy as a contrast agent, and as such will be 

excluded from our analysis. However, in some cases this data is reported in addition to 

the position of the SPR feature, and in these cases their ability to accelerate relaxation 

times and use NIR light for therapeutic applications such as photoablation are more 

readily understood. 
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Table 1.3. Summary of MION@Au core-shell models of multimodal imaging probes. 

Motif 
MS 

(emu/g) 

r2 

(mM
-1

s
-1

) 

Shell 

Thickness 

(nm) 

λmax 

(nm) 
Application ref 

Core-Shell 
3.7 

(300 K) 
23 20 808 Cell Targeting 

27 

Dumbells 44 49 N/A 525 
Cell 

Targeting/Imaging 
28 

Dumbells - 256 N/A 550 
Cancer Imaging 

(CT/MRI) 
29 

Roses 
34 

(300 K) 
219 1 – 2.5 755 Photothermolysis 

30 

Core-Shell 
80 

(300 K) 
157 1 530 Cell Targeting 

31 

Core-Shell - - 0.9 550 
Protein Separation 

(SERS) 
32 

Core-Shell - - 0.4 – 1.0 535-550 
Thin Film 

Assembly 
33 

Core-Shell - - 0.5 533 pH Response 
34 

Core-Shell 
< 1  

(300 K) 
- - 530 Conductivity 

35 

Core-Shell 
10 – 70  

(300 K) 
- 0 – 2.5 534-561 

Synthetic 

Investigation 
36 

Core-Shell - - 0.5 550 
Thin Film 

Assembly 
37 

Core-Shell 
1.8  

(5 K) 
- 0.5 - 

Magnetic 

Characterization 
38 

Core-Shell 
45  

(5 K) 
- 23 540 

Magnetic 

Characterization 
39 

*Hyphens indicate no data was provided. 
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As can be seen by Table 1.3, two strictly spherical core-shell models with 

relaxivities are offered. The transverse relaxivities of these systems ranges from 23 to 157 

mM
-1

s
-1

. Lim, et. al., designed a “hollow-type” MION@Au imaging agent that 

encompassed individual iron oxide nanoparticles in a 20 nm “hollow” gold shell.
27

    

 As a result of this large shell, the SPR red-shifted to 808 nm, and the resulting MS 

dropped to 3.7 emu/g and concomitantly the relaxivity was attenuated to a lower 23 mM
-

1
s

-1
. Conversely, in the system designed by Garcia, et. al., the gold shell was minimized 

to 1 nm in thickness.
31

 While NIR irradiation is impossible with high energy SPR that 

accompanies thin Au shells, the relaxivity is much higher at 157 mM
-1

s
-1

, and MS = 80 

Figure 1.4. Different styles of composite MION/Au nanostructures include a) small 

MIONs attached to a central SiO2, coated with Au, b) core-shell MION@polymer@Au 

conjugates for photothermal heating, and c)core-shell MION@SiO2@Au composites. 

Figures were borrowed from references 27-39. 
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emu/g. Dumbell models allow exposure of both components of the multimodal probes 

access to the solvent and surrounding conditions. As such, one might expect much higher 

relaxivities from these probes than core-shell models in which the iron oxide is 

completely solvent shielded. Interestingly, however, relaxivities for dumbbell models 

range from 49 to 256 mM
-1

s
-1

 in the systems designed by Kirui and Kim, resp.
28,29

 Since 

SQUID data is not present in both, explanation based on magnetism is not directly 

possible. However, a significant synthetic difference between the two methods exists that 

could account for said differences. Specifically, in the case designed by Kirui, et. al., the 

particles were intentionally heavily oxidized after the high temperature decomposition. 

Oxidation of magnetite results in the Fe(III) heavy maghemite, Fe2O3, known to exhibit 

substandard magnetic characteristics when compared to magnetite. Notable, this 

oxidation step is not present in the systems designed by Kim, and, accordingly, is 

reflected in the much higher transverse relaxivity. 

 The final class of MION@Au conjugates is that of the nanorose synthesized by 

Ma, et al.
30

 Here clusters of MIONs are coated with gold resulting in a non-trivial 

arrangement of MION@Au about 30 nm in diameter. Since the gold coating was reported 

at 1 – 2.5 nm, the particles function as excellent contrast agents with r2 = 219 mM
-1

s
-1

, 

and accordingly MS is slightly attenuated to 44 emu/g. Advantageously, the absorbance 

maximum red-shifts over 150 nm to 755 nm, rendering the nanoconjugates particularly 

effective at absorbing NIR light, a critical component to imaging techniques when one 

wants to minimize the power of incident irradiation.  
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 While there also exist other reports of MION@Au conjugates (Table 1.3) the 

absence of relevant relaxivity data prevents incorporation of these systems into the 

discussion at the moment. That being said, however, these systems have been shown to 

be highly effective at catalysis, protein separation, and thin-film assemblies, reflecting the 

wide nature of the application of these conjugate systems. 

 

2. MION@polymer@Au.  

Rather than a direct reduction of gold onto the surface of the MIONs, it is 

becoming increasingly common to provide an intermediate buffer layer between the two 

components. Typically, this buffer layer takes the form of long-chain polymers such as 

poly(ethylene)imine (PEI) or poly(ethylene)glycol. Unfortunately, in most of these 

investigations, the relaxivities of the conjugates is not reported. As such, it is extremely 

difficult to determine if this class of magnetoplasmonic agents will function as effective 

contrast agents. However, a few important characteristics are observed when examining 

these agents (Table 1.4). 

 First, the size of the central MION is large, generally over 25 nm, with some 

reaching over 140 nm. The larger sizes generally result from the core MION not being 

comprised of a single nanoparticle, but rather a cluster of smaller nanoparticles. Ideally, 

these agents would higher relaxivities than corresponding agents with single MION 

cores, however lack of information regarding the resulting relaxivities makes this 
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correlation difficult. However, in the special case designed by Kim, et. al., in which small 

MION’s 7 nm in size were deposited onto a much larger, central silica particle, very high 

relaxivities were obtained, upward of 250 mM
-1

s
-1

, even after reduction of gold over the 

surface of the MIONs.
40

 This reflects the strong effect that nanoparticle clustering has on 

relaxivity, with more clustered probes resulting in higher transverse relaxivities. 

 The secondary, gold component is added to the central MIONs in one of two 

ways. Either gold nanoparticles are attached as small, individual, gold satellites as in the 

case of Zhang, et. al., or a full gold shell is reduced around the MION@polymer 

surface.
41

 Each method has unique effects on the resultant absorption characteristics of 

the MION@polymer@Au probe. In the satellite systems, the original SPR feature is 

relatively unaffected, as evidenced by the system designed by Wang, et. al.
42

 Here the 

high energy SPR at 518 nm is appropriate for small gold nanoparticles. However, in the 

systems in which the full gold shell is produced, significant red-shifting of  the SPR 

position is observed, up to 900 nm in some cases. This is analogous to the results 

observed for the core-shell MION@Au models, in which significant red-shifting of the 

SPR was observed for full gold shells around central MION cores. 

 Of course, in terms of applicability the same generalizations apply as before. For 

reasons unknown, however, the majority of MION@polymer@Au in-vivo imaging 

capability is not well explored. A few systems with high relaxivity and strong SPR red-

shifts have been designed, and display encouraging characteristics for effective imaging, 

mainly high transverse relaxivities, and NIR SPR positions.
40,43
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Table 1.4. Summary of MION@polymer@Au core-shell models of imaging agents. 

Motif 
MS 

(emu/g) 

r2 

(mM
-1

s
-1

) 

MION 

Size 

(nm) 

Shell 

Thickness 

(nm) 

λmax 

(nm) 

Applicati

on 
ref 

MION@ 

PEI@Au 
17.5 - 40 17 600 

Immuno-

assays 
44 

MION@ 

Py@Au 
- - 100 

15 nm 

satellites 
- 

Electro-

chemistry 
45 

MION@ 

Pdop@Au 

26.3 

(300 K) 
- 140  

40 – 60 nm 

satellites 
- 

Protein 

Isolation 
41 

MION@ 

PAH@Au 
61 - 258 7 nm 

540-

775 
Synthesis 

42 

MION@ 

PANI@Au 

29.7 

 (300 

K) 

- 7.5 
5 nm 

satellites 
518 Catalysis 

46 

MION@ 

PLPEG@ 

Au 

37  

(300 K) 
- 25 3  

660 – 

900 

Magneto-

motive 

photo-

acoustics 

43 

MION@ 

PEI@Au 

40  

(300 K) 
- 47 10 580 Synthesis 

47 

Si@ 

MION@ 

BMPA@ 

Au 

0.4  

(300 K) 
251 7 15 700 

Photother

mal 
40 

*Hyphens indicate the data was not reported. 
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3. MION@Si@Au.  

The third class of multimodal imaging probes is that in which a silica layer, rather 

than a polymer layer, forms the buffer between the Au and MION components. The 

effect of the silica or silane-based coating has unique effects on the final relaxivity and 

NIR imaging capabilities of the composite probes (Table 1.5). 

 While the effect on relaxivity is already difficult to establish, it is further 

complicated by the multitude of iron oxide phases used (such as wustite), and bilinear 

concentration dependencies on relaxivity.
48,49

 However, it is evident that the presence of a 

silicon based intermediate layer is effective in providing large red shifts of the SPR of the 

shells. It should be noted, however, similar to the polymer based agents, that forming 

complete gold nanoshells is required for sufficient SPR shifting, with gold satellite-based 

silicon probes exhibiting little to no shift in SPR upon complexation.
50

 Predominantly, 

the silane based layers are formed by polymerizing either TEOS or APTMS.  

 One specific case requires special attention in which rice shaped nanoparticles 

were used by Wang, et al.
51

 These MIONS, when coated with APTMS and Au, exhibited 

multiple SPR peaks (due to strong dimensional dependency) and shifted the position to 

over 1100 nm, well into the NIR region. This particular case displayed the importance of 

shape over layer thickness. The shape of gold nanoparticles has long been established as 

having much larger effects on the SPR absorbance than the thickness of the shell or size 

of the nanoparticles, making them ideal candidates for NIR imaging. 
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Table 1.5. Summary of MION@Silicon@Au core-shell models of imaging agents. 

Motif 
MS 

(emu/g) 

r2 

(mM
-1

s
-1

) 

MION 

Size 

Shell 

Thickness 

(nm) 

λmax 

(nm) 
Application ref 

MION@

SiO2@Au 

3.5 

 (300 K) 

r2 = 11.4-

370 

r1 = 0.02 

4.7 T 

10 8  
700-

900 

Photothermal 

therapy 
49 

MION@

APTMS

@Au 

- - 

54 x 

340 

(rice) 

9 – 27 
1100-

1300 
None 

51 

MION@

APTMS

@Au 

Wustite - 30 nm 11-45 600 None 
48 

MION@

SiO2@Au 
- - 9 30 > 600 None 

52 

MION@

TEOS@

Au 

4.5  

(298 K) 
- 5 sats 516 None 

50 

MnFe2O4

@TEOS

@Au 

2  

(300 K) 
456 47 - 800 

Photothermal 

Heating 
53 

*Hyphens indicate the data was not provided. 

  

The above observations have important implications for the design of these agents 

for multimodal imaging. Principally, for in-vivo MRI imaging, it is currently a little hazy. 

Lack of reporting relaxivity data makes design considerations difficult, and care should 

be taken when using silicon layers as strong deviations in relaxivity are currently 

observed. It would appear, however, than introducing Mn into the MION core improves 

relaxivity, in good agreement with previous magnetic data regarding incorporation of Mn 

and Co into MION structure.
53

 The applicability to NIR imaging can be greatly enhanced 
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via changing the shell thickness and shape of the gold shells. The effect of shell thickness 

on SPR position is not clear in these cases as in the polymer cases, where thicker shells 

generally produced less of an SPR shift. By changing the shape of the gold shells, and 

underlying nanoparticles, to that of the “rice” or ovoid shape, shifts of over 600 nm can 

be obtained, rendering these particles extremely attractive for multimodal imaging. It 

would be well advised, however, to investigate the effects on relaxivity of these rice 

shaped particles, as ovoid magnetic nanoparticles will have a large shape anisotropy. 

 

4. Au@MION core-shell 

The final class of composite nanoparticles is unique from the previous three in 

that it does not presuppose a coated MION with polymer, silicon, or gold. Instead, 

composite structures are formed with the AuNP forming the center of the probe, and the 

iron oxide component surrounding the central Au. This motif has significant impacts on 

the relaxivity and SPR absorbance features of the conjugates. This is, by far, much rarer 

in style than the former styles, presumably due to the inability to take advantage of the 

properties of the central AuNP (Table 1.6). The clustering of the MIONs, however, 

around a central gold core, would function to drastically increase the transverse relaxivity 

of the probes, however data regarding this effect is all but non-existent.  
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Table 1.6. Summary of Au@MION core-shell models of imaging agents. 

Motif 
MS 

(emu/g) 

r2 

(mM
-1

s
-1

) 

MION 

Size 

AuNP 

Size (nm) 

λmax 

(nm) 
Application ref 

Au@ 

MION 

80 

 (300 K) 
- 14 3 538 

Photothermal 

therapy 
54 

*Hyphens indicate no data was provided. 

 

E. Focus of the Current Study 

 The primary focus of the current work is to design and synthesize responsive, 

multimodal imaging agents capable of responding to a target analyte. Ideal probes would 

produce strong changes in relaxivity concomitant with significant changes in 

luminescence or SPR attenuation. However, successful design and execution of these 

probes mandates a bottom-up approach beginning with the factors affecting the relaxivity 

of iron oxide nanoparticles. 

 The work in Chapter Two investigates the properties of iron oxide nanoparticles 

as relevant to their ability to function as contrast agents. Primarily, the relaxivity of the 

nanoparticles is determined by the total anisotropy of the particles themselves, which is in 

turn a function of the size, shape, composition, surface coating, and interparticle distance 

of the nanoparticles. The information gained here allows for the subsequent design of 

monomodal MION-based imaging agents. 

 Responsive, monomodal imaging agents are designed in Chapter Three. 

Nanoparticles were designed to respond to Cu(I) via click chemistry and significant 
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increases in transverse relaxivity were observed over endogenous cations. This study laid 

the foundation for the future design of multimodal imaging agents used in subsequent 

investigations. 

 Once the effects of aggregation induced changes in relaxivity were established, 

the proof-of-concept multimodal imaging agents in Chapter Four were created. The first 

multimodal probe, MION@polymer@Ln helps maximize relaxivity as water diffusion to 

the surface of the MION is still allowed. Also, lanthanide based luminescence was used 

to take advantage of the luminescent properties of lanthanides (vida infra). The second 

probe, a core-shell MION@organic@Au multimodal imaging probe was also designed. 

This probe, much like its predecessors, is capable of dark-field and MRI imaging. 

However, unlike its predecessors, its design uses a small-molecule intermediate layer to 

maintain the magnetic characteristics of the nanoparticles.  

 Finally, the ability of AuNP and MION’s to generate a simultaneous response was 

investigated in Chapter Five. The first probe, similar to the monomodal imaging agents in 

Chapter Three, consisted of independent MION and AuNPs. The nanoparticles were 

specifically functionalized to respond simultaneously to Cu(I) and the response was 

observed by MRI and dark-field microscopy. The second probe, similar to 

MION@polymer@Ln used in Chapter Four, was designed as a DNA sensor. Probe 

response was measured by luminescence quenching and changes in relaxivity. 
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Chapter 2  

Nanoparticle Synthesis and Functionalization Effects on Relaxivity: 

The Components of Magnetic Anisotropy 

Adapted from Smolensky, E.; Park, H.; Berquo, T.; Pierre, V. Contrast Med. Mol. 

Imaging 2011, 6, 189-99. 

I. Introduction 

 Critical to the design of powerful MION-based contrast agents is elucidating the 

parameters that affect the relaxivity of the agents. While these effects are starting to be 

elucidated, further understanding of these parameters is inhibited by the lack of 

systematic investigations. As such, it is the purpose of this chapter to systematically 

address the critical components of magnetic anisotropy that ultimately affect MION 

relaxivity. By investigating each parameter individually, the design and synthesis of the 

most heavily optimized probe systems is facilitated (Chapters 3-5).  

 As mentioned in Chapter 1, the increase in relaxation rate of water protons 

induced by MIONs originates from the increased dipolar coupling between the magnetic 

moment of water protons and the net electronic spin of the MIONs. Thus, the 

nanoparticles serve as excellent accelerators of spin-spin, or transverse, relaxation times. 

The magnitude of their effect on both transverse and longitudinal relaxivity has been 

extensively modeled by Gillis, Roch and Gossuin, and was found to be dependent not 

only on the structural parameters of the nanoparticles (like size and shape) but also on the 

strength of the applied magnetic field.
14,15,55-59

 In terms of transverse relaxivity, this 

relationship is simple: r2 increases linearly with increasing magnetic field until a plateau 
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is reached around 0.5 T due to increase in the magnetization of the particles from zero to 

saturation value (Ms), and can be modeled according to a Langevin function. It is this 

magnetic moment of the particles that produces the effect on relaxation times (see 

Chapter 1), and as such, any alteration of the magnetic moment will change their 

relaxivity. Changes to the magnetic moment, M, of the particles predominantly result 

from modification of the net anisotropy of the nanoparticles. There are four major factors 

that determine the total anisotropy of MIONs:
58

 

(5) The bulk magnetocrystalline anisotropy field. This depends on the 

chemical composition, size, and the crystallographic structure of the 

MION. Both maghemite (γ-Fe2O3) and magnetite (Fe3O4) have inverse 

spinel structures, although the bulk saturation magnetization of the former 

(73.5 emu/g) is lower than that of the latter (92 emu/g). 
60

 

 

(6) The surface anisotropy field. Surface spin canting has a net impact on the 

magnetism of small iron oxide nanoparticles.
61,62

 The orientation of the 

individual electronic spins of atoms on the surface of the nanoparticles is a 

function of the nature of the surface binding groups. 

 

(7) The demagnetizing field. Determined by the shape of the MION, this 

component is equal to zero for perfectly spherical crystals and increases 

with the asymmetry of the MIONs. 

 

(8) Dipolar coupling of nearby crystals. This component increases in 

significance as the intercrystal distance decreases. It is thus a key 

component to the change in relaxivity for particulate responsive contrast 

agents which are based on biomarker-induced controlled aggregation of 

MIONs. 
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A. Bulk Magnetocrystalline Anisotropy Field 

 The primary property of the MIONs that contributes to the bulk 

magnetocrystalline anisotropy field is the phase of the nanoparticles. Iron oxide 

nanoparticles can exist as a host of morphologies including wustite (FeO), magnetite 

(Fe3O4), maghemite (Fe2O3), and lipidocrocite (γ-FeOOH) to name a few. However, of 

the many types of iron oxides and iron hydroxides available, only magnetite and 

maghemite exhibit superparamagnetic behavior at room temperature, allowing both 

phases to function as contrast agents. The composition of the iron oxide core, fortunately, 

is heavily determined by the synthesis of the nanoparticles, and their treatment thereafter. 

High temperature thermal decomposition methods are the most prominent methods in the 

literature for synthesizing magnetite nanoparticles (Fe3O4), and are used throughout this 

dissertation. 

 

B. Surface Anisotropy 

Surface spin canting is primarily a result of the misalignment of the magnetic 

vectors of surface atoms. Large degrees of strain on the surface of the nanoparticles can 

induce this disorientation, which ultimately results in a lower saturation magnetization, 

MS. MS depends, among other factors, on the degree of alignment of the individual 

magnetic moments. It is thus crucial to work to minimize the effects of surface spin 
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canting in order to ensure the nanoparticles retain maximum relaxivity. There exist four 

major sources of surface anisotropy: 

(1) Surface Anisotropy Source #1: Nanoparticle Size. Surface to volume 

ratios change as nanoparticles increase in size. Surface strain generally 

decreases as the particles become larger. 

 

(2) Surface Anisotropy Source #2: Anchoring Group Structure.
63

 Because 

of their poor solubility and stability in water at physiological pH, for 

biomedical applications iron oxide nanoparticles need to be protected by a 

water soluble coating. Recent reports have demonstrated that 

refunctionalization nanoparticles with sulfonates, phosphonates, 

carboxylates, or silicates can significantly reduce their magnetization.
64-68

  

 

(3) Surface Anisotropy Source #3: Ligand Exhange Protocol. The method 

by which ligands are exchanged onto the surface can have significant 

effects on the resulting surface spin canting. Two methods: a stripping, or 

multistep, functionalization and a biphasic, one-step, procedure are 

investigated. 

 

(4) Surface Anisotropy Source #4: Surface Chemical Reactions. Specific 

anchoring groups undergo chemical redox reactions at the surface of the 

nanoparticles, damaging the overall magnetization of the MIONs.  

 

 The anisotropy energy increases with increasing particle size, in turn increasing 

the Néel relaxation time (the time associated with the non-precessional flipping of the 

magnetic orientation of the particles from one state to another).  Although a couple of 

studies have related the influence of nanoparticle size on the relaxivity of MIONs, in each 

case these studies have been limited to no more than two or three different sizes and to 

measurements at a single applied magnetic field.
69,70

 The effect of particle size on 

relaxivity should reflect, at least in part, the relationship between particle size and 
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magnetic property, specifically saturation magnetization (MS), remanence (MR), and 

coercivity (HC). Systematic studies on this relationship, however, remain sparse. With the 

exception of the study by Lin, each report focused on three or four particle sizes,
71

 

preventing a clear establishment of the scaling law between nanoparticle sizes and 

magnetic properties. One focus of this chapter aims to validate the current theoretical 

model on longitudinal and transverse relaxivity described above with a systematic study 

relating the effect of the sizes of iron oxide nanocrystals on their magnetic properties, and 

on the magnetic field and temperature dependence of both r1 and r2.  

 In terms of ligand coatings and protocol, the high temperature thermal 

decomposition method of nanoparticle synthesis results in MIONs stabilized by 

hydrophobic surfactants oleic acid and oleylamine. For relaxivity purposes, the ligand 

must be exchanged with a hydrophilic ligand. This is done by either of two protocols 

(Scheme 2.1): stripping of the oleic acid with ethanol followed by refunctionalization 

with an organic ligand (stripping protocol), or direct, biphasic exchange with a water 

soluble ligand that has higher affinity for iron than oleic acid (biphasic protocol).  

 Advantageously, the stripping protocol enables substitution of the oleic acid 

coating with any organic ligand whether or not the latter is a strong chelator of iron. The 

biphasic protocol, on the other hand, relies on the lability of the oleate coating and on the 

affinity of the competing chelate for Fe(II) and Fe(III) versus that of oleate. The 

exchange is thus limited to hydrophilic ligands whose anchoring group forms more stable 

iron complexes than carboxylates, such as catecholates, salicylates, or phosphonates.  
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C. Demagnetizing Field 

Demagnetizing fields are created whenever a magnetic object of magnetization, 

M, is placed in an external magnetic field (Figure 2.1). The magnetic vectors create 

fictitious charges on the surface of the object, which consequently result in the creation of 

a demagnetizing field, Hd (dashed arrows), oriented in opposition to the applied field, Ha. 

The connotation as a “demagnetizing” field merely reflects the antiparallel orientations of 

the applied and magnetized fields. The strength of the demagnetizing field is highly 

dependent on the shape of the nanoparticles, and thus gives rise to a strong shape 

dependency. For instance in spherical nanoparticles, the surface charges are uniformly 

distributed, and as such so is the demagnetizing field, and all vectors net to cancel the 

effects of the field (all the dashed lines cancel in Figure 2.1). However, for anisotropic or 

non-spherical nanoparticles, the vectors do not cancel, and a net demagnetizing field is 

Scheme 2.1. Protocols for functionalization of MION: a) stripping of surface-bound oleic 

acid with ethanol followed by coordination of ligand, and b) direct ligand exchange in a 

biphasic system. 
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present. Consider, for instance, an ellipsoid nanoparticle as pictured in Figure 2.1. In the 

case of a mildly ellipsoid particle, the surface charges are relatively close in proximity, 

and a significant demagnetizing field is observed. However, if the ellipsoid is elongated, 

effectively increasing the distance between the surface dipoles, the demagnetizing field is 

not as significant. It was thus anticipated that shape anisotropy (resulting from the 

strength of the demagnetizing field) is much more significant in small, anisotropic 

nanoparticles than for large, anisotropic nanoparticles. In larger particles, the dominant 

anisotropy reverts back to the bulk magnetocrystalline energy as discussed previously.  

D. Dipolar Coupling 

 The dipolar coupling of individual magnetic moments of the nanoparticles has 

significant impacts on relaxivity. The enhancement of the magnetization of the particles 

is largely a function of the interparticle distance, and it is this behavior that will be 

investigated and discussed in subsequent Chapters 3 – 5 in the design and application of 

responsive mono- and multi-modal contrast agents. 

 

Figure 2.1. Idealized magnetic fields generated from the demagnetizing field. An 

ellipsoid paramagnetic nanoparticle having a net magnetic alignment, M, produces 

fictitious surface charges. For asymmetric particles, this creates a small demagnetizing 

field, Hd, that orients antiparallel to the applied field, Ha. 
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E. Chapter Aims and Goals 

 While there have been some investigations into the effects of size, shape, 

anchoring ligand structure, and ligand exchange protocols on relaxivity, complete 

systematic studies have yet to be reported. As such, it is the purpose of this chapter to 

investigate how these parameters affect relaxivity and magnetic properties across a 

multitude of MION sizes (4 – 20 nm) and shapes (faceted and spherical) of MIONs. The 

effect of anchoring ligand on relaxivity was investigated using a biphasic ligand 

exchange, and then the protocol for functionalizing the surface of the nanoparticles with 

different organic ligands was conducted to investigate the effects on surface spin canting 

induced by ligand exchange. The components of anisotropy investigated in this chapter 

comprise three of the four major contributing factors. The fourth component, increased 

dipolar coupling, will form the basis of designing responsive imaging agents in Chapters 

3 and 5, and as such, will be discussed respectively. 
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II. Results and Discussion 

A. Magnetocrystalline Anisotropy Field 

Oleic acid-coated iron oxide nanoparticles were synthesized by high temperature 

thermal decomposition of either Fe(acac)3 or Fe(oleate)3 according to the procedures 

developed by Sun et al. and Jana et al., respectively.
1,72

 Sun’s procedure resulted in 

irregularly faceted nanoparticles that were grown in size in a stepwise fashion; larger 

nanoparticles were produced by adding a iron oxide to nanoparticles one size smaller. 

This unfortunately results in increasingly greater polydispersity as the nanoparticles 

Figure 2.2 Top: Synthetic scheme of MION synthesis. Bottom: TEM images of faceted 

oleic-acid functionalized nanoparticles synthesized by high temperature thermal 

decomposition of Fe(acac)3 precursors (a – f) according to the procedure of Sun et al.
1
 

Nanoparticle size and polydispersities (to one standard deviation) are a) 4.9 ± 1.1 nm, b) 

7.1 ± 1.4 nm, c) 9.4 ± 1.9 nm, d) 10 ± 2  nm, e)15 ± 3 nm. 
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become larger. However, this technique resulted in MIONs with lower degrees of 

polydispersity and enhanced magnetic properties then those produced by coprecipitation 

of Fe(II) and Fe(III) salts in basic aqueous solutions. Irregularly faceted nanoparticles of 

diameter 4.9 ± 1.1 nm, 7.1 ± 1.4 nm, 9.4 ± 1.9 nm, 10 ± 2  nm, 15 ± 3 nm and 18.3 ± 2.8 

nm, and spherical nanoparticles of size 8.7 ± 1.3 nm, 13 ± 1 nm, and 16 ± 2  nm were 

synthesized (Figure 2.2). Multiple sizes were synthesized since the size of the 

nanoparticles contributes to surface anisotropy (vida infra). Different shapes were 

synthesized to investigate the effect of the demagnetizing field on relaxivity (vida infra).  

The procedures were reported to produce MIONs composed of magnetite and not 

maghemite. This feature would be beneficial given the higher bulk saturation 

30 35 40 45 50 55 60 65 70 75 80
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Figure 2.3. XRD spectra of a) 8 nm spherical, b) 7 nm faceted MION@OA, c) 18 nm 

faceted MION@OA. 
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magnetization of magnetite over maghemite. It should be noted, however, that since both 

compositions have the same inverse spinel structure, it is not possible, especially at the 

nanosize, to distinguish with certainty between the two compositions using powder X-ray 

diffraction (XRD). Additionally, any oxidation of magnetite would result in a 

maghemite-magnetite composite nanoparticle, further inhibiting accurate phase 

determination. All factors considered, however, XRD characterization indicates good 

agreement between crystallite sizes determined from the XRD patterns and sizes 

measured by TEM. From faceted nanoparticles 4.7 and 15 nm in diameter (as measured 

by TEM), XRD crystallite sizes of 4.8 and 12.1 nm were found, resp. Similarly, for 

spherical nanoparticles 8.7 nm in diameter, an XRD crystallite size of 6.0 nm was found. 

The faceted nanoparticles, coated with hydrophobic surfactants, need to be 

rendered hydrophilic via ligand exchange to probe the relaxivity of the particles. The 

ligand exchange process and the nature of the ligand itself result in significant 

contributions to the second source of MION anisotropy: the surface anisotropy. 

 

B. Surface Anisotropy: Effects of Ligand Exchange Protocol on Relaxivity 

  As mentioned, there exist four sub-contributors to the overall surface anisotropy: 

(1) Nanoparticle size, (2) The structure of the anchoring ligand, (3) The ligand exchange 

protocol, and (4) Surface chemical reactions. Each of these four contributors is discussed 

here.  
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1. Surface Anisotropy Source #1: Nanoparticle Size 

Since a greater dispersion of sizes for faceted nanoparticles than spherical 

nanoparticles were synthesized, the magnetic characteristics of these particles were 

investigated. The magnetic hysteresis loops of the irregularly faceted nanoparticles 

measured at 300 K are shown in Figure 2.4a. As expected, since the measurements were 

performed above the blocking temperature, no hysteresis is observed and MR = HC = 0. 

Additionally, the particles reach their saturation magnetization, MS, at 0.5 T as expected 

for superparamagnetic nanoparticles. At room temperature, the saturation magnetization 

increases with crystal size until 12 nm, above which MS becomes independent of crystal 

size, and a plateau at 43 Am
2
/kg is reached. 

The relationship between particle size and MS is currently not well understood. 

For most measurements performed at 5 K, which is well below the blocking temperature, 

Figure 2.4. a) Room temperature magnetic hysteresis for faceted crystals 4.7 nm (i), 7.1 

nm (ii), 9.4 nm (iii), 10 nm (iv), 15 nm (v), and 18 nm (vi). No magnetic coercivity is 

observed at temperatures above their blocking temperatures. Saturation magnetization 

increases with particle size until the crystal size reaches 15 nm (b). 

i 

ii 

iv 
v,vi 

iii 
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Roca,
 
Goya, and Guardia observed that the size of the magnetite or maghemite crystal has 

negligible effect on MS, with the exception of very small nanoparticles  (4 nm)  for  

which  slightly  smaller  saturation  magnetization  is observed.
70,73-76

 For MIONs ranging 

between 5 nm and 17 nm, MS varies little and remains between 65 emu/g and 85 emu/g. 

However, as the temperature at which the hysteresis is measured increases so does the 

effect of crystal size on saturation magnetization. At 77 K, which is still below the 

blocking temperature, Lin observed a non-negligible effect of crystal size on MS with MS 

ranging between 57 emu/g and 85 emu/g for particles ranging between 8 and 18 nm in 

size.
71

 At 300 K, this trend is further accentuated. Goya previously observed that not only 

does the saturation magnetization decrease as the measurement temperature increases, but 

that this decrease is more pronounced for very small crystals (4 nm).
74

 Decreasing MS 

with decreasing particle size is generally attributed to increasing surface spin canting due 

to increasing disorder of the oleic acid and oleylamine surface binding ligands as the 

particles decrease in size.
61,62,77

 This is an important illustration to how, although the 

anisotropic parameters are separated for simplicity in this dissertation, there are clear 

overlaps between each individual parameter, and no one is solely independent from the 

other. 

 Additionally, measurements performed below the blocking temperature are 

characterized with a hysteresis which, in accordance with published literature, is also a 

function of particle size (Figure 2.5). The magnetic coercivity, HC, increases as the 

particles become larger with HC = 0.013 T and 0.032 T for nanoparticles 7.1 nm and 18 
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nm in size, respectively. Magnetic (SQUID) data was used to help correlate relaxivity 

with magnetic characteristics.  

 Once the magnetic characteristics of the faceted nanoparticles were obtained, the 

dependence of size on relaxivity was investigated. While not discussed here, the faceted 

nanoparticles were phase transferred to water from a chloroform dispersion using a 

surfactant-mediated phase transfer that induces minimal disruption to the oleic acid-

MION binding interface. This process, used as a control for the subsequent section on 

surface anisotropy, results in MION@CTAB, and is discussed there (vida infra). 

 For irregularly faceted nanoparticles, transverse relaxivities measured at 1.5 T (60 

MHz) and 37 °C increases linearly with increasing particle size from 53 mM
-1

Fes
-1

 for 4.9 

nm nanoparticles to 156 mM
-1

Fes
-1

 for 18 nm nanoparticles (Figure 2.6). Unlike hysteresis 

measurements, for which the saturation magnetization measured at 1.5 T plateaus for 

Figure 2.5 Magnetic hysteresis plots collected at 10 K of faceted iron oxide nanoparticles 

7.1 nm (dashed) and 18 nm (solid) in diameter. The magnetic coercivity increases from 

0.013 T for the 7.1 nm nanoparticles to 0.032 T for the 18 nm nanoparticles (inset). 
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particle greater than 12 nm in size – no such plateau is observed in the transverse 

relaxivity of these nanoparticles measured at the same magnetic field (Figure 2.6). 

 The longitudinal relaxivity of the irregularly faceted nanoparticles is also 

dependent on the size of the crystal. This relationship is more complex in nature and is 

more pronounced at lower applied magnetic field (vide infra) where the same trend for 

longitudinal relaxivity is observed as for transverse relaxivity: the relaxivity increases 

with increasing crystal size. At 60 MHz, however, where the Curie relaxation mechanism 

is dominant, a more complex trend is observed where r1 is smaller for intermediary sizes 

between 8 nm and 16 nm. 

 The Nuclear Magnetic Resonance Dispersion (NMRD) profiles, which highlight 

the dependence of the longitudinal and transverse relaxivities on the applied magnetic 

field, are shown in Figure 2.7. Regardless of crystal size, the MIONs do not demonstrate 

Figure 2.6. Longitudinal (r1, a) and transverse (r2, b) relaxivity of MION@CTAB 

nanoparticles for faceted nanocrystals. Note the increase in r2 and decrease in r1 for the 

faceted nanocrystals. Error bars on the x-axis represent polydispersity of crystal size (one 

standard deviation), and y-axis error bars represent error in relaxivity (one standard 

deviation, n = 3). Experimental conditions: B = 1.5 T, T = 37 °C, mQ water, pH = 6. 
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any field dependence of their transverse relaxivities between 20 MHz (0.5 T) and 500 

MHz (11.7 T). This observation is in agreement with previous calculations by Gillis 

among others that demonstrated that r2 increases linearly with increasing magnetic field 

following a Langevin function only until saturation magnetization (MS) is reached, 

beyond which r2 plateaus. The magnetic hystereses of the MIONs indicate that in each 

case, saturation magnetization is reached by 0.5 T (Figure 2.5). It thus follows that r2 

should be constant for any magnetic field beyond it. 

 The dependence of the longitudinal relaxivity on the applied magnetic field is 

more complex and highlights the dependence of r1 on the two different mechanisms: the 

Néel relaxation and the Curie relaxation, the proportion of each contribution being further 

dependent on the size of the crystal. Strictly speaking, the Curie relaxation arises from 

diffusion of the proton into the inhomogeneous non-fluctuating magnetic field created by 
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Figure 2.7. Standardized longitudinal (r1, a) and transverse (r2, b) NMR dispersion 

profile of MION@CTAB nanoparticles as a function of crystal size for faceted 

nanoparticles 4.7 nm (open squares), 7.1 nm (open triangles), 9.4 nm (open circles), 10 

nm (crosses), 15 nm (filled triangles), and 18 nm (filled circles) in diameter. 

Experimental conditions 
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the mean crystal moment aligned onto B0. The Néel relaxation, on the other hand, is due 

to the fluctuations of the electronic magnetic moments of the superparamagnetic crystals. 

Iron oxide nanoparticles can only induce proton relaxation when the condition ΔωτC < 1 

is reached, where Δω is the angular frequency of the proton precession and τC is the 

global correlation time. τC is a function of the translational diffusion correlation time, τD, 

a parameter of the Curie relaxation, and the Néel relaxation time, τR, as follows:  1/τC = 

1/τD + 1/τR . τR is in turn a function of the crystal anisotropy: the larger the crystal, the 

greater its anisotropy constant, the longer the Néel relaxation time, and the smaller the 

contribution of the Néel relaxation mechanism to the overall proton relaxation. 

 Large superparamagnetic crystals are characterized with very high anisotropy 

constants such that the anisotropy energy is larger than the thermal energy which 

maintains the direction of the crystal magnetic moment close to that of the anisotropy 

axis. The magnetic vector is locked along the B0 direction, the Néel relaxation becomes 

negligible and the Curie relaxation dominates. As a result, for the larger crystals of size 

15 nm and 18 nm, the longitudinal relaxivity follows Ayant’s model. The relaxation rate 

plateaus at very high value – 150 mM
-1

Fes
-1

 for 18 nm crystals and 125 mM
-1

Fes
-1

 for 15 

nm crystals – up to ca. 1 MHz beyond which r1 decreases sharply with increasing 

magnetic field and becomes nearly negligible above 100 MHz. 

 For magnetite crystals of medium size – 9.4 nm and 10 nm – the anisotropy 

energy is smaller than for the large crystals, but it is still large enough to prevent any 

precession of the magnetic moment. The magnetic fluctuations then arise from jumps in 
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the moment between different easy axis. This does not affect the high field component of 

the relaxivity where the Curie relaxation still dominates. Beyond 10 MHz, r1 still 

decreases sharply with increasing magnetic field. At low magnetic field, however, the 

relaxivity now follows Freed’s model where the electron Larmor procession frequency is 

set to zero. As a result, at low magnetic field, the relaxivity continues to decrease with 

decreasing crystal size as the anisotropy energy also decreases. Importantly, however, a 

peak in proton longitudinal relaxation rate now appears at intermediary fields between 2 

MHz and 10 MHz. This peak in the profile shifts to higher magnetic field strength as the 

crystal decreases in size.  

 Very small iron oxide crystals – 4.7 nm and 7.1 nm – on the other hand, are 

characterized by smaller anisotropy energy such that locking of the particle 

magnetization onto the anisotropy direction is attenuated but, importantly, not completely 

removed.
57

 The longitudinal relaxivity profile can then be calculated by a linear 

combination of two extreme models: one where the anisotropy energy is assumed to be 

infinite, and the other, the classical outer-sphere theory of high susceptibility 

paramagnetic material, where the anisotropy energy is assumed to be zero.
76,78

 As a 

result, as the crystal becomes smaller, the longitudinal relaxivity decreases and the peak 

of the profile shifts to higher magnetic field. 

 Since physiological temperatures are generally higher than room temperature, the 

efficacy of the MION@CTAB was investigated as a function of temperature. The 

temperature dependence of both the longitudinal and transverse relaxivities for small (4.7 
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nm), medium (10 nm) and large (15 nm) nanoparticles is shown in Figure 2.8. 

Longitudinal relaxivity displays relatively little dependence on temperature with a trend 

that depends on the size of the nanoparticles. For both small (4.7 nm) and, to a greater 

extent, large (15 nm) MION, r1 increases with increasing temperature. For medium sized 

crystal (10 nm), on the other hand, r1 decreases with increasing temperature. In each case, 

the data becomes significantly noisier above 45°C, which may reflect a lack of stability 

of the CTAB coating and increased spin canting at higher temperature. 

 Transverse relaxivity displays a consistent and steep dependency on temperature, 

with r2 increasing exponentially as temperature decreases. This trend is further 

accentuated the larger the nanoparticles. Although it is questionable as to why the 

longitudinal relaxivity does not follow the same temperature dependence as the 

transverse relaxivity, the observation for the latter are in agreement with the Ayant 
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Figure 2.8 The effect of temperature on longitudinal (r1, a) and transverse (r2, b) 

relaxivities of faceted nanoparticles, MION@CTAB. The decrease in transverse relaxivity 

with increasing temperature is more pronounced for nanocrystals composed of larger 

ferrite crystals. Faceted nanoparticles were 4.7 nm (×), 8.7 nm (open triangles), and 15 

nm (filled circles). Experimental conditions: mQ water, pH = 6, 1.5 T. 
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model. At 60 MHz, the magnetic moments of the nanoparticles are locked on to the 

magnetic field direction, such that Néel relaxation is negligible and the primary 

component to relaxivity is the Curie relaxation. In this case, the transverse relaxation rate 

is inversely proportional to the diffusion coefficient (Chapter 1), which decreases as the 

temperature decreases. 

 T1-weighted SWIFT (SWeep Imaging with Fourier Transform) and T2-weighted 

spin echo MR images (phantoms) of equimolar iron concentrations of colloidal 

suspensions of MION@CTAB of size varying from 5 nm to 18 nm measured at 9.4 T are 

shown in Figure 2.9. These images confirm the trends in longitudinal and transverse 

relaxivities reported above. The MIONs function as effective T1 contrast agents which 

results in a positive contrast in SWIFT images: the larger the nanoparticles, the higher 

their longitudinal relaxivity and the brighter the SWIFT image. Similarly, the USPIOs are 

remarkable T2 contrast agents, which severely decrease the signal intensity of spin-echo 

images. In this case the larger the nanoparticles, the higher their transverse relaxivity, and 

the darker the gradient-echo images. Since the transverse relaxivity increases with crystal 

size at a much steeper rate than longitudinal relaxivity, the effect of crystal size on 

gradient-echo images is more pronounced than on SWIFT images. 

 Importantly, these images highlight the effectiveness of the SWIFT pulse 

sequence in obtaining purely T1-weighted images with a positive contrast for MION 

contrast agents which have very short T2.
79

 Unlike for gradient-echo images, in the case 

of SWIFT the very short T2 of the suspensions do not influence the contrast. Gradient 
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echo images, on the other hand, are not purely T1-weighted and are significantly affected 

by the very short T2 of colloidal suspensions of iron oxide nanoparticles. As a result, the 

MIONs actually show negative contrast in gradient-echo images with a signal intensity 

that is both a function of the T1 and T2 components of the suspension, such that it is 

difficult to correlate directly signal intensity to crystal size or aggregation. 

 The longitudinal and transverse relaxivities of USPIOs, and consequently the 

brightness of SWIFT (T1-weighted) and spin echo (T2-weighted) MR images of their 

colloidal suspensions, are highly dependent on the size of the iron oxide crystals. This 

observation holds true for several particle sizes even though all nanoparticles are 

characterized by a superparamagnetic behavior (magnetic hysteresis) and inverse spinel 

structure (XRD) indicative of either a magnetite or maghemite composition. The 

 

18      15     10     9.4     7.1    4.7    H2O 

a) 

b) 

Figure 2.9. MR images of colloidal suspensions of MION@CTAB in water. In each 

case, [Fe]total = 4 mM. a) T1-weighted SWIFT image, b) T2-weighted spin echo image. 
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transverse relaxivity of the irregularly faceted USPIO increases linearly with crystal size 

and is independent of the applied magnetic field between 20 MHz and 500 MHz. Both 

observations are in agreement with current understanding of transverse relaxivity. 

Transverse relaxivity increases linearly with increasing crystal size and with applied 

magnetic field until the saturation magnetization is reached, beyond which a plateau is 

observed. Moreover, transverse relaxation rates of aqueous colloidal suspensions are 

highly dependent on temperature: r2 decreases noticeably as the temperature increases 

from room temperature (20 °C) to body temperature (37 °C). This parameter should be 

taken into consideration when evaluating MIONs intended for clinical applications at 

room temperature. Their efficacy as T2-weighted contrast agents in spin echo images will 

invariably be worse in vivo than in in vitro measurements performed at room temperature. 

 

2. Surface Anisotropy Source #2: Structure of Surface Ligand 

 The second source of surface anisotropy, the structure of the anchoring group on 

the surface ligand, induces surface spin canting and occurs during the ligand exchange of 

the nanoparticles. To investigate the contribution of surface ligands to the surface 

anisotropy, an array of water stable MION@PEG derivatives were synthesized. All 

nanoparticles were synthesized from the same synthetic method, from the same batch, 

and all ligand exchanges were performed as biphasic, simultaneous exchanges.  
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 Magnetite nanoparticles were synthesized according to the method of Sun. via the 

controlled thermal decomposition of Fe(acac)3 in the presence of oleic acid and 

oleylamine, as described previously.
1
 The resulting nanoparticles (MION@OA) were 

highly monodisperse, mostly cubic in shape of size 7.1 ± 1.4 nm, as measured by TEM 

(Figure 2.10).  

 Analysis of the nanoparticles by powder XRD (Figure 2.14a) indicates that the 

observed diffraction pattern is in good agreement with published data for magnetite 

(JCPDS #19-629). The calculated lattice parameter of 8.40(2) Å is in good agreement 

with the value of 8.38(2) Å for magnetite (JCPDS #19-629), and therefore strongly 

suggests that the nanoparticles are composed of Fe3O4. The size of the oleic acid coated 

particles, as calculated from the Scherrer equation is 8.6 nm.
80

 It is in good agreement 

from the size calculated from the TEM images, suggesting that each particle exists as a 

single crystal. This preliminary characterization was crucial as it was just established that 

the phase and size of the nanoparticles can contribute significantly to the bulk 

a e d c b 

Figure 2.10. TEM images of a) MION@OA, b) MION, c) MION@DopPEG synthesized 

by direct ligand exchange, d) MION@DopPEG synthesized according to the stripping 

protocol, and e) MION@Dop. 



Nanoparticle Relaxivity and Anistropy Chapter 2 

54 

  

magnetocrystalline and surface anisotropy of the particles. 

Next, the ligands in Chart 2.1 were exchanged for the surface bound oleic acid via 

biphasic ligand exchange. The hydrophilic ligands chosen for this study (Chart 2.1) have 

two distinct features: a chelating head and a water soluble tail. Only the chelating head of 

each ligand varies; in each case the tail is composed of discrete polyethylene glycol 

oligomer (n=8). Four different chelating heads were studied: catechol, 2,3-

dihydroxybenzamide, phosphonic acid, and carboxylic acid. Since the purpose is to 

investigate the effect of the anchoring group on relaxivity, a control method involving 

phase transfer of oleic acid coated nanoparticles to an aqueous phase was used. In other 

words, oleic acid covered nanoparticles were rendered hydrophilic without displacing the 

original oleic acid coating. This was achieved by covering the nanoparticles with a 

second layer of surfactants such as N,N,N-trimethylhexadecan-1-ammonium (CTAB) 

(Chart 2.1, a-b). Importantly, the original interaction between the MION and oleic acid is 

minimally disturbed. 
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Chart 2.1. Ligands studied: a) MION@OA, b) MION@CTAB, c) MION@DopPEG, d) 

MION@DHBPEG, e) MION@PO3PEG, f) MION@CO2PEG, and g) MION@Dop. 
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The biphasic, or direct exchange refunctionalization protocol, gives a significantly 

high yield of PEG coated nanoparticles. In this protocol, the initial oleic acid coated 

particles are suspended in an organic phase such as hexanes or chloroform. The 

hydrophilic competing ligand is instead dissolved in the aqueous phase at basic pH 

(Figure 2.11). Since the oleic acid coating is labile, and since the competing ligand has 

higher affinity for iron than the oleic acid, sonication of the biphasic mixture enables the 

direct substitution of oleic acid by the competing ligand. As a result, the nanoparticles, 

now coated with hydrophilic ligands, transfer to the aqueous phase while the oleic acid 

  

Figure 2.11. Typical refunctionalization effects to create water dispersible nanoparticles. 

Initially, the oleic acid stabilized nanoparticles are dispersed in the hexanes phase of a 

hexane/water mixture (left). After functionalization with water-amenable ligands, the 

nanoparticles transfer into the aqueous phase and are no longer stabilized by hexanes 

(right). 

 a c b 

Figure 2.12. TEM images of surface-functionalized MION synthesized by direct ligand 

exchange: a) MION@OA, b) MION@DHBPEG, and c) MION@PO3PEG 
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remains in the organic phase (Figure 2.11). While this is an attractively simple procedure, 

it cannot be applied to every ligand. For instance, carboxylic acid terminated PEG have 

similar affinity for iron than oleic acid. Expectedly, the biphasic procedure failed to 

produce any MION@CO2PEG. 

 Advantageously, this procedure readily enables refunctionalization of most 

nanoparticles, and little material is lost during the synthesis. FT-IR spectroscopy 

confirms successful coating of the nanoparticles (Figure 2.13). TEM analysis indicates 

that the resulting water-soluble nanoparticles have similar polydispersity ( 1.2 – 1.4 nm) 

as the original oleic acid coated magnetite. Furthermore, XRD analysis indicates that 

 

Figure 2.13. IR spectra of a) oleic acid, b) MION@OA, c) soap, d) MION@CTAB, e) 

MION, f) DHB-PEG, g) MION@DHBPEG, h) dopamide-PEG, i) MION@DopPEG, j) 

PO3-PEG, k) MION@PO3PEG, l) CO2-PEG, m) MION@CO2PEG, n) dopamine, and o) 

MION@Dop. 
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nanoparticles refunctionalized according to the biphasic procedure have lattice 

parameters consistent with magnetite. All of these parameters are summarized in Table 

2.1)   

   

Figure 2.14. X-ray diffraction patterns of a) MION@OA, b) MION, and surface-

functionalized MION synthesized according to the biphasic protocol: c) 

MION@DopPEG d) MION@PO3PEG and e) MION@Dop 
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 In order to investigate the effect of the refunctionalization on the magnetism and 

the relaxivity of the iron oxide nanoparticles, hysteresis loops and ZFC/FC magnetization 

were measured for the samples obtained. The magnetic characterization of the iron oxide 

nanoparticles before and after refunctionalization is given in Table 2.2. These 

characterizations include the parameters saturation magnetization (MS), magnetic 

coercivity (HC), remnant magnetization (MR), blocking temperature (TB), and transverse 

relaxivity (r2). As is apparent from the data, refunctionalizing the nanoparticles has a 

significant impact both on their magnetic behavior and their efficacy as MRI contrast 

Table 2.1. Characterization summary of water-stable MIONs. 

Sample Protocol
 

Particle 

size 

(nm) 

(TEM) 

Polydispersity 

(nm) 

(TEM) 

Crystal 

size 

(nm) 

(XRD) 

Lattice 

Parameters 

(TEM) 

MION@OA - 7.1 1.4 8.6 8.40(2) 

MION@CTAB - 7.6 1.9 - 8.36(3) 

MION b 7.0 2.0 8.6 8.38(2) 

MION@DHBPEG b 7.0 1.2 7.2 - 

MION@DopPEG b 6.7 1.2 8.0 8.40(2) 

MION@PO3PEG b 5.5 1.0 4.4 8.41(3) 

MION@CO2PEG b - - - - 

MION@Dop b 6.6 1.4 - - 

b) Ligand exchange performed according to biphasic exchange protocol 
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agents (as measured by relaxivity). Furthermore, the nature of the anchoring group of the 

organic coating impacts the magnetism and relaxivity of the nanoparticles.  

 The MION@OA have a mean size of 7.1  1.4 nm and exhibit a saturation 

magnetization of 49 Am
2
/kg (Figure 2.15). The lower MS as compared to bulk magnetite 

(MS = 87 – 92 Am
2
/kg) is likely due to the smaller size of the nanoparticles. Previous 

studies have indeed reported a decrease in MS of magnetite with decreasing particle 

size.
81,82

 Interestingly, the soap-covered nanoparticles exhibit a saturation magnetization 

of 71 Am
2
/kg, which is 45% larger than that of MION@OA. Notably, this increase in 

magnetization does not result from an increase in particle size. TEM analysis indicates 

the MION@CTAB maintain a size of 7.6  1.9 nm. The MR/MS ratio also increases 

Table 2.2. Magnetic characterization summary of water-stable MIONs. 

Sample Protocol
 r2  

(mM
-1

s
-1

) 

MS 

(Am
2
/kg) 

Hc 

(T) 
MR /MS 

TB 

(K) 

MION@OA - c 49 0.013 0.33 34 

MION@CTAB - 134 71 0.023 0.38 44 

MION b c 29 0.014 0.26 71 

MION@DopPEG b 110 46 0.020 0.34 52 

MION@DHBPEG b 83.8 - - - 47 

MION@PO3PEG b 79 56 0.002 0.078 18 

MION@CO2PEG b - - - - 45 

MION@Dop b 16 - - - 82 

b) Ligand exchange performed according to biphasic exchange protocol 
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compared to MION@OA, suggesting that the positively charged hydrophilic 

nanoparticles interact even less than their hydrophobic precursor. In comparison, 

completely non-interacting nanoparticles are predicted to have a MR/MS ratio of 0.5.  

 Refunctionalization of the magnetite nanoparticles with PEG ligands affects both 

the magnetization and the relaxivity of the material. The relaxivity of the 

MION@DHBPEG and MION@DopPEG, although lower than that of the soap covered 

nanoparticles, remains significantly high, between 70 – 100 mMFe
-1

s
-1 

(Table 2.1). In 

comparison, the commercial dextran-based USPIO Sinerem® (Guerbet) has a 

significantly lower transverse relaxivity of 53 mMFe
-1

s
-1

. The reason why certain 

anchoring groups affect the relaxivity of MIONs more than others is not understood, but 

it likely involves either partial oxidation of the surface of the magnetite nanoparticles 

and/or a difference in spin canting of the surface iron induced by the anchoring group.  

 The detrimental effect of some anchoring functionalities on the saturation 
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Figure 2.15. Left: ZFC curves of a) MION@OA, b) MION@CTAB, c) MION, d) 

MION@DopPEG, and e) MION@PO3PEG. Right: Hysteresis loops of a) MION@OA, 

b) MION@CTAB, c) MION, d) MION@DopPEG, and e) MION@PO3PEG. 
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magnetization of iron oxide nanoparticles has already been reported. Herea and 

coworkers previously reported that the magnetization of iron oxide nanoparticles 

decreases with increasing ratio of silane coating.
67

 Gedanken observed that a phosphonic 

acid coating on Fe2O3 nanoparticles severely decreases their magnetization. He suggested 

that the spin state of surface Fe
3+

 ions was affected by the bonded surfactant, possibly 

through interaction between the d orbitals of the metal and the p and d orbitals of the 

anchor.
64

 Begin-Colin also observed a significant decrease in the Ms of magnetite coated 

with carboxylates, but no decrease in magnetization with organic coating bearing 

phosphonate anchors.
66

 The apparent contradiction between the result of Begin-Colin and 

that of Gedanken could be explained in light of our results. For phosphonate coating, the 

protocol followed for the refunctionalization of the iron oxide nanoparticles seem to have 

a significant impact on the resulting magnetic behavior of the material. Significantly, our 

study not only systematically demonstrates the different impact of different anchoring 

functionalities on the magnetic properties of magnetite nanoparticles, but also translates 

these results to the application of these materials as contrast agents for medical MRI. 

 

3. Surface Anisotropy Source # 3: Ligand Exchange Protocol 

As mentioned previously, refunctionalization of MION@OA can be performed 

according to either a stripping or a biphasic protocol. The stripping protocol requires two 

steps. First, the oleic acid ligands are stripped from the surface of the magnetite by brief 
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sonication in ethanol, after which the nanoparticles are recovered by centrifugation. 

Repeating this sonication/centrifugation steps three times ensures that the majority of the 

oleic acid is removed, as evidenced from the lack of any oleic acid band in the FT-IR 

spectra of the naked nanoparticles (Figure 2.13). Refunctionalization is then achieved by 

sonicating the naked nanoparticles in dichloromethane in the presence of the new 

hydrophilic ligand.  The important aspect of this stripping method is the isolation of 

naked (uncoated) particles prior to their refunctionalization. Unfortunately, any 

modification to the nanoparticles such as surface oxidation or agglomeration that takes 

place either during the stripping or the isolation of the magnetite is irreversible. It is 

expected, then, that the stripping procedure and biphasic ligand exchange would each 

have unique effects on the resulting MIONs crystallite size and structure, and these 

changes would alter the anisotropy of the nanoparticles, manifesting in changes in 

relaxivity and magnetic properties. 

To compare the effects of the stripping procedure to that of the biphasic 

procedure, the ligands in Chart 2.1 were functionalized to the same MION@OA used in 

the biphasic investigation previously described. This prevented anisotropic contributions 

from the shape and phase of the original MION@OA. Similar to before, successful 

coating of the nanoparticles with the ligand was characterized by FT-IR (Figure 2.13). 

Bands corresponding to the ligand are also observed in the spectrum of the nanoparticles 

coated with that ligand. For instance, strong alkyl C-H stretching bands (2917 cm
-1

 and 

2850 cm
-1

) along with strong C=O stretching (1555 cm
-1

), both of which originate from 
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the oleic acid coating, are observed in MION@OA (Figure 2.13). When the particles are 

refunctionalized with any of the PEG ligands, distinct changes in the IR spectrum occur. 

Most apparent is the loss of the sharp C-H stretching bands and growth of broad C-H 

stretching. This is resultant from the loss of order in the capping ligands. Oleic acid, 

being an 18-chain hydrocarbon, forms well-defined monolayers on the nanoparticle 

surface; an interaction maintained by the hydrophobic and non-polar non-polar 

interactions of the hydrocarbon chain. PEG ligands, however, do not allow for such a 

well-defined layer as the molecules are free to exist in any conformation. Additionally, 

functionalization was further supported by the disappearance of C=O stretching and 

growth of peaks related to the bound functional group. 

Particle size and phase changes do occur during this exchange, and is evident 

from both the TEM images (Figure 2.16) and XRD data (Table 2.3). A complete 

summary of the changes is shown in Table 2.3. Regardless of the ligand used, 

refunctionalization via the biphasic procedure yields monodisperse nanoparticles than the 

stripping procedure. For instance, MION@DopPEG nanoparticles synthesized from the  
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Table 2.3. Average particle diameters and polydispersity extracted from TEM and 

powder XRD, and lattice parameters of iron oxide crystals before and after 

functionalization. 

Sample Protocol
 

Particle 

size 

(nm) 

(TEM) 

Polydispersity 

(nm) 

(TEM) 

Crystal 

size 

(nm) 

(XRD) 

Lattice 

Parameters 

(TEM) 

MION@OA - 7.1 1.4 8.6 8.40(2) 

MION@CTAB - 7.6 1.9 - 8.36(3) 

MION b 7.0 2.0 8.6 8.38(2) 

MION@DHBPEG
 

a 6.9 1.2 - - 

 b 7.0 1.2 7.2 - 

MION@DopPEG a 7.4 2.1 - - 

 b 6.7 1.2 8.0 8.40(2) 

MION@PO3PEG a 6.6 2.0 - - 

 b 5.5 1.0 4.4 8.41(3) 

MION@CO2PEG a 7.3 1.4 - - 

MION@Dop a 7.56 1.2 - - 

 b 6.6 1.4 - - 

a) stripping of surface-bound oleic acid with ethanol followed by coordination of 

ligand, b) direct ligand exchange in a biphasic system. 

 

biphasic protocol are more uniform than those synthesized according to the stripping 

protocol. As a result, even though the average diameter of the particles does not vary, the 

polydispersity increases from 1.4 nm for the oleic acid coated nanoparticles, to 2.0 nm for 

the naked nanoparticles. These particles maintain their polydispersity when they are 
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coated with the PEG ligand. Notably, the increase in polydispersity observed while 

refunctionalizing the nanoparticles via this protocol is prominent for every ligand studied.  

Moreover, while the powder XRD pattern does not change upon stripping, the 

decrease of 0.02 Å in the lattice parameter between the oleic acid coated and the naked 

nanoparticles suggests surface oxidation. This partial oxidation may be responsible for 

the decreased relaxivity observed for the corresponding nanoparticles. It should be noted 

that this procedure yields little refunctionalized material. Indeed, most stripped 

nanoparticles do not re-suspend in water, even in the presence of a large excess of the 

hydrophilic ligand and with lengthy sonication time. Therefore, not enough material 

could be isolated to fully characterize the water soluble nanoparticles by XRD and 

magnetic measurements. Additionally, the stripping protocol does not yield enough 

material to enable their magnetic characterization, thereby underlining an important 

limitation and disadvantage of this procedure over the biphasic protocol.  

The effects of the protocols on the magnetic properties of the MIONs are 

summarized in Table 2.4. Stripping the nanoparticles result in a significant decrease in 

saturation magnetization and a significant increase in the blocking temperature. The MS  

a c b 

Figure 2.16. TEM images of surface functionalized MION synthesized according to the 

stripping protocol: a) MION@DHBPEG, b) MION@PO3PEG, and c) MION@CO2PEG 
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Table 2.4. Magnetic characterization summary of water-stable MIONs using two 

different functionalization protocols. 
 

 
Sample Protocol

 R2 

(mM
-1

s
-1

) 

MS 

(Am
2
/kg) 

Hc 

(T) 
MR /MS 

TB 

(K) 

MION@OA - c 49 0.013 0.33 34 

MION@CTAB - 134(3) 71 0.023 0.38 44 

MION b c 29 0.014 0.26 71 

MION@DopPEG a 103(2) - - - - 

 b 110(3) 46 0.020 0.34 52 

MION@DHBPEG a 69.4 - - - - 

 b 83.8 - - - 47 

MION@PO3PEG a 8.2(2) - - - - 

 b 79(3) 56 0.0021 0.078 18 

MION@CO2PEG a 35(3) - - - 45 

MION@Dop a 30(6) - - - 77 

 b 16(2) - - - 82 

a) Stripping of surface-bound oleic acid with ethanol followed by coordination of ligand, b) 

direct ligand exchange in a biphasic system, c) not water soluble. R1 = longitudinal 

relaxivity at 300 MHz, R2 = transverse relaxivity at 300 MHz, MS = saturation 

magnetization, Hc = coercive field, MR = remanence, TB = blocking temperature. * measured 

at 10 K. 

 

of the stripped nanoparticles (MION) is 59% lower than that of the oleic acid coated 

precursor, while the blocking temperature doubles to 71 K. Furthermore, TEM analysis 

(Figure 2.16) indicates that the particles become more polydisperse, which coincides with 

a broadening of the ZFC curve. This decrease in magnetization can be  
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somewhat recovered upon refunctionalizing the nanoparticles with PEGs incorporating 

catechol-type anchors, such as catecholamide or 2,3-dihydroxybenzamide. 

 The effects of the two protocols on relaxivity are shown in Figure 2.17. It is 

apparent that catechol-type anchors such as dopamide and 2,3-dihydroxybenzamide 

yields material with higher relaxivities, independent of protocol. However, 

refunctionalization according to the biphasic protocol yields nanoparticles with higher 

relaxivity than comparable ones obtained by the stripping protocol. Notably, 

refunctionalization with a PEG that contains a different anchoring group, such as 

phosphonate or carboxylate, does not enable the recovery of the magnetization. 

MION@PO3PEG and MION@CO2PEG exhibit transverse relaxivities barely 6 % and 25 

% of that of the soap covered nanoparticles (Figure 2.17). 
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Figure 2.17. Transverse relaxivity of a) MION@OA, b) MION@DHBPEG, c) 

MION@DopPEG, d) MION@Dop, and e) MION@PO3PEG, and f) MION@CO2PEG, 

according to the biphasic (black bars) and stripping (white bars) protocol. 
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4. Surface Anisotropy Source #4: Surface Chemical Reactions 

 The fourth source of magnetic anisotropy results from a chemical reaction that 

takes place at the surface of the MIONs between surface iron atoms and surface bound 

ligands. For instance, dopamine was previously reported to react with iron according to a 

radical mechanism to produce leucodopaminochrome.
83

 More recently, the 

decomposition of dopamine was also reported to occur in the presence of iron oxide 

nanoparticles.
84

 Accordingly, and in light of the above results, we postulated that the 

magnetic behavior of the iron oxide nanoparticles would be significantly affected by this 

surface reaction. Refunctionalization of oleic acid coated magnetite, either according to 

the biphasic or the stripping protocol, increases the size of the particles. The bluish color 

of the resulting solution, as well as a significantly different IR for MION@Dop compared 

to that of dopamine, strongly suggests that the dopamine does react with the iron oxide 
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Figure 2.18. NMRD profile of oleic acid-soap-MION (filled circles) and dopamine-

MION (open triangles).  
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nanoparticles (Figure 2.13 and Figure 2.10). For instance, the band at 1611 and 1492 cm
-1

 

disappear upon reaction, whereas new bands at 1521, and 1387 cm
-1

 appear. This first 

observation is thus in accordance with that reported by Carpenter and coworkers.
84

  

Importantly, though, the decomposition of dopamine also has a significant impact 

on the structure and magnetic behavior of the resulting nanomaterial. XRD analysis 

(Figure 2.14) indicates that the iron oxide nanoparticles are no longer composed of pure 

magnetite or maghemite. A number of peaks that do not correspond to either phase are 

now also present. While it is uncertain what the composition of the final material is, the 

impact of this reaction on its magnetic behavior is significant. The blocking temperature 

of the material increases from 34 K to 82 K (Figure 2.15), which is in accordance with an 

increase in particle size observed by TEM. Most notably, the transverse relaxivity of the 

nanoparticles decreases significantly from 130 mMFe
-1

s
-1 

to 16 mMFe
-1

s
-1

. The 

longitudinal relaxivity of the dopamine-MION is also affected (Figure 2.18). The r1 of 

dopamine-MION is only a small fraction of that of the soap covered precursor.  This 

difference is accentuated at low magnetic fields. Interestingly, a bigger change in the 

blocking temperature and in relaxivity is observed when the refunctionalization is 

performed according to the biphasic procedure. This further underlines the influence of 

the functionalization protocol on the magnetization of the final material.  
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 C. Demagnetizing Field: Shape Anisotropy 

When magnetic objects such as superparamagnetic iron oxide nanoparticles, are 

placed in an external magnetic field, an additional magnetic field is produced from the 

nanoparticles. This field works antiparallel to the external field and lessens the overall 

magnetism of the nanoparticles, and as such is appropriately termed the demagnetizing 

field. The strength of the demagnetizing field is predominately a function of the shape of 

the nanoparticles, with stronger demagnetizing fields resulting from different 

distributions of magnetic surface charges on heavily ellipsoid nanoparticles.  

In order to investigate this effect on the magnetism of biocompatible iron oxide 

nanoparticles, two sets of nanoparticles were synthesized from high temperature thermal 

decomposition methods known to produce magnetite (Scheme 2.2): 1) an irregularly 

 

Scheme 2.2. Faceted nanoparticles were synthesized according to the procedure of Sun 

et al. via the thermal decomposition of Fe(acac)3 precursors in benzyl ether (a). 

Alternatively, spherical nanoparticles were obtained by the procedure of Jana et al. via 

the thermal decomposition of Fe(oleate)3 precursors in 1-octadecene (b). The surface 

bound surfactant ligands oleylamine and oleic acid were omitted from the nanoparticles 

for clarity. 
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shaped, faceted batch of nanoparticles, and 2) a spherical, well-rounded batch of 

nanoparticles. To prevent any surface anisotropic effects resulting from ligand exchanges, 

CTAB-mediated phase transfer was used to generate water stable nanoparticles for 

relaxivity studies.  

Oleic acid-coated iron oxide nanoparticles were synthesized by high temperature 

thermal decomposition of either Fe(acac)3 or Fe(oleate)3 according to the procedures 

developed by Sun et al. and Jana et al., respectively (Scheme 2.2).
1,72

  

The irregular nanoparticles from the surface anisotropy investigation were used 

Figure 2.19. TEM images of faceted oleic-acid functionalized nanoparticles synthesized 

by high temperature thermal decomposition of Fe(acac)3 precursors (a – f) according to 

the procedure of Sun et al. Spherical oleic acid functionalized nanoparticles were 

synthesized from Fe(oleate)3 precursors (g – i) according to procedure of Jana et. al. 

Nanoparticle size and polydispersities (to one standard deviation) are a) 4.9 ± 1.1 nm, b) 

7.1 ± 1.4 nm, c) 9.4 ± 1.9 nm, d) 10 ± 2  nm, e)15 ± 3 nm, and f) 18 ± 3 nm, g) 8.7 ± 1.3 

nm, h) 13 ± 1 nm, and i) 16 ± 2 nm. 
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again for this study, and spherical nanoparticles were synthesized in one-pot method from 

Fe(oleate)3 precursors. Irregularly faceted nanoparticles of diameter 4.9 ± 1.1 nm, 7.1 ± 

1.4 nm, 9.4 ± 1.9 nm, 10 ± 2  nm, 15 ± 3 nm and 18.3 ± 2.8 nm, and spherical 

nanoparticles of size 8.7 ± 1.3 nm, 13 ± 1 nm, and 16 ± 2  nm were synthesized (Figure 

2.19). Similarly, a CTAB mediated phase transfer was conducted as previously described 

to generate water-stable dispersions of faceted and spherical nanoparticles of varying 

sizes. 

Comparison of the hysteresis measured at room temperature for the irregularly 

faceted crystals synthesized from thermal decomposition of Fe(acac)3 to the spherical 

ones produced from Fe(oleate)3 precursor (Figure 2.20). Whereas the faceted crystals 

present a pure superparamagnetic behavior with a clear saturation magnetization reached 
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Figure 2.20. Magnetic hysteresis plots of faceted 9.4 nm (solid line) and spherical 8.7 

nm (dashed line) nanoparticles at 298 K. No magnetic coercivity is observed at 

temperatures above the blocking temperature of the nanoparticles. Note that the faceted 

nanoparticles, synthesized according to the procedure of Sun et. al. present a clear 

saturation magnetization the spherical nanoparticles synthesized according to the 

procedure of Jana et al. do not. 
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at 1.0 T, the spherical nanoparticles do not. The failure of the spherical crystals to reach a 

saturation value clearly indicates the presence of a ferromagnetic contribution to the 

magnetism of spherical nanoparticles. It remains unclear whether this difference is 

entirely due to the shape of the nanoparticles as opposed to slight differences in their 

composition. The presence of a ferromagnetic contribution would suggest the latter. 

 Regardless, it appears that the faceted iron oxide nanoparticles synthesized by 

thermal decomposition of Fe(acac)3 present favorable magnetism compared to the 

spherical ones produced from Fe(oleate)3.
1,72

 This difference is further accentuated in the 

relaxivity of the hydrophilic MIONs. The spherical nanoparticles synthesized by thermal 

Figure 2.21 Longitudinal (r1, a) and transverse (r2, b) relaxivity of MION@CTAB 

nanoparticles for faceted nanocrystals synthesized according to the procedure of Sun et. 

al. (filled squares) and spherical nanocrystals synthesized according to the procedure of 

Jana et. al. (open spheres). Note the increase in r2 and decrease in r1 for the faceted 

nanocrystals. Both r1 and r2 of spherical nanocrystals do not demonstrate any size 

dependence. Error bars on the x-axis represent polydispersity of crystal size (one 

standard deviation), and y-axis error bars represent error in relaxivity (one standard 

deviation, n = 3). Experimental conditions: B = 1.5 T, T = 37 °C, mQ water, pH = 6. 
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decomposition of Fe(oleate)3 do not show any size dependency of their transverse, nor 

longitudinal relaxivities (Figure 2.21). Moreover, in each case, the spherical nanoparticles 

have significant worse r2 then the faceted analogs of similar size. For 16 nm nanoparticles 

for instance, the spherical MIONs have half the transverse relaxivity as the faceted ones. 

A similar trend is observed for longitudinal relaxivity. In each case, for a same particle 

size, the spherical MIONs have r1 is less than a third that of the faceted MIONs. The 

shape of the crystal does influence its demagnetizing field, which in turn influences its 

anisotropy energy and thus also the relaxivities.  

 It is not certain, however, that the significant difference observed in r1 and r2 are 

attributable solely to the difference in shape. The faceted nanoparticles are not 

particularly elongated, such that the demagnetizing field should remain negligible. 

Rather, a minor difference in the composition of the iron oxide nanoparticles, as 

evidenced by the presence of a ferromagnetic contribution in the hysteresis of the 

spherical nanoparticles absent in that of the faceted nanoparticles, may be more the cause 

of the problem.  

 

D. Conclusions and Future Work 

 This chapter has discussed systematic investigations into the effects of three of the 

four major contributions to anisotropic effects on relaxivity. The bulk magnetocrystalline 

anisotropy is a function of the composition and size of the nanoparticles. Larger 
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nanoparticles up to around 15 nm have higher MS and higher relaxivities than smaller 

particles. Transverse relaxivity was independent of magnetic field strength and 

diminishes as temperature increases, regardless of particle size.  

 Surface spin canting plays a key role in decreasing the magnetism of the MIONs 

during phase transfer. The method by which surface ligands are attached to the 

nanoparticles can have significant impact on the resulting relaxivity and application of 

the nanoparticles. As such, it was found that there is significant impact of the organic 

coating on the magnetic properties and relaxivity of iron oxide nanoparticles when used 

as contrast agents for medical magnetic resonance imaging. Specifically, two parameters 

were found to influence relaxivity: the anchoring group and the refunctionalization 

protocol. Anchoring groups that contain catechol functionalities, such as dopamide and 

2,3-dihydroxybenzamide were found to retain most efficiently the relaxivity and 

saturation magnetization of the oleic-acid coated magnetite precursors. Other groups, 

such as carboxylate and especially dopamine, significantly decrease the relaxivity of the 

magnetite, either by reacting with the nanoparticles, or possibly, by altering the spin 

canting of the irons.  

 The protocol followed for the refunctionalization was also found to have a 

significant impact on the relaxivity of the nanoparticles. In each case, for a given PEG, 

the relaxivity obtained for magnetite nanoparticles refunctionalized according to the 

biphasic protocol is higher than that of material obtained from the stripping protocol. The 

influence of the organic coating on the magnetic behavior and relaxivity of iron oxide 
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nanoparticles should therefore not be ignored. The choice of the anchoring functionality 

and refunctionalization protocol are parameters crucial to the behavior of the material 

which should be taken into consideration when designing particulate contrast agents for 

MRI, as it is but one of the four major parameters affecting the total anisotropy of the 

nanoparticles, and thus their efficacy as imaging agents. Finally, the relaxivity of faceted 

nanoparticles was found to be highly dependent on shape, with faceted particles out 

performing spherical particles of similar size.  

 Further work should be taken to continue the investigation to include significantly 

different shapes of nanoparticles. The demagnetizing field produced in these studies can 

be magnified by changing the shape of the nanoparticles more significantly. Additionally, 

a broader ligand set should be investigated, mainly those with longer PEG units.  
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III. Experimental 

 

General considerations. Unless otherwise noted, starting materials were obtained from 

commercial suppliers and used without further purification. Water was distilled and 

further purified by a Millipore cartridge system (resistivity 18 x 10
6
 Ω). Relaxivities were 

measured at 37 °C and 1.5 T (60 MHz) on a Bruker Minispec mq60. Magnetic resonance 

images were acquired on a 9.4-T, 31-cm horizontal bore magnet (Magnex Scientific, 

Oxford, UK) interfaced with a Varian INOVA console (Varian, Palo Alto, CA, USA).  

The magnet was equipped with a gradient insert capable of reaching 450 mT/m in 200 s 

(Resonance Research, Inc., Billerica, MA).  The radiofrequency (r.f.) coil assembly 

consisted of a linear surface coil (12 mm diameter). TEM images were collected on a 

JOEL JEM1210, FEI Tecnai T12, and on a JOEL 1200 EXII at 120 kV. Magnetic data 

(ZFC/FC magnetization curves and hysteresis plots) were recorded on a commercial 

SQUID magnetometer (MPMS-XL - Quantum Design). Powder X-ray diffraction (XRD) 

was performed using a PANalytical X-Pert PRO MPD X-ray diffractometer equipped 

with a cobalt source and an X-Celerator detector. Data was collected over the range of 

10-90º 2θ at a scan rate of 0.6º per minute. The diffraction patterns were compared to the 

reference powder diffraction files (PDF) for magnetite (#19-629). The ZFC/FC curves 

were obtained in an applied magnetic field (H = 5 mT) and performed while heating the 

sample in the range 10<T<170 K in zero-field-cooled (ZFC) and field-cooled (FC) 

procedures. Hysteresis loops were obtained at by using maximum applied fields up to 1 T 
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in field cooling treatment. Elemental analysis by Inductively Coupled Plasma Optical 

Emission Spectroscopy (ICP-OES) on a Perkin-Elmer Optima 3000V was performed by 

the Soil Testing and Research Analytical Laboratory of the University of Minnesota, 

Twin-Cities. Prior to analysis by ICP, all nanoparticles samples were digested in 

concentrated nitric acid at 100° C overnight. 

  

MRI. Gradient echo images were acquired using following parameters: TR = 60 ms, TE = 

2.4 ms, matrix = 512 × 256, slice thickness = 5 mm, flip angle = 30°, FOV = 5 cm.  In 

SWIFT sequence, RF excitation was performed with a hyperbolic secant pulse having a 

time-bandwidth product of 256, an excitation of bandwidth of 125 kHz, and a flip angle 

of 22°.  The pulse was oversampled by a factor of 32.  Data were collected in 256 pulse 

gaps of 6 s.  The repetition time, including 2 ms pulse length, was 3.04 ms, the diameter 

of the FOV was 4 cm, and isotropic voxel size = 0.156 mm.  Data in k-space consisted of 

128,000 spokes.  The terminus of the k-space vectors describe the isotropically 

distributed points on a sphere located in up to 32 interleaved spirals.  The total acquisition 

time was 6 min.  

 

NMRD. The water proton 1/T1 longitudinal relaxation rates were measured at 37°C using 

the standard inversion–recovery method with typical 90°-pulse width of 3.5 μs, 16 

experiments of 4 scans. The reproducibility of the T1 data was estimated to be ±1%. The 

temperature was controlled with a Stelar VTC-91 airflow heater equipped with a copper–



Nanoparticle Relaxivity and Anistropy Chapter 2 

79 

  

constantan thermocouple (uncertainty ±0.1 ◦C). The 1/T2 data were measured using the 

Carr-Purcell-Meiboom-Gill pulse sequence (CPMG) at 37°C. At 11.74 T 0.3 mL of the 

solution was inserted into a 5 mm NMR tube and 16 scans were acquired using tCP values 

between 1 and 120 ms with a 90°-pulse width of 11 μs. The data at 20, 40 and 60 MHz 

were measured on 0.2 mL of the solutions using 16 scans, tCP values between 0.5 and 80 

ms with a 90°-pulse width of 11 μs. All experimental 1/T1 and 1/T2 values of relaxation 

rates were corrected for diamagnetic contributions using a solution of water at pH = 6. 

 

4.7 nm faceted Fe3O4 nanoparticle seeds. Oleic-acid functionalized magnetite 

nanoparticles were synthesized according to a procedure developed by Sun, et. al. 

Briefly, Fe(acac)3 (2.2 g, 2.0 mmol), 1,2-hexadecanediol (7.8 g, 30 mmol), oleic acid (5.7 

mL, 18. mmol) and oleylamine (5.8 mL, 18 mmol) were dissolved in benzyl ether (60 

mL) in a round bottom flask. The mixture was stirred vigorously under nitrogen and 

heated for 2 h at 200 °C followed by 1 h at 300 °C. During this time, the mixture became 

black. The black suspension was then cooled to room temperature, and ethanol (120 mL) 

was added. The reaction mixture was centrifuged (10 min, 6000 rpm), and the black 

precipitate was collected. The product was re-suspended in n-hexane (90 mL) with oleic 

acid (0.15 mL) and oleylamine (0.15 mL). The suspension was centrifuged (10 min, 6000 

rpm) to remove undispersed residue. Ethanol (120 mL) was then added to precipitate the 

nanoparticles, which were re-suspended and stored in n-hexane.  
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7.1, 9.4, 10, 15, and 18 nm faceted Fe3O4 nanoparticles. Oleic acid functionalized 

magnetite nanoparticles of sizes larger than 6 nm were synthesized according to the step-

wise procedure of Sun et al. using the 6 nm nanoparticles as seeds. Briefly, Fe(acac)3 (2.2 

g, 2 mmol), 1,2-hexadecanediol (2.6 g, 10 mmol), benzyl ether (20 mL), oleic acid (2.8 

mL, 2 mmol), and oleylamine (2.9 mL, 2 mmol) were dissolved in a round bottom flask 

under a flow of nitrogen. A sample of Fe3O4 nanoparticle seeds (2 mmol, dispersed in 

hexanes, 2 nm smaller than the intended final nanoparticle size) was added and the 

mixture was heated to 100 °C for 30 min, and then to 200 °C for 1 h. The temperature 

was increased to 300 °C for 1 h. The mixture was cooled to room temperature and 

ethanol (120 mL) was added. The reaction mixture was centrifuged (10 min, 6000 rpm), 

and the black precipitate was collected. The product was re-suspended in n-hexane (90 

mL) with oleic acid (0.15 mL) and oleylamine (0.15 mL). The suspension was 

centrifuged (10 min, 6000 rpm) to remove undispersed residue. Ethanol (120 mL) was 

then added to precipitate the nanoparticles, which were re-suspended and stored in n-

hexane. 

 

Spherical 8.7, 13, and 16 nm Fe3O4 nanoparticles. Oleic acid functionalized spherical 

magnetite nanoparticles were synthesized according to the procedure of Jana et. al. 

Briefly, iron(oleate)3 (0.2 g, 0.2 mmol) and oleic acid (0.1 g, 0.6 mmol) were dissolved in 

1-octadecene (4 mL). The solution was refluxed at 320 °C for 30 min under nitrogen after 

which the mixture was cooled to room temperature and a minimum amount of ethanol 
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was added to precipitate the particles. The mixture was centrifuged (10 min, 6000 rpm), 

and the black precipitate was collected. The sample was redispersed in hexane, another 

minimum amount of ethanol was added. The precipitated particles were centrifuged (10 

min, 6000 rpm) and redispersed in n-hexane. Spherical nanoparticles 13 and 16 nm in 

diameter were synthesized analogously using five and eight equivalents (0.28 g, 1.0 

mmol and 0.45 g, 1.6 mmol; respectively) of oleic acid. 

 

Soap-functionalization. Oleic acid coated nanoparticles (10 mg) and 

hexadecyltrimethylammonium bromide (10 mg) were suspended in chloroform (5 mL) 

and the black mixture was stirred overnight.  The solvent was removed under reduced 

pressure and the resulting brown solid re-suspended in mQ water. 

 

Refunctionalization of iron oxide nanoparticles was performed according to either of the 

following two protocols: 

 

Surface Functionalization Protocol #1 – Two-step Exchange Protocol. Iron oxide 

nanoparticles (10 mg) were suspended in chloroform (5 mL). Ethanol (10 mL) was added 

and the suspension centrifuged (5 min, 5000 rpm).  The black pellet was collected, 

resuspended in ethanol (5 mL), and sonicated (< 20 sec). The suspension was centrifuged 

again (5 min, 5000 rpm) and the particles collected. The centrifugation-sonication 

process was repeated two more times resulting in stripped iron oxide nanoparticles 
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(varying masses). The stripped nanoparticles were then added to a solution of surfactant 

a-g (Chart 2.1) in dichloromethane (5 mL) in a 1:1 mass ratio. The monophasic mixture 

was sonicated (10 min) and water (5 mL) was added. The mixture was then centrifuged 

(5 min, 13000 rpm) and the black-brown solid collected. Water (5 mL) was added and the 

centrifugation-wash procedure was repeated two more times. The resultant particles were 

suspended in water.  

 

Surface Functionalization Protocol # 2 – Direct, Biphasic Protocol. Iron oxide 

nanoparticles (2.3 mg/mL) were suspended in 10 mL of hexanes.  This suspension was 

added to a methanol/water solution (2:5 ratio CH3OH:H2O, 7 mL, pH = 4) of the 

surfactant a-g (5 mg, Chart 2.1), and the resulting biphasic mixture sonicated for 1 hr. 

The black aqueous phase was separated and extracted with hexanes (3  20 mL). The 

aqueous phase was collected and lyophilized and the resulting black-brown nanoparticles 

were suspended in water.  

 

Relaxivity. Longitudinal (T1) and transverse (T2) relaxation times of solutions of 

MION in mQ water were measured on a Varian 300 at 300 MHz according to the inverse 

recovery sequence and the Carr-Purcell-Meiboom-Gill sequence, respectively. The total 

concentration of iron of each sample was measured by ICP-OES following digestion of 

the nanoparticles by nitric acid. For each sample, T1 and T2 relaxation times were 
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measured for four solutions of different nanoparticle concentrations. The longitudinal (r1) 

and transverse (r2) relaxivities were fitted to the following equation. 

 1,2where,
11

[Fe]
O2Hobs
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Chapter 3  

Responsive, Monomodal Particulate Imaging Agents 

Adapted from Smolensky, D.; Marjanska, M.; Pierre, V. Dalton Trans. 2012, 41, 8039-

46. 

I. Introduction 

The relaxivity of iron oxide nanoparticles (MIONs) is heavily dependent on the 

three parameters discussed in Chapter 2. The final parameter, the dipolar coupling 

between particles, is the basis for the design of responsive, or “smart” particulate contrast 

agents. The strength of the dipolar coupling is primarily a function of the distance 

between neighboring particles, with closer particles experiencing larger coupling. As a 

result, when MIONs aggregate together, their effects on transverse relaxivity are 

enhanced significantly, and increases (ca. two-fold) can be observed upon the decrease of 

interparticle distance. Using this behavior, the ability of the nanoparticles to function as 

responsive contrast agents is concomitant with control over the aggregational state of the 

nanoparticles. It is the purpose of this chapter to investigate the capability of the MIONs 

to selectively aggregate in the presence of Cu(I) over other endogenous cations, as Cu(I) 

is a key player in the propagation of neurodegenerative disorders. 

Deregulation of copper homeostasis in the body leads to severe pathological 

disorders such as Wilson's disease (accumulation of copper) and Menkes’ syndrome 
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(copper deficiency). Neurodegenerative diseases such as Alzheimer's and Parkinson's, on 

the other hand, are characterized with miscompartmentalization of copper. Aβ plaques 

contain as much as 400 μM of copper, two orders of magnitude higher than the normal 

brain extracellular level. Moreover, given the efficiency with which loosely bound Cu(I) 

catalyzes the generation of hydroxyl radical, accumulation of Cu(I) induces oxidative 

stress with subsequent damage to cells, tissues and organs.
85,86

 This reactivity is 

correlated to the pathogenicity of Parkinson's and Alzheimer's diseases as elevated copper 

concentrations in the cerebrospinal fluid and Aβ amyloid plaques, respectively, are 

symptomatic of these disorders.
87,88

 Given the toxicity of loosely-bound (as opposed to 

protein-bound) Cu(I), a direct, selective and non-invasive probe capable of imaging its 

spatial distribution in the brain in vivo is highly desirable. Magnetic Resonance Imaging 

(MRI), with its three-dimensional imaging capability and superior resolution remains the 

method of choice. Its application in copper imaging, however, first requires the 

development of responsive, or “smart” contrast agents. 

Responsive MRI contrast-agents have received significant attention over the last 

decade. Their promulgation and application to biomedical imaging, however, has 

remained elusive, partly due to their negligible response under physiological conditions. 

The vast majority of responsive contrast agents, like their non-responsive predecessors, 

belong to either of two classes: those based on gadolinium complexes, and those 

incorporating Magnetic Iron Oxide Nanoparticles (MIONs).
89,90

 Gadolinium-based 

responsive probes rely on the dependence of their longitudinal relaxivity (r1) on two 
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parameters: the number of inner-sphere, or coordinated, water molecules (q-based 

contrast agents) and on the rotational correlation time of the complex (RIME-based 

contrast agents). In terms of Cu(I) imaging, several q-based responsive MRI contrast 

agents have already been reported.
91,92

 These agents are plagued by two problems: their 

selectivity over Zn(II) has been brought into question, and their response in serum-like 

solutions is only a fraction of that observed in pure water.
91-93

 This lower response results 

from displacement of inner-sphere water molecule(s) by coordinating endogenous anions, 

most notably carbonate and hydrogen phosphate.
94,95

 This significant drawback, common 

to most q-based gadolinium responsive contrast agents, limits their practical applications. 

Responsive MION-based MRI contrast agents, on the other hand, rely on the 

effect of magnetic interactions between agglomerated magnetite or maghemite 

nanoparticles on both their longitudinal (r1) and transverse (r2) relaxivities, as reflected in 

the two classes of MIONs.
90

 MIONs are separated into two classes based on their degree 

of aggregation: USPIOs refer to non-aggregated nanocrystals, whereas SPIOs refer to 

aggregated crystals, with cluster size typically > 50 nm.
96

 Dextran-coated USPIOs (ultra 

small particles of iron oxide) such as Sinerem® (r1 = 7.3 mM
−1

Fe s
−1

, r2 = 65 mM
−1

Fe 

s
−1

) are characterized by lower r2 and higher r1 than dextran-coated clusters of SPIOs 

(small particles of iron oxide) such as Endorem® (diameter = 200 nm, r1 = 4.7 mM
−1

Fe 

s
−1

, r2 = 120 mM
−1

Fe s
−1

 at 1.5 T and 37 °C). Previous responsive particulate-based 

contrast agents were thus designed by functionalizing the dextran coating in such a way 

that interaction with a targeted biomarker selectively induces agglomeration of the 
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nanoparticles. In all previous reports, this induced clustering increased r2 and decreased 

r1. The ratio r1/r2, which is independent on the concentration of contrast agent, was 

thought to directly enable detection of the biomarker even when the concentration of the 

probe is unknown. This method was previously employed to detect oligonucleotides,
97

 

proteins,
98

 antibodies,
97

 enzymes
97,99

 and viruses.
100

 Advantageously, as opposed to q-

based gadolinium contrast agents, the response is independent of endogenous anions 

although that observed in serum is always smaller than in buffer. A significant 

disadvantage of these MION probes, however, is the small (less than two-fold) change in 

relaxivity observed, thereby significantly limiting their practicality. 

Importantly, in each of the above examples, the iron oxide cores (3–5 nm in 

diameter) were coated with a thick layer of dextran (20–30 nm) and further 

functionalized with proteins, antibodies, oligonucleotides or ligands. As a result, the 

cores remained significantly separated from each other (> 50 nm) even in the 

agglomerated state. Previous work by Rotello, however, indicated that maximum 

magnetic interactions between MIONs occur when their interparticle distance decreased 

below 7 nm.
101

 We thus postulated that decreasing the thickness of the organic coating 

via the use of reactive polyethylene glycol would increase the response of this class of 

contrast agents. Moreover, work from Chapter 2 indicated that certain PEG-

functionalized nanoparticles, are highly stable and demonstrate superior transverse and 

longitudinal relaxivity compared to dextran-coated USPIOs of similar size.
102

  



Monomodal Imaging Agents Chapter 3 

88 

 

Selective agglomeration by copper(I) was achieved with Cu(I)-catalyzed Huisgen 

cycloaddition.
103

 This reaction occurs readily in water and advantageously is not affected 

by anions or large concentration of endogenous glutathione.
104

 Our responsive contrast 

agent for copper(I) thus consists of an equimolar mixture of two magnetite nanoparticles, 

both 11.6 ± 0.7 nm in diameter, the first of which is functionalized by a dopamide-PEG 

terminated by an acetylene (MION@Dop-PEG-C≡CH, (MION-2)), while the second 

bears a terminal azide (MION@Dop-PEG-N3, (MION-1), see Scheme 3.2). 

 

 

 

 

 

 

Scheme 3.1. Chemical structure and principle of our responsive contrast agent. Cu(I)-

catalyzed Huisgen cycloaddition conjugates the MIONs in close proximity, resulting in 

changes both in r1 and r2. Particles are fully coated with the Dop-PEG-N3 (1) or Dop-

PEG-C≡CH (2) ligands (simplified for clarity). 
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II. Results and Discussion.  

A. Synthesis of MION-based Probes 

The two MIONs, MION@Dop-PEG-C≡CH (MION-2) and MION@Dop-PEG-N3 

(MION-1), were synthesized according to (Scheme 3.2). Dop-PEG-BOC was synthesized 

from the commercial NHS-activated and BOC-protected polymer using standard 

coupling conditions. A mean molecular weight of 2000 g•mol
-1

 was chosen as this PEG 

was previously demonstrated to effectively stabilize iron oxide nanoparticles and 

Scheme 3.2. Synthesis of MION@Dop-PEG-N3 (1) and MION@Dop-PEG-C≡CH (2). 

Conditions: (a) dopamine, DIPEA, RT, 2 h, (b) TFA, CHCl3, RT, 2 h, (c) pentynoic acid, 

HATU, DIPEA, DMA, RT, 15 h, (d) 5-azidopentanoic acid, HATU, DIPEA, DMA, RT, 

15 h, (e) MION@OA, H2O, RT, (f) MION@OA, H2O, RT 
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minimize aggregation, a necessity in the design of responsive MION-based contrast 

agents.
105

 Deprotection of the amine yielded Dop-PEG-NH2 that can be either modified 

to the acetylene, Dop-PEG-C≡CH, or the azide-terminated polymer, Dop-PEG-N3 in one 

step. Functionalization of MIONs with each ligand was performed according to a ligand-

exchange protocol which was discussed in Chapter 2 to maintain the high saturation 

magnetization and relaxivity of magnetite nanocrystals.
106

 Successful functionalization 

was assessed by infrared spectroscopy (Figure 3.2). TEM characterization indicated that 

the core size was maintained (Figure 3.1). Both MIONs are highly stable and remain 

well-dispersed in water over an extended period of time, with no change in longitudinal 

and transverse relaxivity and aggregation is observed over several months. 

Figure 3.1. Transmission electron micrographs and distribution of particle size of (a) 

MION@Dop-PEG-C≡CH (MION-2) and (b) MION@Dop-PEG-N3 (MION-1). The 

particles have low polydispersity and monomodal size distributions with average 

diameters of 11.7 ± 0.7 nm and 11.6 ± 0.7 nm, respectively 
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B. Relaxivity Studies 

Cu(I)-catalyzed Huisgen cycloaddition conjugates the nanoparticles into three-

dimensional arrays that affect both their longitudinal and transverse relaxivities (Figure 

3.3). These arrays are stable in water, and no precipitate is observed under these 

conditions. Interestingly, even though Cu(I) is a catalyst and not a stoichiometric reagent 

for the Huisgen cycloaddition, both the r1 and r2 responses show a dependence on the 

concentration of the metal. Kinetics studies further demonstrate that regardless of the 

Cu(I) concentration, both r1 and r2 plateau after two hours (Figure 3.3). This behavior 
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likely stems from the weak binding affinity of the PEG for copper.
107

 Sequestration of 

copper ions by the long PEG inside nanoparticles clusters likely prevents the metal from 

further catalyzing the expansion of the network, hence the dependency of the final 

relaxivity on the concentration of Cu(I). 

As expected, the formation of the arrays decreases r1 of the contrast agent from 

11.9 mM
−1

s
−1

 to 6.2 mM
−1

s
−1

, corresponding to a change of 48 %. This decrease is 

substantially greater than the 17 % observed by Weissleder with his responsive contrast 

agent for oligonucleotides.
108

 These observations are in complete agreement with 

previous theoretical calculations by Gillis which involve the presence of two pools of 

water in equilibrium.
59

 

The relaxivity induced by superparamagnetic nanoparticles in aqueous colloidal 

suspension can be explained by the classical outer-sphere relaxation, or so-called Curie 

0 10 20 30 40 50 60
0

2

4

6

8

10

12

r 2
 (

m
M

-1
 s

-1
)

DLS Size (nm)

0 10 20 30 40 50 60
0

50

100

150

200

r 2
 (

m
M

-1
 s

-1
)

DLS Size (nm)

Figure 3.3. Kinetics of the response of the longitudinal relaxivity (r1) of the contrast 

agent to Cu(I). Experimental conditions: water, pH 7, [Fe]total = 120 μM, 1 : 1 azide :

acetylene, [ascorbate] = 3 × [Cu(I)], 1.5 T, 37 °C 
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relaxation theory (Chapter 2).
6,59

 In terms of aggregation, the Gillis group has previously 

calculated and observed a decrease in longitudinal relaxivity with increasing cluster 

size.
59

 This decrease was attributed to a change in the accessibility of bulk water 

molecules to the magnetic nanocrystals. In essence, aggregation results in the formation 

of two pools of water molecules which are exchanging slower than they are relaxing. 

Although the water molecules inside the agglomerate relax rapidly, the bulk water 

(outside the aggregate) relaxes slowly such that the overall longitudinal relaxivity 

decreases. Theoretical calculations incorporating a virtual exchange between these two 

pools reproduce remarkably well the observed decrease in r1 with increasing cluster 

size.
59

 

As opposed to previous studies on MION agglomeration,
97-99

 Cu(I)-induced 

agglomeration does not result in a continuous increase in transverse relaxivity upon 
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Figure 3.4. Decrease in longitudinal relaxivity (r1) upon increase in cluster size of 

MION@Dop-PEG-N3 (1) and MION@Dop-PEG-C≡CH (2) induced by reaction with 

Cu(I). Cluster sizes were measured by DLS. Experimental conditions: water, pH 7, 

[Fe]total = 100 μM, 1 : 1 azide : acetylene, [ascorbate] = 3 × [Cu(I)], 1.5 T, 37 °C, reaction 

time 1 h. 
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cluster formation. Instead, at low Cu(I) concentrations r2 nearly doubles, whereas at high 

concentrations it is mostly quenched. The initial increase and subsequent decrease in r2 

upon clustering of the nanoparticles is further apparent in the kinetic studies of cluster 

size and r2 upon addition of 75 μM and 100 μM Cu(I) (Figure 3.4). 

In terms of transverse relaxivity, the initial increase followed by a steep decrease 

in r2 with increasing cluster size appears to vary considerably with previous reports of 

responsive particulate contrast agents. Our results, however, fully agree with theoretical 

calculations and experimental observations performed by the Gillis group.
59

 Unlike 

longitudinal relaxation, the effects observed for transverse relaxivity arise from changes 

in the global structure of the cluster and the magnetic field surrounding it. Initially, 

formation of small clusters falls within a domain where the motional averaging 

conditions ΔωτD < 1 is fulfilled.
24

 The cluster itself behaves as a large magnetized sphere 

whose total magnetic moment increases according to Langevin's law (Chapter 2). The 
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Figure 3.5. Kinetics of size of nanoparticles clusters (△) and their effect on transverse 

relaxivity (●) upon reaction with Cu(I). Experimental conditions: water, pH 7, [Fe]total = 
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relaxation is governed by the outer-sphere relaxation theory and is characterized by a 

long correlation time. 

Eventually, the cluster becomes too large such that the motional averaging 

condition breaks down. T2 is now governed by the Static Dephasing Regime (SDR), as 

discussed in Chapter 1. Here, the translational diffusion time of a proton across the 

cluster is slowed enough such that it’s motion, relative to the cluster, is static. A plateau 

is observed and r2 remains continuous with increasing cluster size. As the cluster size 

increases further, the relaxation rate decreases with increasing cluster size. 

In our system involving the aggregation of 11 nm wide magnetite nanoparticles, 

the plateau in transverse relaxivity is observed for cluster size ranging between 200 – 250 

nm in diameter. The same plateau observed by Gillis in the decomposition-induced 

aggregation of AMI25 also occurred for cluster size between 200–250 nm in diameter.
59

 

Although we observed a greater increase in r2 (93% increase) than the AMI25 system 

(40%), comparison of our two systems show remarkable consistency as to the size of the 

cluster needed to reach the static dephasing regime. 
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C. MRI Studies 

T1-weighted gradient-echo and T2-weighted spin-echo MR images (phantoms) of 

solutions at equimolar iron concentrations of MION@Dop-PEG-C≡CH (MION-1) and 

MION@Dop-PEG-N3 (MION-2) in the absence and presence of copper confirms the 

relaxivity measurement (Figure 3.6). Colloidal suspensions of MION@Dop-PEG-C≡CH 

(MION-1) and MION@Dop-PEG-N3 (MION-2) as well as a sample containing a 1:1 

ratio of the acetylene and azide-functionalized MION in the absence of Cu(I) each 

showed negative contrast enhancement in both a T1-weighted and a T2-weighted image by 

the same amount (Figure 3.6). It should be noted that due to the very short T2 values of 

these samples, gradient-echo images are not purely T1-weighted, hence the negative 

contrast observed for the samples containing the MIONs versus pure water. 

Figure 3.6. MR images of samples in capillary tubes. (a) T1-weighted gradient echo 

image, (b) T2-weighted spin echo image. (I) mQ water, (II) MION@Dop-PEG-C≡CH 

(MION-2), (III) MION@Dop-PEG-N3 (MION-1), (IV) 1:1 ratio of (1):(2) no Cu(I)Asc, 

(V) 1:1 ratio of (1):(2) 100 μM Cu(I)Asc, (VI) 1:1 ratio of (1):(2) 500 μM Cu(I)Asc. In 

each case, [Fe]total = 1.05 mM. scale bar = 1 mm. Reaction time: 16 h at 25 °C. 
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Addition of 100 μM Cu(I) lengthens T1 (decreases r1) and shortens T2 (increases 

r2) which results in both darker gradient-echo and spin-echo images (Figure 3.6). Indeed, 

T1 agents results in positive contrast: gradient echo images are brighter the higher the 

longitudinal relaxivity; on the other hand T2 agents produce negative contrast: spin echo 

images become darker the higher the transverse relaxivity. Addition of a higher 

concentration of Cu(I) (500 μM) further decreases slightly r1 but decreases significantly 

r2. As a result the spin-echo image becomes significantly brighter. Interestingly, the 

gradient-echo image also becomes brighter. This is likely due to the fact that T2 is no 

longer short enough to affect gradient echo image so significantly, as a result the large 

clusters behave more as positive T1 contrast agents. 

These results have significant consequences in terms of both the design of SPIOs 

(cluster) as contrast agents for MRI, and more importantly, in the efficacy and 

practicality of responsive particulate MRI contrast agents. As our results clearly show, 

analyte-induced aggregation of MION – the basis for all responsive particulate MRI 

contrast agents – is doubly flawed. First, because the maximum increase in transverse 

relaxivity obtainable is barely two-fold. It is questionable whether this response, which is 

significantly smaller than those observed for gadolinium-based contrast agents,
91,92

 is 

sufficient for in vivo imaging of targeted analytes in conditions where the local 

concentrations of the agent can vary greatly. Second, and perhaps most importantly, 

increased aggregation (increase in cluster size) does not result in a constant increase in 

transverse relaxivity. Rather, the small two-fold increase is followed by a sharp and 
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almost complete loss in r2. The larger clusters relax water significantly worse than the 

corresponding non-agglomerated MIONs. As a result of the bell-shaped curve of r2 

versus cluster size, the ratio r1/r2 previously used to monitor the concentration of the 

analyte independently of the concentration of the contrast agent is inaccurate. Indeed, 

each value of r1/r2 corresponds to two different concentrations of analyte. 

 

D. Selectivity Studies 

The selectivity of the responsive contrast agent towards physiological cations and 

neurologically relevant metal ions is shown in Figure 3.7. Neither the alkali nor the alkali 

earth ions influence the relaxivity of the nanoparticles, although their presence slightly 
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Figure 3.7. Selectivity of the responsive contrast agent to various physiological cations: 

(a) longitudinal relaxivity, (b) transverse relaxivity. White bars represent r2 after addition 

of an excess of the appropriate cation (5 mM NaCl, 5 mM KCl, 0.5 mM MgCl2, 2.5 mM 

CaCl2, 0.5 mM ZnCl2 and 0.5 mM CuSO4). Black bars represent r2 after subsequent 

addition of 75 μM CuCl and 0.225 mM Na ascorbate (20 min reaction time). 

Experimental conditions: water, pH 7, [Fe]total = 100 μM, 1:1 azide:acetylene, 37 °C, 1.5 

T. Error bars represent s.d. (n = 3).  
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decreases the response of the contrast agent to Cu(I). Coordination of these cations by the 

polyethylene glycol changes the conformation of the polymer, thereby affecting the 

accessibility of the solvent molecules to magnetite cores.
109,110

  

Addition of high concentrations of either Zn(II) or Cu(II) also increases r2, though 

significantly less than Cu(I). Although neither of these two metals is known to catalyze 

the 1,3-cycloaddition of alkynes and azides, both form stable complexes with azides.
111-

113
 In depth studies indicate that it is indeed coordination to azides that result in the 

observed response. Addition of either Zn(II) or Cu(II) to azide-functionalized MIONs 

(without the acetylene-coated counterparts) result in consequential increase in r2. 
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Figure 3.8. Response of the nanoparticles to a) Cu(II) and b) Zn(II). White bars represent 

r2 in mQ water; black bars represent r2 after addition of 0.50 mM ZnCl2. Experimental 

conditions: water, pH 7, [Fe]total = 120 μM, 1:1 azide:acetylene, 37 °C, 1.5 T. Error bars 

represent s.d. (n = 3). 
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E. Conclusions and Future Work 

A novel responsive particulate MRI contrast agent for the detection of copper(I) is 

described. Cu(I)-catalysed Huisgen cycloaddition of acetylene and azide-functionalized 

PEGylated MIONs results in a significant decrease in longitudinal relaxivity and an 

initial two-fold increase followed by a plateau and a steep decrease in transverse 

relaxivity. In accordance with the calculations performed by Gillis,
59

 the decrease in r1 is 

due to the formation of two pools of water molecules – those inside the clusters and those 

belonging to the bulk solvent – which exchange more slowly than they relax. The 

observed change in r2 is due to MIONs reaching a static dephasing regime when the 

clusters reach a size above 200 nm. The presence of this inversion point has two 

significant implications in the applicability of responsive particulate MRI contrast agents. 

First, transverse relaxivity is limited to barely a two-fold increase, which is smaller than 

the change in r1 observed for Gd-based systems. Other reported responsive MION 

systems have not surpassed this response.
97,98,100

 It is arguable whether this relatively 

small increase in r2 can be used clinically to detect biomarkers in vivo. Second, the ratio 

r1/r2 previously used to determine the concentration of an analyte independently of the 

concentration of the contrast agent is indeed inaccurate. The inflection of the r2 vs. 

[analyte] data, which mirrors that of the r2 vs. cluster size, indicate that each r1/r2 ratio 

corresponds to two widely different concentration of analyte, in this case, Cu(I). These 

two points bring into question the practicality of this class of responsive contrast agents 

in clinical MRI requiring the unequivocal detection and quantification of biomarkers. 
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Further work should be done to investigate the changes in relaxivity that would occur for 

different length PEG coatings. The 2000 gmol-1 PEG2k used here, while effective at 

stabilizing particles in solution, is not the only surface coating available. This is crucial 

for determining maximum increases in relaxivity and effects on the cellular uptake of the 

nanoparticles. Additionally, cell viability and uptake of the probes should be investigated 

to determine their in vitro applicability. 
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III. Experimental section 

General considerations. Unless otherwise noted, starting materials were obtained from 

commercial suppliers and used without further purification. Water was distilled and 

further purified by a Millipore cartridge system (resistivity 18 × 106 Ω). HPLC 

chromatograms were obtained from a Varian Prostar HPLC using acetonitrile/water 

gradients and a Varian Dynamax C18 semipreparative column. 1H NMR spectra were 

recorded on a Varian 500 at 500 MHz or on a Varian 300 at 300 MHz; the solvent 

residual peak was used as an internal reference. 1H NMR data were recorded as follows: 

chemical shift (δ, ppm), multiplicity (s, singlet; d, doublet; t, triplet; m, multiplet), 

integration, coupling constant (Hz). Mass spectra (LR = low resolution; HR = high 

resolution; ES MS = electrospray mass spectrometry) were recorded on a Bruker BioTOF 

II at the Mass Spectrometry Facility at the Department of Chemistry at the University of 

Minnesota, Twin-Cities. TEM images were collected on a JOEL JEM1210, FEI Tecnai 

T12, or on a JOEL 1200 EXII at 120 kV. Relaxivities were measured at 37 °C and 1.5 T 

(60 MHz) on a Bruker Minispec mq60. The hydrodynamic size of the particle aggregates 

was measured by Dynamic Light Scattering (DLS) with a 90Plus/BI-MAS particle size 

analyzer (Brookhaven Instruments Corporation). Solid-state infrared spectra were 

recorded on a Thermo Nicolet 6700 FTIR using an ATR adapter. Data were collected 

between 700 cm
−1

 and 3700 cm
−1

. 
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NHS-PEG-Boc (3). NHS-PEG-Boc was purchased from Jenkem and used without 

further purification. 
1
H NMR (300 MHz, CDCl3) δ = 5.12 (b, 2 H), 4.14 (s, 2 H), 3.68 (m, 

167 H), 2.70 (s, 4 H), 1.43 (s, 9 H). ESI-MS (m/z) = 1172 (M + H
+
). 

 

Dop-PEG-Boc (4). NHS-PEG-Boc (3, 48 mg, 0.025 mmol) was dissolved in CHCl3 

under N2. Dopamine (8.0 mg, 0.37 mmol) was dissolved in dimethylacetamide (DMA) 

and added to the reaction mixture. N,N-Diisopropylethylamine (9.7 mg, 0.074 mmol) was 

added and the solution was stirred for 2 h at room temperature. The solvent was removed 

under reduced pressure and further purified by HPLC eluting with 0% water to 47% 

CH3CN over 42 min. The product, Dop-PEG-Boc (4), was obtained as a white solid (36 

mg, 68%). 
1
H NMR (300 MHz, CDCl3) δ = 6.81 (d, 1 H, J = 8), 6.75 (s, 1 H), 6.57 (d, 1 

H, J = 8), 3.94 (s, 2 H), 3.61 (m, 167 H, PEG), 2.71 (t, 2 H, J = 7), 1.44 (s, 9 H). ESI-MS 

(m/z) = 1191 (M + H+), (Calcd 1192). 

 

Dop-PEG-NH2 (5). Dop-PEG-Boc (4) (35 mg, 0.015 mmol) was dissolved in CHCl3. 

Trifluoroacetic acid (2 mL) was added and the reaction mixture was stirred for 2 h at 

room temperature. The solvents were removed under reduced pressure to yield Dop-PEG-

NH2 (5, 33 mg, 94%) as a white solid. 
1
H NMR (300 MHz, CDCl3) δ = 6.82 (d, 1 H, J = 

8 Hz), 6.76 (s, 1 H), 6.58 (d, 1 H, J = 8), 3.96 (s, 2 H), 3.60 (m, 153 H, PEG), 2.70 (t, 2 

H, J = 6), 1.43 (s, 9 H). ESI-MS (m/z) = 1163 (M + Na
+
), (Calcd 1140). 
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Dop-PEG-C≡CH (1). 4-Pentynoic acid (3 mg, 0.03 mmol) was dissolved in DMA and 

HATU (12 mg, 0.032 mmol) was added to the solution. The reaction mixture was stirred 

for 15 min at room temperature. Dop-PEG-NH2 (5, 70 mg, 0.03 mmol) was added 

followed by N,N-diisopropylethylamine (4 mg, 0.006 mmol). The solution was stirred 

overnight at room temperature. The solvent was removed in vacuo and the crude product 

purified by HPLC, eluting with 0% water to 47% CH3CN over 42 min, yielding the 

product, Dop-PEG-C≡CH (4) as an off-white solid (10 mg, 14%). 
1
H NMR (300 MHz, 

CDCl3) δ = 6.83 (d, 1 H, J = 8), 6.76 (s, 1 H), 6.59 (dd, 1 H, J1 = 8, J2 = 2), 3.97 (s, 2 H), 

3.60 (m, 131 H), 2.72 (t, 2 H, J = 6), 2.65 (m, 2 H), 2.45 (t, 2 H, J = 3). ESI-MS (m/z) = 

1222 (M + H
+
), (Calcd 1221). 

 

Dop-PEG-N3 (2). 5-Azidopentanoic acid (4 mg, 0.03 mmol) was dissolved in DMA, and 

HATU (12 mg, 0.032 mmol) was added. The solution was stirred for 15 min. Dop-PEG-

NH2 (5) (70 mg, 0.030 mmol) added to the solution, followed by N,N-

diisopropylethylamine (4 mg, 6 μmol). The solution was stirred overnight at room 

temperature. The solvent was removed in vacuo and the crude product purified by HPLC, 

eluting with 0% water to 47% CH3CN over 42 min, yielding the product, Dop-PEG-N3 

(2) as an off-white solid (10 mg, 14%). 
1
H NMR (300 MHz, CDCl3) δ = 6.83 (d, 1 H, J = 

8), 6.77 (s, 1 H), 6.59 (dd, 1 H, J1 = 8, J2 = 2), 3.95 (s, 2 H), 3.60 (m, 175 H, PEG), 3.30 

(t, 2 H, J = 7), 2.73 (t, 2 H, J = 6), 2.26 (t, 2 H, J = 7), 1.68 (m, 4 H). ESI-MS for main 

peak (m/z) = 1277 (M + H
+
), (Calcd 1276). 
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Oleic acid-functionalized magnetite nanoparticles. Oleic acid-functionalized magnetite 

nanoparticles were synthesized from Fe(acac)3, oleic acid and oleylamine according to 

the procedure developed by Wang and coworkers.
1
 

 

Surface functionalization of nanoparticles. Magnetite nanoparticles were 

refunctionalized with the Dop-PEG-N3 ligand (2) or the Dop-PEG-C≡CH ligand (1) 

according to a biphasic protocol previously published.
102

 

 

Relaxivity data. Longitudinal (T1) and transverse (T2) relaxation times of the 

nanoparticle dispersions in mQ water were measured on a Bruker Minispec (60 MHz, 37 

°C) according to the inverse recovery sequence and the Carr–Purcell–Meiboom–Gill 

sequence, respectively. The concentration of iron for each probe was determined using 

the equation below. Briefly, 5 μL of each probe was suspended in 200 μL HNO3 and 100 

μL mQ water. Each sample was heated at 110 °C overnight, after which T1 of each 

solution was measured. The resulting concentration of iron was calculated from a 

calibration plot created from ICP-OES analysis of solutions of FeCl3 in 2:1 HNO3:mQ 

water. For each probe, the longitudinal (r1) and transverse (r2) relaxivities were fitted to 

the following equation. 

 1,2where,
11

[Fe]
O2Hobs

 i
TT

r
i,i,

i  
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Kinetic studies. Nanoparticle probes were suspended in a solution of mQ water ([Fe]total 

= 120 μM, probe ratio acetylene:azide 1:1) and the relaxation times measured. Cu(Asc) 

was then added to bring the final concentration of Cu(I) to 0, 10, 25, 50 or 75 μM. In each 

run, [ascorbate] = 3 × [Cu(I)]. The excess ascorbate is necessary in order to maintain all 

copper in its +1 oxidation state. Relaxation times were then recorded over the next 60 

min. 

 

Selectivity studies. Nanoparticle probes were suspended in a solution of mQ water 

([Fe]total = 120 μM, probe ratio acetylene:azide 1:1) and the relaxation times measured. 

The desired cation was then added and relaxation times measured after 20 min. The 

concentration of competing cations are 5.0 mM NaCl, 5.0 mM KCl, 0.50 mM MgCl2, 2.5 

mM CaCl2, 0.50 mM ZnCl2, and 0.5 mM CuSO4. Cu(Asc) was then added to bring the 

final concentration of Cu(I) to 75 μM. The transverse relaxation time was then recorded 

over the next 20 min. Once the maximum T2 reading was reached, T1 was measured. Each 

experiment was repeated in triplicate. 

 

MRI. MR images were acquired using a 9.4 T, 31 cm horizontal bore magnet (Magnex 

Scientific, Oxford, UK) interfaced with a Varian INOVA console (Varian, Palo Alto, CA, 

USA). The magnet was equipped with a gradient insert capable of reaching 450 mT m−1 

in 200 μs (Resonance Research, Inc., Billerica, MA). The radiofrequency (r.f.) coil 

assembly consisted of a linear surface coil (12 mm diameter). 
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Gradient echo images were acquired using following parameters: repetition time 

(TR) = 9.9 ms, echo time (TE) = 4.97 ms, matrix = 256 × 256, slice thickness = 1 mm, 

flip angle = 20°, FOV = 3 cm × 3 cm. Spin echo images were acquired using following 

parameters: TR = 2 s, TE = 8.47 ms, matrix = 256 × 128, slice thickness = 1 mm, FOV = 

1 cm × 2 cm. The images were reconstructed with in-plane two-dimensional 4 times zero-

padding. 
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Chapter 4  
 

Multimodal Imaging Agents 

Adapted from Smolensky, E.; Neary, M.; Zhou, Y.; Berquo, T.; Pierre, V. Chem. 

Commun. 2011, 7, 2149-51, and Smolensky, E.; Zhou, Y.; Pierre, V. Eur. J. Inorg. Chem. 

2012, 2141-47. 

I. Introduction 

In the previous chapter, a monomodal imaging agent was designed to respond to 

an analyte of interest, particularly Cu(I). Magnetic resonance imaging, however, is 

plagued by two shortcomings that contrast agents have had little success to alleviate 

despite advances in their design over the last few decades: poor spatial resolution and 

poor sensitivity. Whether gadolinium or particulate-based, accumulation of millimolar 

concentrations of contrast agents are still needed in a tissue in order to obtain sufficient 

contrast. Considering these limitations, incorporation of secondary components into the 

MION-based probes is often desired to not only increase the sensitivity of the probes, but 

also the resolving power. Typically, these secondary components are luminescent or 

optically active, as discussed in Chapter 1. For instance, by incorporating a AuNP shell, 

confocal imaging can be used. This is one of the most widely used imaging techniques in 

biology, offering nm resolution with techniques such as PALM
114

 and STORM
115,116

. 

Importantly, this illustrates an important limitation of the majority of composite probes: 

confocal imaging is only effective for ex-vivo imaging. The penetrative depth of the 

incident irradiation is a strong limitation of in-vivo applications of this field.  
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A. Magnetoluminescent Agents 

Magnetoluminescent imaging agents are achieved by conjugating a luminescent 

probe with either a gadolinium or MION-based contrast agent. As discussed in Chapter 1, 

several luminescent derivatives of MIONs have already been reported. Their structures 

can be divided into a variety of classes: MION@silane
26,117-120

 and MION@fluorophore 

structures
121-123

. MION@silane consist of MIONs and fluorescent probes, most 

commonly organic fluorophores
117,119

 or quantum dots,
26,118,120

 mixed into large clusters 

typically ranging between 500 nm and 5 μm in size and held together by a silica matrix. 

This style of probe presents several notable disadvantages: their large size limits their 

cellular uptake,
124

 and silica-coated nanoparticles have shown significant cellular 

toxicity.
117,119,120,125

 Alternatively, magnetoluminescent agents with a 

MION@fluorophore structures directly coat single MIONs with organic
26,118,121

 or 

inorganic
123,126

 fluorophores. Although this second approach necessitates lengthier 

synthesis, the resulting agents demonstrate improved relaxivities (r2 from 70 to 

150 mM
-1

Fes
-1

) and cellular uptake. 

The probes designed in this chapter improve on this latter design in two ways: 1) 

by replacing the silica coating with polyethylene glycol; and 2) by employing 

luminescent lanthanide probes. The use of a PEG coating in lieu of a silica one offers 

several advantages. Since silica nanoparticles have shown significant cellular toxicity, 

with cell viability beginning to decrease at about 50 – 200 µg/mL of silica,
117,119,120,125

 

PEG-coated MIONs have not.
122,125

 Also, the substantial silica coating reduces the 
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saturation magnetization, MS, of the magnetite core
67

 and consequently also the relaxivity 

of the contrast agent. Polyethylene glycol coatings, on the other hand, have little effect on 

both MS and relaxivities if the anchoring group is chosen wisely, as established in 

Chapter 2.
102

 Historically, the luminescent component is predominantly composed of 

organic chromophores such as Cy5.5, flavinmononucleotide (FMN), or more general 

alexafluor fluorophores tethered to the PEG coating.
21,22,24

  Lanthanide and inorganic 

based agents also comprise, although a minority, some current multimodal imaging 

agents (Chapter 1).
25

 

When designing magnetoluminescent imaging agents, two critical considerations 

must be addressed to maximize the efficacy of the probes. These considerations are: 1) 

the excitation and emission wavelengths, and 2) the transverse relaxivity. The excitation 

wavelength is of paramount importance for the probes, as in-vivo fluorescent imaging 

capabilities are severely limited by the low penetrative depth of UV-Vis light. This is 

manifested in the prominent use of Cy5.5 for the emissive portion of the 

magnetoluminescent probes. With an excitation wavelength of over 500 nm, and NIRF 

emission, Cy5.5 lends itself better than most other fluorophores for in-vivo imaging of 

mice and other small mammals. It should be noted that even at 500 nm, the penetrative 

depth is only a few centimeters. The current design of the lanthanide based probes suffers 

from this the most as their excitation wavelengths, though over 200 nm from the emission 

wavelength, still exists below 400 nm. However, other aspects of the lanthanide-based 

sensors give them distinct advantages over organic fluorophores.  
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With respect to the fluorophore, the use of luminescent lanthanide complexes 

presents several significant advantages over their organic and transition-based 

analogues.
127,128

 First, their emission spectra are characterized by very narrow bands with 

little overlap – facilitating the quantitative visualization of multiple analytes 

simultaneously. Second, their sensitized emission gives rise to large Stokes shift (>100 

nm), such that concentration-dependent self-absorption problems do not arise. As a result, 

the responses of luminescent lanthanide probes are linear over a wide range of 

concentrations. Third, and most important, they present long-lived luminescence with 

lifetimes in the millisecond range, orders of magnitude longer than the autofluorescence 

of biological samples or that of organic or transition metal-based dyes. Lanthanides are 

thus ideal for time-gating imaging – a technique which employs a delay, or gate, between 

the excitation pulse and the luminescence detection, thereby enabling the background 

luminescence of the media to decay to zero before measuring that of the probe. This 

technique thus allows for significantly more sensitive and precise detection of 

luminescence in biological samples.
129,130

 

The magnetoluminescent probes for dual MRI and time-gated confocal imaging 

were thus designed to contain three different features: a magnetite nanocrystal which 

gives the assemblies their high relaxivity; a PEG coating coordinated to the core via 

dopamide ligands, which solidly anchors the protective polymer coating on the core 

while maintaining the magnetization saturation and relaxivity of the latter, and a terbium 

complex directly conjugated to the PEG, which gives the assembly its long-lived 
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luminescence (Figure 4.1). Macrocyclic, DOTA-type terbium complexes were chosen 

due to their hydrophilicity and their high thermodynamic and kinetic stability.
131-133

 

Lanthanide luminescence requires sensitization by a nearby antenna for practical 

application.
127,128

 Two antennae were investigated: acetylenes and 4-

methylphenanthridine. Phenanthridine was previously reported to be an efficient antenna 

for Tb luminescence.
134,135

  

 

 

 

 

 

Figure 4.1. Design and chemical structure of magnetoluminescent probes for dual MRI 

and time-gated confocal imaging MION@Tb-DOTAm-(acetylene)3 (MION-1) and b) 

MION@Tb-DOTAm-(Phen)3 (MION-2). Particles are fully coated (simplified for 

clarity). 
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B. Magnetoplasmonic Imaging Agents 

While MIONs used as MRI contrast agents due to their high saturation 

magnetisation (MS) which leads to high transverse relaxivity,
90

 gold nanoparticles have 

become the material of choice in imaging techniques that exploit their plasmonic 

properties such as dark field spectroscopy and Surface Enhanced Raman Spectroscopy 

(SERS).
136

 The combination of these two materials in a single nanocomposite displaying 

both magnetic and plasmonic properties, a so-called magnetoplasmonic assembly,
137

 is 

particularly attractive given the complementarity in terms of resolution and 3D imaging 

capabilities of the plasmonic and MR imaging techniques.
90,136

  

These conjugate probes, comprised of iron oxide nanoparticles (MIONs) and gold 

nanoparticles (AuNP) are becomingly increasingly popular in the fields of multimodal 

imaging and theranostics including photo- and magnetic- induced 

hyperthermia,
27,28,53,138,139

 photoacoustic imaging,
43

 and biosensing,
31,44,140

 Typically, 

these probes are designed with the widely used core-shell model. There are four major 

core-shell based categories of multimodal imaging agents used when creating magnetic 

iron oxide (MION) and gold nanoparticle (AuNP) conjugates, as stated in Chapter 1. As a 

reminder, the four classes are divided by the direct or indirect relationship between the 

MION and Au components. 

1) MION@Au core-shell. Direct reduction of gold onto the surface of 

the MION results in a core shell model that has unique magnetic 

implications. This motif forms the basis for the dominant style of core-

shell models. 
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2) MION@polymer@Au. Rather than forming a gold shell directly onto 

the surface of the MION, an intermediate polymer layer such as 

poly(ethylene)imine or poly(ethylene)glycol is placed between the 

layers. Preventing the surfaces from direct contact helps maintain the 

magnetism of the MIONs in some cases. Literature examples for this 

motif are fewer than MION@Au direct reduction models. 

 

3) MION@Si@Au. The intermediate layer does not have to be organic 

or polymeric in nature. It is also common to use either SiO2 or a silane 

derived intermediate layer. The gold is then reduced onto the surface 

of the silicon layer. Silica shells on MION’s have unique magnetic 

implications as well as Au shells on silica, creating interesting 

behaviors for these style probes. Similarly, a silane, rather than silica-

derived intermediate layer is also used, created a MION@silane@Au.  

 

4) Au@MION. Opposite to the other styles, and not as prominent in the 

literature, is the last style in which the Au forms the center of the core 

shell model. While these probes exhibit high relaxivities due to the 

exposed MIONs, their application to techniques such as SERS is 

limited due to the inaccessible Au core. 

 

Each of these four styles has unique properties that render them applicable for 

different detection techniques. All of the styles are used for cell targeting and imaging, 

photo- and magnetic-induced hyperthermia, protein separation and isolation, and 

catalysis. However, due to the restraints put on the cores in each system, certain 

limitations are provided. For instance, catalytic gold reactions are not possible in system 

(4), where the gold core is completely inaccessible via coverage from the MIONs. Due to 

the exposure of the MION’s to water, however, probes designed as in (4) have very high 

relaxivities compared to those of (1-3), and are particularly effective contrast agents for 

MRI.  
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In core-shell models, a solid gold shell is formed either directly onto the MION 

surface or onto a thin organic layer coating the MION surface. While these probes have 

been used extensively for protein isolation
32,41,44

 and catalysis,
46

 these systems are 

typically plagued by higher polydispersities, larger particle sizes (up to hundreds of 

nanometers), and loss of superparamagnetism at room temperature.
48,141,142

 Additionally, 

due to synthetic ease, core-shell probes of MION@Au generally use MIONs synthesized 

from the aqueous coprecipitation of iron oxide nanoparticles.
143

 It is known that iron 

oxide nanoparticles synthesized via this method, while stable in their aqueous solvents, 

contain high degrees of polydispersity and exhibit poor magnetic characteristics.
144

 

However, iron oxide nanoparticles synthesized from decomposition of inorganic iron 

precursors have been shown to produce nanoparticles of controlled size and shape with 

strong magnetic characteristics (MS > 80 Am2/kg).
145,146

 Unfortunately, the subsequent 

reduction of gold directly onto their surface significantly attenuates both the saturation 

magnetization of the magnetic cores and the intensity of the SPR absorbance, severely 

handicapping their efficacy as responsive multimodal contrast agents.
36-38,147,148

 

An interesting probe design worth further discussion is when both nanoparticles 

of gold and iron oxide are embedded in a polymer or silica coating, similar to that of the 

magnetoluminescent agents.
137,140,149

 This approach unfortunately results in assemblies of 

size typically around 150–200 nm, which are too large for cellular imaging and for most 

in vivo applications.
150

 Alternatively, a core–shell structure, typically with an iron oxide 
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core and an outermost gold layer, enables the synthesis of smaller nanoparticles, typically 

80 nm in diameter. Advantageously, these assemblies can also be readily functionalized 

with biomolecules since the chemistry of conjugation of proteins and nucleic acids to 

gold surfaces is well established.
141,148,151-154

 The disadvantages of these structures are 

twofold. First, the coating on the iron oxide core, which includes the gold layer, is 

typically ca. 35 nm thick or more. Since this thick coating increases the distance 

separating the magnetic core from the solvent water molecules, both the longitudinal and 

the transverse relaxivities of the material are significantly reduced.
90

 Secondly, and 

importantly, direct coating of gold onto iron oxide nanoparticles severely decreases the 

saturation magnetization (on a per iron basis) of the magnetic core by 78% or more.
147,148

 

This further reduces the relaxivities, and hence the potency of the nanocomposites as MR 

contrast agents. 

The mechanism by which the gold coating decreases the saturation magnetisation 

of the magnetite core is presently not well understood. Similar effects have been observed 

in gold coated cobalt nanoparticles.
155

 For such nanocomposites, the decrease in 

magnetism has been attributed to migration of gold atoms into the cobalt core. The 

ensuing distortion of the structure responsible for the superparamagnetic behavior 

resulted in a decrease in magnetisation of the cobalt core. It is possible that a similar 

migration of gold atoms into a maghemite or magnetite core could cause the observed 

decrease in MS. If this is the case, then incorporation of an organic layer between the iron 
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oxide core and the gold layer is expected to prevent or reduce this migration and in turn 

significantly increase the saturation magnetisation and relaxivity of the material. 

A number of parameters should be considered in choosing this organic layer. (1) 

It was established in Chapter 2 that certain organic and polymer coatings, silicates in 

particular, significantly decrease the saturation magnetisation and relaxivity of iron oxide 

nanoparticles.
64-67,102

 The organic coating should thus be composed of anchoring groups 

that do not affect the magnetism of the iron oxide core. (2) The longitudinal (r1) and 

transverse (r2) relaxivities of MIONs—a measure of the efficacy of the nanoparticles to 

behave as MR contrast agents—decreases as the thickness of the coating, including the 

organic and the gold layers, increases.
90

 The organic or insulating layer should thus be 

kept as thin as possible. 

Taking both points into consideration, the ideal composition of the organic 

insulator would be a monolayer of a small organic chelator which contains a phosphonate 

or catecholate anchoring group which can stably coordinate the magnetite core without 

Figure 4.2. Synthesis and idealized structure of MION@organic@Au nanocomposites. 
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adversely affecting its magnetism, and an amine or a thiol to enable the deposition of the 

outermost gold layer (Figure 4.2). 3-Aminopropylphosphonic acid fulfilled each of these 

requirements and was therefore used in the synthesis of the nanocomposites (Figure 4.2). 

Advantageously, according to the principle of hard and soft acids and bases, the harder 

phosphonic acid group of the organic layer is expected to selectively chelate the core 

composed of the harder iron metal, while the softer amine ligand should preferentially 

coordinate the softer gold. Our targeted material also contains a magnetite core 5 nm in 

size—a size which maximizes the r1/r2 ratio for increased MR contrast
90

—and a 7.5 nm 

thick gold layer, thick enough to observe the characteristic surface plasmon bands in the 

visible spectra.
136

 

The purpose of this chapter is to investigate the design and synthesis of two 

multimodal imaging probes. As discussed, one probe, a magnetoluminescent probe, 

contains a MION@PEG@Ln structure, and the other, a magnetoplasmonic probe, uses a 

MION@organic@Au structure.  
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II. Results and Discussion 

A. Magnetoluminescent Imaging Agents 

The two magnetoluminescent probes MION@Tb-DOTAm-(acetylene)3 (1) and 

MION@Tb-DOTAm-(Phen)3 (2) (Figure 4.1) were synthesized according to Scheme 4.1. 

Scheme 4.1. Synthesis of MION@Tb-DOTAm-(acetylene)3 (MION-1) and MION@Tb-

DOTAm-(Phen)3 (MION-2). Reagents and conditions: (a) tert-butyl 2-bromoacetate, 

Cs2CO3, CH3CN, 25°C, 6 h. (b) 2-chloro-N-(prop-2-yn-1-yl)acetamide, Cs2CO3, CH3CN, 

60 °C, 12 h. (c) TFA, CH2Cl2, 25°C, 12 h. (d) MION@DopPEGNH2, HATU, DIPEA, 9:1 

H2O:DMA, 25°C, 2 h. (e) TbCl3, H2O pH 7, 70 °C, 2 h. (f) 4-

(azidomethyl)phenanthridine, Cu(I) ascorbate, 3:1 H2O:DMA, 25°C, 15 h. 
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The magnetic iron oxide nanoparticles were synthesized from high temperature thermal 

decomposition of Fe(acac)3 in the presence of oleylamine and oleic acid, according to the 

procedure developed by Sun, et. al. for reasons discussed in Chapter 2.
1
 The synthesized 

nanoparticles are faceted in morphology (Figure 4.3), with a diameter of 5.0±1.3 nm, as 

measured by TEM, but their high stability, and more importantly their high MS, render 

them ideal for applications as MRI contrast agents. Both the longitudinal and transverse 

relaxivities of particulate contrast agents are directly proportional to their saturation 

magnetization.
15,57,90

  

To anchor a luminescent component to the particle surface, terbium complexes 

are directly conjugated to a polyethylene glycol polymer terminated with a dopamide 

chelator. The role of the dopamide is to anchor the luminescent coating solidly on the 

iron oxide core without affecting the saturation magnetisation of the latter. The synthesis 

of the assembly first involves that of the DOTAm-(acetylene)3 moiety, followed by its 

conjugation to PEG- coated iron oxide nanoparticles. Subsequent formation of the 

terbium complex and grafting on the phenanthridine antennae yields the two 

magnetoluminescent agents (Scheme 4.1). 

 a b c 

Figure 4.3. TEM of a) MION@Dop-PEG-NH2, b) MION@Tb-DOTAm-(acetylene)3 (1), 

and c) and Fe3O4@Tb-DOTAm-(Phen)3 (2). 
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It should be noted that, consequently, the design employs two metals which are 

hard acids (iron and terbium) and two different chelators which are also hard bases 

(catechol and macrocyclic poly(amino carboxylate)). The selectivity of each chelate for 

its respective metal (catechol for iron and DOTA for terbium) is achieved in two ways. 

First, catechol ligands have previously been demonstrated to have higher affinity for the 

harder Fe(III) than Ln(III).
156,157

 Moreover, carboxylate ligands are readily displaced by 

catechol terminated polymers.
102

 The selectivity is also achieved by the synthetic route 

followed. Functionalization of the nanoparticles with dopamide-PEG prior to conjugating 

the macrocycle enables the iron oxide core to effectively behave as a protective group for 

the catechol moiety, thereby preventing it from binding non-selectively the lanthanide ion 

later. Indeed, an alternative synthetic route which first involves initial formation of the 

Dop-PEG-Tb-DOTAm-(acetylene)3 was unsuccessful. The terbium complex could not be 

functionalized on the MION, likely because the dopamide was already chelating Tb(III).  

The DOTAm-(acetylene)3 moiety was synthesized in four steps. First, a single 

acetate arm was conjugated on the cyclen backbone via standard coupling procedure 

using a large excess of cyclen. The acetylene-terminated acetamide arm, 2-chloro-N-

(prop-2-yn-1-yl)acetamide, was synthesized separately from chloroacetylchloride and 

propargylamine in acetonitrile in the presence of weak base. Three of these arms were 

then coupled on the cyclen ring to complete the acetylene-terminated and tert-butyl 

protected DOTAm ligand (4) which was then deprotected under acidic conditions to give 

the mono-acid DOTAm ligand (5). 
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The hydrophilic polymer, Dop-PEG-NH2, which contains both a catechol group 

and an amine for further functionalization, was synthesized as reported in Chapter 3.
102

 A 

2000 MW polyethylene glycol was chosen for coating as this hydrophilic polymer has 

previously been reported to be long enough to ensure complete dispersity of the MION in 

water without aggregation.
105

 The polymer was grafted on the magnetite nanoparticles 

according to a ligand exchange protocol which has previously been reported to maintain 

the magnetism of the magnetite core while limiting particle aggregation and increasing 

dispersibility.
102

 Importantly, in the resulting nanoparticle-PEG conjugate, MION@Dop-

PEGNH2, the catechol stabilizes the iron oxide surface, but the free amine remains 

available for further functionalization.
102

 

Advantageously, the resulting functionalized nanoparticles, MION@Dop-PEG-

NH2, can readily and rapidly be purified by two successive filtrations. A first filtration 

using microfilterfuge with 2 µm pores separates any unstable MION aggregate. The 

filtrate is then recovered and the nanoparticles resuspended in water. A second filtration 

using a much smaller filter with a 10 kDA MW cut-off readily separates any excess 

polymer that is not functionalized on the nanoparticles. The functionalized MION are 

recovered in the small volume of residue. These very small pore filters, commonly used 

in protein purification, are also very efficient at purifying nanoparticles after performing 

any surface chemistry. In fact, this purification technique has several advantages over the 

most widespread centrifugation method: it is more rapid, gentler, and higher yielding. 

Indeed, purification of nanoparticles via pellet formation by centrifugation has two 
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drawbacks. First, it often results in irreversible aggregation of nanoparticles, and 

therefore subsequently in significantly less stable dispersion. Second, in the opposite case 

when nanoparticles are initially very well suspended, the aggressive centrifugation at 

high RPM and long period of time required to separate the nanoparticles result in 

significant loss of material. 

Successful functionalization of the MION was assessed by infrared spectroscopy 

(Figure 4.4). The sharp C-H stretching frequency at 2919 cm
-1

 and 2848 cm
-1

 

characteristic of the MION@OA starting material are indicative of a well-ordered 

monolayer of surfactants. Displacement of the original oleic acid coating with 

polyethylene glycol results in a significant loss of surface order and consequential loss in 

the fine structure of C-H stretching frequencies. The C-H stretching band at 2882 cm
-1

, 

for instance, is broad and featureless. More importantly, the appearance of the C-O 
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Figure 4.4. Infrared spectra of a) Dop-PEG-NBOC, b) MION@Dop-PEG-NH2, c) 

MION@DOTAm-(acetylene)3, d) MION@Tb-DOTAm-(acetylene)3 (MION-1). 
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stretching band at 1109 cm
-1

 and disappearance of the C=O stretching band at 1560 cm
-1

 

from the oleic acid correlates with re-functionalization with the PEG ligand. 

Transmission electron microscopy of the nanoparticles (Figure 4.3) indicates that 

functionalization does not affect particle size or their morphology. The hydrophilic 

MION@Dop-PEG-NH2 nanoparticles maintain their mostly faceted form with a particle 

size of 5.0 ± 1.3 nm.  

The MION@DOTAm-(acetylene)3 was synthesized by incubating the 

MION@Dop-PEG-NH2 with DOTAm-(acetylene)3 in the presence of the coupling 

reagent HATU. The resulting MION@DOTAm-(acetyelene)3 complex could easily be 

purified from any uncomplexed DOTAm-(acetylene)3 via the same filtration techniques 

as previously mentioned. The sample was passed through a 2 μm filter to remove large 

clusters, and then the filtrate was passed through a 10kDa MW filter to removed 

unconjugated DOTAm-(acetylene)3. Notably, attempts at directly conjugating the Tb 

complex, Tb-DOTAm-(acetylene)3, onto the amine-terminated nanoparticles were 

unsuccessful, most likely because coordination to the lanthanide ion reduces reactivity of 

the carboxylate. 

The terbium complex was subsequently formed by incubating the nanoparticles 

with an excess of TbCl3 in water at slightly basic pH while heating. Formation of the 

terbium complex was assessed by monitoring the time-gated luminescence of the terbium 

center (λexcitation = 279 nm, λemission = 545 nm, time-gate = 0.1 ms) as the reaction 

progressed. The reaction was deemed complete when the intensity of the terbium 
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emission stopped increasing. It should be noted (see later) that acetylene group are 

surprisingly efficient at sensitizing terbium luminescence even in aqueous solutions. The 

nanoparticles were purified by chromatography over a NAP-5 column. Size-exclusion 

NAP-5 columns, although not as effective as MW cut-off filters at separating 

nanoparticles from larger unfunctionalized polymers, are still particularly efficient at 

purifying nanoparticle from small molecules such as small organic moieties, inorganic 

complexes, or excess buffer.  

The second magnetoluminescent agent, MION@Tb-DOTAm-(Phen)3 (MION-2) 

was directly synthesized from its acetylene precursor (MION-1) and an excess of 4-

(azidomethyl)phenanthridine using standard copper(I) catalysed Huisgen cycloaddition. 

The 4-(azidomethyl)phenanthridine was previously obtained from the bromo-methyl 

analogue, which was synthesized as previously reported.
158

 This time, the conjugation 

was monitored by following the time-gated excitation profile of the terbium ion (λemission 

= 545 nm). Advantageously, the excitation profiles of the two terbium complexes are 

unique: that of Tb-DOTAm-(acetylene)3 is characterized by a single sharp band centered 

at 279 nm, whereas Tb-DOTAm-(Phen)3, like other phenanthridine lanthanide 

complexes,
134,135

 has a distinctive pattern of two bands at 240 nm and 296 nm with a 

shoulder at 341 nm (Figure 4.5). 

MION@Tb-DOTAm-(acetylene)3 (MION-1) and MION@Tb-DOTAm-(Phen)3 

(MION-2) were designed to behave both as efficient MRI contrast agents and 

luminescent probes with long luminescence lifetime for time-gated confocal imaging. 
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Interestingly, both assemblies are luminescent and display characteristic terbium 

emission (Figure 4.5) with long luminescence lifetime in the millisecond range rendering 

them ideal probes for time-gated spectroscopy. 

 Although the ability of phenanthridine chromophores to sensitize terbium 

emission has been reported by both Parker
135

 and Weitz,
158

 the ability of simple 

acetylenes to do so, albeit with lower efficiency, is less known. MION@Tb-DOTAm-

(acetylene)3, however, is not the first example of a luminescent lanthanide/acetylene 

complex. Kallistratos and Mündner previously reported that both propiolic acid and to a 

greater extent 3-phenylpropiolic acid efficiently sensitize both europium and terbium.
159

 

The efficiency of both nanocomposite to behave as MRI contrast agents was 

evaluated by measuring both their longitudinal and transverse relaxivities in water at 
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Figure 4.5. Excitation and emission spectra of MION@Tb-DOTAm-(acetylene)3 (1) (a 

and b, respectively, dashed lines) and MION@Tb-DOTAm-(Phen)3 (2) (c and d, 

respectively, solid lines). Experimental conditions: H2O, pH 7.0, excitation slit width = 

20 nm, emission slit width = 20 nm, time-delay = 0.1 ms, T = 20°C 
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neutral pH, 37 °C and 60 MHz (Table 4.1). The longitudinal relaxivity of the two 

magnetoluminescent agents is somewhat affected by addition of the paramagnetic 

macrocyclic terbium complexes. Conjugation of the hydrophilic Tb-DOTAm-(acetylene)3 

increases r1 by 50 % whereas the more hydrophobic Tb-DOTAm-(Phen)3 decreases it by 

50 %. In either case, at identical temperature and magnetic field (37 °C and 1.5 T), the 

longitudinal relaxivities of the magnetoluminescent probes remain comparable to that of 

commercial MIONs (Sinerem®: r1 = 9.9 mMFe
-1

s
-1

) and greater than that of clinical 

gadolinium-based contrast agents (Gd-DOTA, Dotarem®: r1 = 2.9 mM
-1

s
-1

). 

The transverse relaxivity is also moderately affected by addition of the 

luminescent probes. MION@Tb-DOTAm-(acetylene)3 (1) displays an r2 = 98 mM
-1

Fes
-1

, 

comparable to that of its precursor and almost twice that of the commercial Sinerem® (r2 

= 53.1 mMFe
-1

s
-1

). This notable and beneficial increase is likely the result of the thinner 

and water-permeable PEG coating used in our construct.
102

 MION@Tb-DOTAm-(Phen)3 

(2) display a notably higher transverse relaxivity which, in accordance with the lower 

longitudinal relaxivity observed for the assembly, suggests that some aggregation is 

taking place in solution. The phenanthridine antenna does favour energy transfer to the 

terbium ion, thereby yielding a brighter probe, but its conjugation comes at the detriment 

of the water dispersibility of the resulting MIONs. 
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Table 4.1. Physical properties of magnetoluminescent nanoparticles. 

 
core 

diameter 

(nm) 

r1 

(mM
-1

Fes
-1

) 
 

r2 

(mM
-1

Fes
-1

) 
 

Tb τ 

(ms) 

MION@DopPEG-NBoc 4.9(1.3) 6.4 115 n/a 

MION@DopPEG-NH2 5.0(1.3) 6.5 114 n/a 

MION@Tb-DOTAm-(acetylene)3 5.1(1.0) 9.8 98 1.3 

MION@Tb-DOTAm-(Phen)3 5. 1(1.4) 3.2 160 0.8 

a) Numbers in parenthesis represent polydispersities (1 standard deviation); 

b) H2O, 37 °C, pH 7.0,  60 MHz; c) H2O, 37 °C, pH 7.0 

 

 

B. Magnetoplasmonic Agents 

Oleic-acid functionalized magnetite nanoparticles of size 4.8 ± 1.1 nm were 

synthesized from thermal decomposition of Fe(acac)3 in the presence of oleic acid and 

oleylamine according to the procedure developed by Wang and coworkers (Figure 4.7).
1
  

The XRD (Figure 4.6) and UV-visible (Figure 4.9) spectra are characteristic of magnetite 

nanoparticles; the line broadening observed in the XRD spectra is indicative of the small 

size of the nanoparticles. Importantly, this procedure enables the synthesis of iron oxide 

particles with high saturation magnetisation of 92 Am
2
kg

−1
 (Figure 4.8). The 

hydrophobic oleic acid coating was then replaced with the hydrophilic 3-

aminopropylphosphonic acid according to a biphasic procedure as previously established 

in Chapter 2.
102

 Successful refunctionalization was confirmed by IR spectroscopy. 3-
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Aminopropylphosphonic acid does not noticeably affect the size (4.9 ± 1.0 nm), the shape 

(Figure 4.7), or the UV-visible spectrum (Figure 4.9). The magnetization is also little 

affected by the new organic layer. The nanoparticles remain superparamagnetic and their 

MS, on a per mass of magnetite basis, decreases to 57 Am
2
kg

−1
 (Figure 4.8). 

Deposition of the gold layer onto the MION@organic was achieved by sonicating 

the nanoparticles in an aqueous solution of HAuCl4 in the presence of seven equivalents 

of the reducing agent sodium citrate. A similar procedure was followed by Wei to layer 

Figure 4.7. Transmission emission micrographs of (a) MION@oleic acid precursor, (b) 

MION@organic, (c) MION@organic@Au. 
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Figure 4.6. X-Ray diffraction patterns of a) MION@organic@Au, and b) MION@OA 

precursor. 
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gold onto silica-coated nanoparticles. The resulting nanoparticles are significantly larger, 

with a size of 20.6 ± 7.8 nm, and more spherical compared to the mostly cubic 

MION@OA starting material (Figure 4.7). The increase in size of the nanoparticles 

corresponds to the addition of a gold layer 7.5 nm thick. It should be noted that this 

procedure does not enable uniform coating of gold layers of the same thickness onto each 

nanoparticle. As a result, there is a significant polydispersity observed in the final 

product. 

The UV-visible spectra of the nanocomposite shows a distinct band centered at 

528 nm characteristic of the surface plasmon band of gold nanoparticles, which is present 

neither in the spectra of the MION@OA precursor nor in that of the MION@organic 

intermediate. This band is broad, a further indication of the polydispersity in thickness of 

Figure 4.8. Hysteresis loops of (a) MION@OA precursor, (b) MION@organic 

intermediate and (c) MION@organic@Au at 4 K. 
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gold coatings.
136

 Gold coating on the iron oxide nanoparticles, as opposed to the 

formation of solid gold nanoparticles separate from the MIONs, is further supported by 

the XRD. In the powder X-ray diffraction, the bands characteristic of magnetite no longer 

appear in the final material. Instead the three bands attributed to solid gold are present at 

2θ = 44.6, 52.0 and 76.7 (JCPDS # 89-3697, Figure 4.6). The absence of bands 

corresponding to magnetite in the XRD of the final product provides further indication 

that all iron oxide nanoparticles are coated with gold and that the gold layer is at least 2 

nm thick.
36

  

Significantly, the presence of the thin organic coating between the magnetite core 

and the outermost gold layer efficiently protects the magnetism of the core. As can be 

seen in the magnetic hysteresis plot (Figure 4.8), not only does the iron oxide core of the 

assembly maintain its superparamagnetic character, but the saturation magnetization of 
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Figure 4.9. UV-visible spectra of a) MION@OA precursor, b) MION@organic 

intermediate, and c) MION@organic@Au. 
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the MION@organic@Au nanoparticles remains very high at 81 Am
2
kg

−1
. The presence 

of 3-aminopropylphosphonate limits the decrease in MS to merely 12 %; the MS of the 

nanocomposite is four times higher than if the organic layer was not present.
148

 The 

incorporation of the thin organic coating thus enables the synthesis of heterometallic 

assemblies with high magnetism.
160

 

Together with the high saturation magnetization of the iron oxide core, the 

thinness of the organic plus gold layers makes the nanocomposite a very potent MR 

contrast agent. The transverse relaxivity, r2, of the MION@organic@Au nanoparticles in 

water is 90.9 mMFe
−1

s
−1

at neutral pH, 37 °C and 60 MHz. The longitudinal relaxivity is r1 

= 10.3 mMFe
−1

s
−1

. This is higher than the value of most USPIOs (Ultra Small Particles of 

Iron Oxides).
90

 In comparison, the clinical USPIO Sinerem® (Guerbet, France) which is 

also comprised of magnetite cores 4–5 nm in diameter but which is instead coated with a 

20 nm thick dextran layer, displays a significantly lower r2 of 53.1 mMFe
−1

s
−1

.
18

 

 

C. Conclusions and Future Work 

MION@Tb-DOTAm-(acetylene)3 (1) and MION@Tb-DOTAm-(Phen)3 (2), two 

magnetoluminescent assemblies show promises for dual imaging by Magnetic Resonance 

Imaging and time-gated luminescence spectroscopy. The small (5 nm) PEG-coated 

magnetite core renders the nanocomposite powerful MRI contrast agents with superior 

longitudinal (r1) and transverse (r2) relaxivities compared to clinical gadolinium-based 
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contrast agents and commercial USPIOs, respectively. Both terbium complexes show 

bright luminescence with characteristic long luminescence lifetime in the millisecond 

range, rendering them ideal for time-gated spectroscopic and microscopic application for 

biological and medical samples. Moreover, the acetylene moieties of MION@Tb-

DOTAm-(acetylene)3 (1) further gives the assembly the unique opportunity to be readily 

conjugated to azide-functionalized biomolecules such as proteins and oligonucleotides 

directly in a cellular environment via Cu(I) catalyzed Huisgen cycloaddition. The ability 

to use these magnetoluminescent probes to tag and monitor proteins by both MRI and 

time-gated confocal microscopy is currently being investigated.  

Additionally, it was demonstrated that the incorporation of a thin organic coating 

containing efficient iron oxide and gold chelators can significantly increase the saturation 

magnetisation of core–shell iron oxide@gold nanoparticles. The resulting high relaxivity 

of the nanocomposites, together with the small, compact structure of the assemblies and 

their characteristic plasmonic behavior, renders MION@organic@Au an attractive 

alternative to current magnetoplasmonic agents for multimodal cell imaging. 

 Continuing research should be performed to evaluate the capability of the probes 

in in-vitro environments, especially while imaging with time-gated confocal microscopy. 

Additionally, the core-shell MION@organic@Au nanoparticles should be functionalized 

and work to elucidate and improve their capabilities to function as a “smart” contrast 

agent should be evaluated. 
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III. Experimental  

General considerations. Unless otherwise stated, all chemicals were purchased from 

commercial suppliers and used without further purification. Water was distilled and 

further purified by a Millipore Simplicity UV system (Resistivity 18×10
6
 Ω). All organic 

extracts were dried over anhydrous MgSO4 and solvents were removed with a rotary 

evaporator.  Flash chromatography was performed on Merck Silica Gel (40-7 Mesh). 
1
H 

NMR spectra were recorded on a Varian 500 or on a Varian 300 at 300 MHz; the residual 

solvent peak was used as an internal reference. Data for 
1
H NMR are recorded as follows: 

chemical shift (δ, ppm), multiplicity (s, singlet; d, doublet, t, triplet; q, quartet; sept, 

septet; b, broad; m, multiplet), coupling constant (Hz), integration. Mass spectra (LR = 

low resolution; HR = high resolution; ESI MS = electrospray ionization mass 

spectrometry) were recorded on a Bruker BioTOF II at the Mass Spectrometry Facility at 

the Department of Chemistry at the University of Minnesota, Twin-Cities. UV-Vis data 

was obtained on a Cary Bio 100 UV-Vis Spectrophotometer. Data was collected over the 

range of 200 – 800 nm. Fluorescence data was acquired on a Varian Cary Eclipse 

Fluorescence Spectrophotometer using a quartz cell with a path length of 10 mm, 

excitation slit width of 10 nm and emission slit width of 20 nm at T = 20°C. pH 

measurements were taken using a Thermo Orion 3 Benchtop pH meter. TEM images and 

SAED patterns were collected on a JOEL JEM1210 at 120 kV. The diffraction patterns 

were compared to the reference powder diffraction files (PDF) for magnetite (# 00-019-

629) and gold (# 01-089-3697). Magnetic data (ZFC/FC magnetization curves and 
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hysteresis plots) were recorded  on a commercial SQUID magnetometer (MPMS-XL - 

Quantum Design). The ZFC/FC curves were obtained in an applied magnetic field (H = 5 

mT) and performed while heating the sample in the range 10<T<170 K in zero-field-

cooled (ZFC) and field-cooled (FC) procedures. Hysteresis loops were obtained at 2 K by 

using maximum applied fields up to 1 T in field cooling treatment. Solid state infrared 

spectra were recorded on a Thermo Nicolet 6700 FTIR using an ATR adapter. Data was 

collected between 700 cm
-1

 and 3700 cm
-1

.  

 

Relaxivity. Longitudinal (T1) and transverse (T2) relaxation times of the nanoparticles in 

mQ water were measured on a Bruker Minispec mq60 NMR Analyzer at 60 MHz and 

37°C according to the inverse recovery sequence and the Carr-Purcell-Meiboom-Gill 

sequence, respectively. The total concentration of iron of each sample was determined by 

the equation below. Briefly, 5 μL of each probe was suspended in 200 μL HNO3 and 

100 μL mQ water. Each sample was heated at 110°C overnight, after which T1 of each 

solution was measured. The resulting concentration of iron was calculated from a 

calibration plot created from ICP-OES analysis of solutions of FeCl3 in 2:1 HNO3:mQ 

water.  For each probe, the longitudinal (r1) and transverse (r2) relaxivities were fitted to 

the following equation. 

   [  ]   
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MION@OA. MION@oleic acid nanoparticles were synthesized from Fe(acac)3, oleic 

acid, oleylamine according to a procedure developed by Wang  et al. Briefly, Fe(acac)3 

dissolved in benzyl ether (40 mL) in a round bottom flask. The mixture was stirred 

vigorously under nitrogen and heated to for 2 hours to 200 °C followed by 1 hour at 300 

°C. During this time, the mixture became black. The black suspension was then cooled to 

room temperature, and ethanol (80 mL) was added. The reaction mixture was centrifuged 

(10 min, 6000 rpm), and the black precipitate was collected. The product was re-

suspended in hexanes (60 mL) with oleic acid (0.10 mL) and oleylamine (0.10 mL). The 

suspension was centrifuged (10 min, 6000 rpm) to remove undispersed residue. Ethanol 

(80 mL) was then added to precipitate the nanoparticles, which were re-suspended and 

stored in hexanes. The final suspension was adjusted such that a 1000-fold dilution 

resulted in an A350nm = 0.160. Evaporation of hexanes under ambient conditions was 

allowed for SQUID characterization, otherwise the sample was left as a hexanes 

suspension and no precipitation was evident over the course of months.   

 

Dop-PEG-NBoc. The protected amine was synthesized from NHS-PEG-Boc (Jenkem) in 

71% yield as previously reported
161

 with successful synthesis verified by 
1
H NMR and 

LR MS. 
1
H NMR (300 MHz, CDCl3, 25°C): δ = 6.81 (d, J = 8, 1 H), 6.75 (s, 1 H), 6.57 

(d, J = 8, 1 H), 3.94 (s, 2 H), 3.61 (m, 167 H), 2.71 (t, J = 7, 2 H), 1.44 (s, 9 H). ESI-MS 

(m/z) = 1191 (M+H
+
), (Calcd. 1192). 



Multimodal Imaging Agents Chapter 4 

137 

 

 

MION@Dop-PEG-NBoc. MION@Oleic acid (2 mg) was suspended in THF (2 mL). 

Separately, Dop-PEG-NBoc (20 mg) was dissolved in mQ water and the pH was adjusted 

to 10 with KOH(aq) (1.0 M). The two solutions were mixed together and stirred 12 hours 

at room. The brown suspension was filtered with a microfilterfuge (2 µm) to remove any 

unstable particulate clusters. The filtrate was redispered in mQ water and filtered through 

a 10 kDa MW Cut-off filter to remove excess unfunctionalized polymer. The residual 

brown suspension of pure MION@Dop-PEG-NBoc in water, was  adjusted to a final 

[Fe]total = 1.15 mM.  

 

MION@Dop-PEG-NH2. An aqueous suspension of MION@Dop-PEG-NBoc was 

acidified to pH 1 with HCl(aq) (1.0 M). The suspension was stirred at room temperature 

for 30 min then neutralized with NaHCO3 (aq). The brown suspension was filtered with a 

microfilterfuge (2 µm) to remove any unstable particulate clusters. The filtrate was 

redispered in mQ water and filtered through a 10 kDA MW cut-off filter to remove any 

free ligand. The residual brown supsension, MION@Dop-PEG-NH2, was adjusted to a 

final [Fe] = 0.383 mM.  

 

Tert-butyl 2-(1,4,7,10-tetraazacyclododecan-1-yl)acetate (3). CsCO3 (766 mg, 2.35 

mmol) was added to a solution of cyclen (754 mg, 5.88 mmol) dissolved in acetonitrile 

(20 mL). Tert-butylbromoacetate (382 mg, 1.96 mmol) was added slowly over the course 
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of 30 min and the reaction mixture was stirred for 6 h at room temperature. The solvents 

were removed under reduced pressure and the crude product purified by flash 

chromatography over silica eluting with a gradient of 100% CH2Cl2 to 80% CH2Cl2 / 

17% CH3OH / 3% NH4OH. The solvents were removed under reduced pressure, and the 

product further dried under high vacuum overnight. The amine (3) was obtained as a light 

yellow oil (142 mg, 33.3 %). 
1
H NMR (300 MHz, CD2Cl2, 25°C): δ = 5.33 (s, 3 H), 3.34 

(m, 4 H), 2.79 (m, 14 H), 1.44 (s, 9 H). ESI-MS m/z = 287.1 (M+H
+
), (Calcd. 286.2). 

 

2-Chloro-N-(prop-2-yn-1-yl)acetamide. Chloroacetylchloride (134 mg, 1.20 mmol) was 

added dropwise to a solution of propargylamine (55 mg, 1.0 mmol) in CH2Cl2 (10 mL). 

N-diisopropylethylamine (156 mg, 1.20 mmol) was added dropwise to the reaction 

mixture which turned yellow. The reaction mixture was stirred for 30 min and the 

solvents removed under reduced pressure. The crude product was purified by flash 

chromatography over silica eluting with a gradient of 100 % CH2Cl2 to 97 % CH2Cl2 / 

3 % CH3OH. The solvents were removed under reduced pressure yielding compound the 

acetamide as an off-white solid (45 mg, 69 %). 
1
H NMR (300 MHz, CD2Cl2, 25°C): δ = 

4.07 (m, 4 H), 2.33 (t, J = 2.4 Hz, 1 H). 

 

Tert-butyl-2-(4,7,10-tris(2-oxo-2-(prop-2-yn-1-ylamino)ethyl)-1,4,7,10-

tetraazacyclododecan-1-yl)acetate (4). The amine (3) (272 mg, 0.950 mmol) was 

dissolved in acetonitrile (10 mL). 2-Chloro-N-(prop-2-yn-1-yl)acetamide (500 mg, 3.81 
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mmol) was added to the reaction mixture followed by Cs2CO3 (1.24 g, 3.81 mmol) which 

was stirred overnight at 60°C. The solvent was removed under reduced pressure and the 

crude product purified by flash chromatography over silica eluting with a gradient of 

100% CH2Cl to 85% CH2Cl2 / 14% CH3OH / 1% NH4OH yielding the product (70 mg, 

27 %). 
1
H NMR (300 MHz, CD2Cl2, 25°C): δ = 4.12 (m, 6 H), 2.8 (m, 27 H), 1.47 (s, 9 

H). ESI-MS m/z: 571.2 (M 
+
), (Calcd. 571.3). 

 

2-(4,7,10-Tris(2-oxo-2-(prop-2-yn-1-ylamino)ethyl)-1,4,7,10-tetraazacyclododecan-1-

yl)acetic acid (5). The acetate (4) (70 mg, 0.12 mmol) was dissolved in CHCl3 (10 mL). 

Trifluoroacetic acid (5 mL) was added to the solution which was stirred overnight at 

room temperature. The solvents were removed under reduced pressure. The crude 

product redissolved in methanol (10 mL) and the solvent removed under reduced 

pressure. Successive methanol washes were repeated a total of three times. The acid (5) 

was obtained as a yellow oil (70 mg, quant.). 
1
H NMR (300 MHz, CDCl3, 25°C): δ = 

4.03 (s, 1 H), 4.00 (s, 2 H), 3.42 (m, 24 H) 2.63 (m, 2 H).. ESI-MS m/z: 516.3 (M+H
+
), 

538.3 (M+Na
+
), (Calcd. 515.3). 

 

MION@Dop-PEG-DOTAm-(acetylene)3 (6). The acid (5) (5 mg, 0.03 mmol) was 

dissolved in N,N-dimethylacetamide (DMA). HATU (O-(7-azabenzotriazol-1-yl)-

N,N,N’,N’-tetramethyluronium hexafluorophosphate, 11 mg, 0.03 mmol) was added to 

the reaction mixture which was stirred at room temperature for 10 min. N-
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Diisopropylethylamine (5.0 µL, 0.027 mmol) was added to the reaction mixture, followed 

by MION@Dop-PEG-NH2 (50 µL, 0.38 mM [Fe]total). The solution was stirred overnight 

at room temperature, after which the sample was filtered through a 10 kDA filter to 

remove unconjugated ligand. The suspension product, MION@Dop-PEG-DotAm-

(acetylene)3, was adjusted to a final [Fe]total = 19 μM.  

 

MION@Tb-DOTAm-(acetylene)3 (1). A solution of TbCl3 (0.58 mg, 2.2 µmol) in mQ 

water (190 μL) was added to a suspension of MION@DOTAm-(acetylene)3 (50 μL, 19. 

μM Fe) in mQ water water (1 mL). The pH was adjusted to 8 with NaOH (1.0 M) and the 

suspension was stirred at 50°C. The successful formation of the complex was monitored 

by the time-gated luminescence of the product. The suspension was filtered with a 

microfilterfuge (2 µm) to remove unstable particulate clusters. The filtrate was then 

redispered in mQ water and purified by NAP-5 column chromatography eluting with 

100% mQ water to remove uncomplexed terbium. The suspension product, Fe3O3@Tb-

DOTAm-(acetylene)3 was adjusted to a final [Fe] = 6 μM and stored in mQ water.  

 

4-(Azidomethyl)phenanthridine. 4-(Bromomethyl)phenanthridine was synthesized as 

previously reported.
162

  4-(Bromomethyl)phenanthridine (50 mg, 0.18 mmol) was 

dissolved in acetone (50 mL) and NaN3 (119 mg, 1.84 mmol) was added. The mixture 

was heated to reflux and stirred for 2 h, after which the acetone was removed under 

reduced pressure and the resulting solid was redissolved in CH2Cl2. The organic phase 
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was extraced with a solution of NaCl (10 % w/v, 3 × 30 mL).  The organic phase was 

dried with MgSO4, the solvent was removed under reduced pressure and the crude 

product purified by flash chromatography over silica eluting with 100% CH2Cl2. The 

combined fractions were dried yielding the product (32 mg, 74 %). 
1
H NMR (300 MHz, 

CD2Cl2, 25°C): δ = 9.57 (s, 1 H), 8.76 (m, 2 H), 8.28 (d, J = 7.5 Hz, 8.10 (t, J = 7.5 Hz, 1 

H), 7.89 (m, 3 H), 5.30 (s, 2 H).1 H). ESI-MS m/z: 257.0 (M+Na
+
), (Calcd. 257.1). 

 

MION@Tb-DOTAm-(Phen)3 (2).  A solution of 4-(azidomethyl)phenanthridine (0.56 

mg, 2.4 µmol) was added to a suspension of MION@Tb-DOTAm-(acetylene)3 (50 μL, 6 

μM) in DMA (300 µL) and mQ water (100 µL). Copper (I) ascorbate (18 mM (aq) stock 

solution, 2.5 µmol) was added to the reaction mixture which was stirred at room 

temperature overnight. The successful formation of the complex was monitored by the 

time-gated luminescence of the product (see Figure 4). MION@Tb-DOTAm-(Phen)3 (2) 

was purified by NAP-5 column chromatography eluting with 100% mQ water.  

 

Refunctionalization protocol - MION@organic. Magnetite nanoparticles were 

refunctionalized with 3-aminopropylphosphonic acid according to a procedure previously 

reported. A suspension of MION@oleic acid nanoparticles (0.5 mL) was diluted to 10 

mL. A 10 mL solution of 3-aminopropylphosphonic acid (70 mg, 0.50 mmol) in water 

was added to a 10 mL hexanes dispersion of MION@OA nanoparticles, and the biphasic 

mixture was sonicated for 40 min. Upon completion, the layers were allowed to separate 
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and excess water and hexanes were removed via pipet. The brown solid was washed with 

hexanes (3 x 1 mL) and mQ water (3 x 1 mL). The final solid was redispersed in 7 mL of 

mQ water such that a 10-fold dilution resulted in A350nm = 1.4. The sample was 

lyophilized for both IR and SQUID characterization. Otherwise, the sample was left 

suspended in water and no precipitation was evident over the course of weeks.    

 

MION@organic@Au.  MION@organic nanoparticles (0.1 mL) were diluted to 20 mL 

with mQ water and HAuCl3 added (12.3 µL, 0.0178 mmol). The yellow solution was 

placed in an oil bath, sonicated for 10 min at 25 °C, and then heated to 85 °C while 

sonicating. At 85 °C, sodium citrate (1.25 mL, 0.25 mmol) was added and the solution 

was sonicated for 35 – 40 min. During this time, the reaction solution turned from yellow 

to clear upon addition of citrate, and then proceeded to turn dark purple, red, and finally a 

dark wine red. Without adjustment, the final solution was 2.22 OD/mL. The resulting 

colloidal solution was stable at room temperature. 
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Chapter 5  

Responsive, Multimodal Imaging Agents 

 

I. Introduction 

Since iron oxide nanoparticles have long been used as MRI contrast agents due to 

their high relaxivities and lower toxicities; and gold nanoparticles have been shown to be 

effective nanometer resolved imaging agents for STORM,
163

 darkfield microscopy,
164

 

and PALM,
165

 iron oxide – gold nanoparticle conjugates have received much attention for 

multimodal imaging and theranostic applications (Chapters 1 and 4). However, the 

majority of multimodal research thus far predominately focuses on passive detection 

systems, and the design of responsive, multimodal imaging agents remains not well-

explored. Responsive multimodal nanoprobes typically consist of two components that 

each contains individual responsive elements. However, the design and execution of 

these types of probes are not well-reported, as there are significant challenges to 

overcome to design a successful imaging probe. 

Importantly, over all the cases discussed thus far, none exhibit designed responses 

to a specific molecule, analyte, or species. The distinction between “targeted” and 

“responsive” agents is important, as significant work has been done to enhance the 

targeting capabilities of the multimodal probes, as discussed in Chapter 1. As such, this 
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chapter focuses on necessary design implications for responsive magneto-plasmonic and -

luminescent imaging agents. Generally speaking, responsive imaging agents of this type 

will be designed to produce a response via probe aggregation. The aggregation of the 

nanoparticle probes will induce a change in relaxivity, and either attenuation or increase 

in SPR or luminescence intensity. 

 

A. Responsive Multimodal Imaging Agents - Relaxivity 

In the case of magnetoluminescent agents, the changes in interparticle distance are 

more straightforward. General theories of nanoparticle relaxivity can be applied as it can 

be assumed that the pendant fluorophores do not necessarily hinder the diffusion of water 

to the nanoparticle surface, or the translational diffusion of the nanoparticle probes 

(Chapter 1). As such, an interparticle distance threshold of 7 nm must be crossed to 

increase relaxivity from aggregation. In the case of MION@PEG based agents, the PEG 

coating presents a unique challenge for estimating the minimum aggregate distance that 

can be produced. Techniques such as DLS, which work well for nanoparticles that are 

efficient at scattering light (such as gold or silver nanoparticles), produce irregular data 

for poor light scatterers (such as small MIONs). This is supported by good agreement 

between the measured DLS and TEM sizes of AuNP. Indeed, even when AuNPs are 

coated with PEG, the measured size is only slightly larger than the original uncoated 

nanoparticles, vida infra. However, in the case of iron oxide nanoparticles, PEG coating 
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can produce DLS sizes much larger than the original particles as measured by TEM. As 

such, isolating effect of interparticle distance on PEGylated MIONs is hampered 

experimentally. 

 It is clear, however, that forming clusters of MIONs works to significantly 

enhance transverse relaxivities to an extent (Chapter 3). In the core-shell system designed 

by Kim, et. al., and in the SiO2@MION@Au system designed by Kim, et. al., clustering 

the nanoparticles together allowed for significantly higher relaxivities to be obtained, 

upwards of 250 mM
-1

s
-1

.
29,40

 It is this effect that is controlled when designing responsive 

contrast agents. Generally, inducing MION aggregation in the presence of analyte forms 

the basis for all monomodal imaging agents, and carries over to form the basis for 

responsive, multimodal imaging agents. 

 

B.  Responsive Multimodal Imaging Agents – Luminescence and Plasmon 

 The conjugate portion of the multimodal imaging agent either takes the form of a 

luminescent fluorophore, or that of the plasmonic absorbance of gold nanoparticles and 

nanoshells.  

In the case of the fluorophore, the response is simple. Fluorescence can be 

induced or attenuated in the presence of the analyte. This could be a result of chemical 

reaction, intercalation to dsDNA, or any other method designed to alter luminescence. 

However, of primary concern is the fate of the tethered MION. While turn on and turn off 
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luminescence is excellent for a fluorescent response, the magnetic response will not be 

generated if the interparticle distance does not change (Chapter 3)  

Similarly, the case for the Au plasmon respsonse is dependent on interparticle 

distance. Since both the relaxivity of the nanoparticles and the position of the SPR for 

gold shells is aggregation dependent, the two components are well suited for responsive 

multimodal imaging. It is generally believed that an aggregation threshold, similar to the 

MION threshold, of about 2.5 times the diameter of the gold nanoparticles, is required to 

induce a red-shifted SPR.
166,167

 Also, it is known that larger gold nanoparticles, over 30 

nm, produce larger changes (greater red-shifts) than smaller nanoparticles upon 

aggregation.
168

 For these larger particles, it is crucial to remember that the particles are 

not stable in their dispersion. And as such, the AuNP must be PEG-coated to create 

water-stable dispersions.  

 Taking this all into account, this chapter investigates the design of two 

responsive, multimodal imaging agents. One, a dual-modal contrast agent that uses a 

novel reverse core-satellite Au@MION structure to overcome the limitations of previous 

MION@Au probe designs (Chapter 1 and 3). By using two, independent, water-stable 

dispersions of iron oxide and gold nanoparticles coated with PEG, a Au@MION core-

satellite probe was designed to respond to Cu(I) via the “click” reaction, for reasons 

established in Chapter 3. The probe-system employs an azide-vectored iron oxide 

nanoparticle probe 11.7 nm in diameter, and 40 nm AuNPs (Scheme 5.1). By aggregating 

many small MIONs around a larger central AuNP, it was hypothesized that large 
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increases in relaxivity would be observable. It was further hypothesized that even with 

the intermediary MIONs between individual AuNPs, significant red-shift of SPR bands 

would be observable as well, since large gold nanoparticles (>30 nm) in diameter have 

been shown to produce the largest attenuation of their surface plasmon resonance band 

upon aggregation while still maintaining colloidal stability, rendering them ideal 

candidates for responsive, nanoparticle imaging probes.
168

 

The other probe, a dual-modal MION@polymer@Ln derivative, similar to that 

designed in Chapter 4, would be designed to overcome limitations provided by organic 

and inorganic chromophores (mainly short luminescent lifetimes, small stokes shifts, and 

broad excitation and emission bands). This probe employs iron oxide nanoparticle cores 

functionalized with PEG, as described in Chapter 3, and then a tethered europium 

Scheme 5.1. Responsive multimodal imaging probe using AuNP@SSPEGC≡CH and 

MION@DPEGN3. 
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complex (Figure 5.1). The nature of the europium complex uses phenanthridine as an 

emission sensitizer and well-known dsDNA intercalator. Designed as such, the 

MION@polymer@Eu probe luminescence should turn off in the presence of dsDNA and, 

upon intercalation, rearrangement of the MIONs induces an increase in relaxivity.  

   

Figure 5.1. Outline of the MION@PEG@Ln based imaging probe. 
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II. Results and Discussion   

A. Core Satellite MION-AuNP 

The most powerful iron oxide nanoparticle (MION) imaging agents are 

characterized by high saturation magnetization, typically around 78 Am
2
/kg for 

magnetite-based agents, and are thus also characterized by high transverse relaxivities. 

As such, iron oxide nanoparticles were synthesized according to a hydrophobic, high 

temperature thermal decomposition method according to a procedure established by Sun, 

et al.
169

 Briefly, Fe(acac)3 was heated to 200 °C in benzyl ether for 30 min., followed by 

2 h at 300 °C in the presence of oleylamine and oleic acid resulting in surfactant coated 

iron oxide nanoparticles (MION@OA). Particle size was measured via transmission 

electron microscopy (TEM), and infrared spectroscopy confirmed the attachment of the 

surfactants (Figure 5.2, Figure 5.3).  

While nanoparticles synthesized by this method have been shown to be higher in 

monodispersity and magnetization when compared to nanoparticles synthesized from 

coprecipitation methods,
63

 the resulting nanoparticles are only stabile in hydrophobic 

 

100 nm 10 nm 

b) a) 

Figure 5.2. TEM images of a) MION@6 and b) AuNP@7. Particle size was determined 

to be 11.6 ± 0.7 nm, and 44 ± 5 nm, respectively. 
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solvents, due to the surface bound hydrophobic surfactants oleic acid and oleylamine. As 

such, the MION@OA synthesized in this study underwent hydrophilic ligand exchange 

to both render the particles water stable and maintain their monodispersity and efficacy.   

 

The synthesis of the two hydrophilic, poly(ethylene)glycol-based ligands used in 

this study is outlined in Scheme 5.2. Both ligands are derived from the commercially 

available heterobifunctional PEG, NHSPEGBoc, which contains an NHS-activated 

carboxylic acid and boc-protected primary amine. Simple amide coupling to both of the 

terminal ends of the PEG results in ligands (6) and (7), which each contain three 

important functionalities: a binding head group, a long-chain poly(ethylene)glycol linker, 

and a terminal vectorizing unit to provide functionality; either an azide as in (6) or an 

acetylene as in (7). Subsequent functionalization of each ligand to the nanoparticle 

surface results in MION@6 and Au@7. For the iron oxide nanoparticles, a catechol-

derived binding group on ligand (6) was used due to the high affinity of Fe(III) for 

catechols. Catechols groups, known to have high affinities for iron, (K = 10
51

) for the iron 

tris(catecholate) complexes present in siderophores, provide strong binding to the 

nanoparticle surface.
170

 Additionally, dopamide anchoring groups maintain particle 

monodispersity and saturation magnetization, providing water-stable nanoparticles with 

high relaxivities.
171,172

 Long-chain PEG (2000 g/mol) helps to simultaneously maintain 

colloidal stability in aqueous media and facilitate water diffusion to the surface of the 

nanoparticles, which according to theories of nanoparticle relaxivity is critical to 
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affording maximum relaxivity.
57

 Finally, the azide functionality of ligand (6) allows this 

half of the probe system to couple to the gold nanoparticles in the presence of Cu(I) via 

the “click” reaction. 

For the gold nanoparticles, a dithiol-derived binding group on ligand (7) was used 

due to the prevalence of AuNP-dithiol complexes in the literature.
173,174

 The long chain 

Scheme 5.2. Synthetic outline of the two ligands used for this study. A) propargylamine, 

N-DIEA, CHCl3; b) TFA, CHCl2; c) lipoic acid, HATU, N-DIEA, H2O; d) dithiothreitol, 

H2O, e) dopamine, N-DIEA, H2O, f) HCl, H2O, g) 5-azidopropanoic acid, H2O. Ligand 

(6) was used to functionalize iron oxide nanoparticles, while ligand (7) was used to 

functionalize gold nanoparticles. 
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PEG maintains the essential gold nanoparticle monodispersity in the presence of cations, 

as poorly coated or uncoated gold nanoparticles aggregate in the presence of endogenous 

cations such as Na
+
 and K

+
. Complementary to the iron oxide nanoparticles, the acetylene 

functionality allows this half of the probe system to couple to azide-terminated iron oxide 

nanoparticles in the presence of Cu(I).  

 Since the MION@OA are only stable in hydrophobic media, and physiological 

conditions mandate water-stable dispersions, the nanoparticles must undergo a phase 

transfer to render the particles water-stable. While there exist a multitude of methods by 

which to perform the ligand exchange, a simultaneous, biphasic ligand exchange has been 

shown in this dissertation to maintain particle magnetization and monodispersity for 

phase transfers (Chapter 2). As such, a biphasic ligand exchange protocol was used, 

resulting in the extremely water stable dispersion of MION@DPEGN3. No sign of 

aggregation was observed over the course of several months. TEM characterization 

indicated particle monodispersity was maintained and the nanoparticle size was measured 

to be 11.6 ± 0.7 nm in diameter. Infrared characterization was used to monitor the ligand 

exchange. Importantly, PEG-characteristic C-O stretching at 1100 cm
-1

 indicates 

successful exchange (Figure 2d). Additionally, the absence of sharp C=O stretching at 

1551 cm
-1

 originating from the original MION@OA (Figure 2c) further supports 

successful exchange. The transverse relaxivity of the particles was found to be 98.4 mM
-

1
s

-1
. The hydrodynamic radius of the nanoparticles, measured by dynamic light scattering 

(DLS), was found to be 80 nm, typical of 2kDa PEG functionalized nanoparticles. 
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 To exchange the surface bound citric acid in the case of the gold nanoparticles, 

the gold particles were suspended in water with ligand (7). Since both the ligand and the 

AuNP are water stable, overnight stirring in a single-phase aqueous system facilitates the 

ligand exchange. After this the particles were centrifuged to remove excess ligand and 

resuspended in water, resulting in AuNP@7. No sign of aggregation, as evidenced by 

colorimetric variation, was observed over the course of several months. TEM analysis 

indicated particle size was maintained at 44.2 ± 5.4 (Figure 5.2). Additionally, infrared 

characterization indicated strong C-O stretching at 1100 cm
-1

, analogous to MION@6 

(Figure 5.3) and broad C-H stretching at 2890 cm
-1

. The hydrodymanic radius of the gold 

nanoparticle probes was also found to increase from 53 to 60 nm upon PEG 
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Figure 5.3.  IR spectra of a) Ligand (7), b)AuNP@7, c) MION@OA, d)MION@6. The 

break in the spectra around 2200 cm
-1

 is done to remove background CO2. 
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functionalization. The increase in size results from the grafting of the large, 2kDa PEG to 

the surface of the particles, increasing the overall size of the gold nanoparticle system. 

Importantly, no red-shift in the position of the SPR absorbance of the particles was 

observed (data not shown) suggesting the increase in hydrodynamic radius is not resultant 

from nanoparticle aggregation. Additionally, it was observed that the AuNP@7 could 

undergo multiple rounds of centrifugation without observable shifts in the SPR band as 

measured by UV-Vis (data not shown) indicating a strong resistance to aggregation and 

providing further support for successful PEG grafting to the surface, as uncoated and 

poorly coated gold nanoparticles aggregate during the centrifugation process. Finally, no 

aggregation of AuNP@7 was observed in the presence of endogenous cations as 

evidenced by the stability of the SPR absorbance (vida infra),  providing further 

experimental evidence for a successful PEG coating as uncoated AuNP will aggregate in 

the presence of cations, resulting in a strong attenuation and red-shift of the SPR. 

The kinetic response of the probes to varying concentrations of Cu(I) is shown in 

Figure 5.4. As analogously observed with the purely iron oxide based probes designed in 

Chapter 3,
175

 in the presence of [Cu] = 200 µM, a 96 % increase in transverse relaxivity is 

observed after 2 min of reaction time. At lower [Cu] = 25 and 50 µM, however, r2 

increases by a substantially less 3 % and 20 %, respectively, after 1 h reaction time; 

effectively establishing the lower threshold of the probes detection limit at 50 µM Cu(I). 

Importantly, the probes exhibit a dynamic response to variable concentrations of analyte, 

with r2 reaction a maximum value and then decreasing thereafter (Figure 5.4, [Cu] = 150 
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and 200 µM). This is directly resultant from the predicted effects of MION aggregate size 

on relaxivity as established by Roch, et. al.,
176

 and the experimental effects observed in 

Chapter 3, and discussed in Chapter 1.
175

 Essentially, increases in r2 upon nanoparticle 

clustering will be observed when the rotational diffusion of the nanoparticles satisfies the 

motional averaging regime boundary condition, ΔωτD < 1, where τD is the rotational 

diffusion of the nanoparticles, and ωo is the difference in frequency between bulk water 

molecules and water molecules at the surface of the MIONs. While the condition is 

satisfied for monodisperse and slightly aggregated MIONs, when the aggregates pass the 

threshold of the MAR boundary condition, and τD changes such that ΔωτD > 1, the 

transverse relaxivity plateaus and subsequently decreases. This behavior is seen for [Cu] 

= 150 and 200 µM within 1 h reaction time, however for [Cu] = 150 µM and below, the 

plateau is not reached within the same reaction time, suggesting slower cluster formation 

at lower concentrations of Cu(I). The dependence of cluster formation on [Cu] after 1 h 

reaction time is further shown in Figure 5.6, and the effect of using different ratios of 

[Au]:[Fe] in Figure 5.5. Changing the ratios of probes has significant effects on the 

resulting cluster formation. It is apparent that at least a 1:1 ratio of probes is needed to 

induce an increase in relaxivity after 1 h. If a shortage of Fe is used, the aggregation of 

the probes does not produce a noticeable change in relaxivity. 
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The dual-modal imaging probes were designed to respond both magnetically, as 

observed in the changes in relaxivity, and optically, as observed in the changes in SPR 

intensity and wavelength. The changes in SPR response are shown in Figure 5.7. In the  
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Figure 5.4. Longitudinal (a) and transverse (b) relaxivity changes upon addition of [Cu] 

= 25 uM (crosses), 50 µM (open triangles), 75 µM (filled triangles), 100 µM (open 

circles), 125 µM (open squares), 150 µM (filled squares), and 200 µM (filled circles). 

Experimental details: mQ water, pH = 6, 40 °C, 60 MHz. Cu(I) was generated from a 

stock solution of CuSO4 and ascorbate ([Cu(II)]:[asc] = 1:5). 
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Figure 5.6. Transverse relaxivity (r2) as a function of the [Cu] after 1 h reaction time. 

Experimental details: mQ water, pH = 6, 40 °C, 60 MHz. Cu(I) was generated from a 

stock solution of CuSO4 and ascorbate ([Cu(II)]:[asc] = 1:5). 
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Figure 5.5.. Transverse relaxivity (r2) as a function of the [Fe]:[Au] after addition of [Cu] 

= 150 µM at 0 min (black bars) and at maximum response (white bars). Experimental 

details: mQ water, pH = 6, 40 °C, 60 MHz. Cu(I) was generated from a stock solution of 

CuSO4 and ascorbate ([Cu(II)]:[asc] = 1:5). 
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absence of Cu(I), shifts in the intensity and position of the SPR are minimal, with an 

observed decrease in intensity of 12 % after 1 h. This response is most likely due to the 

instability of large, colloidal gold nanoparticles in solution. However, in the presence of 

Cu(I), significant attenuation of SPR is observed, up to 45 % when [Cu] = 300 µM. 

Interestingly, this large change is concomitant with a only 5 nm red-shift of the SPR to 

535 nm. Aggregation of spherical gold nanoparticles has been shown to produce shifts 

ranging from a few to over 200 nm.
168,177

 However, in systems exhibiting these large 

changes, the gold nanoparticles are coated with small molecules such as short chain 

oligomers
168,178,179

 or small molecules
177,180

 designed to induce aggregation in the 

presence of a given target. In the system designed here, the 8 nm thick PEG spacer, while 
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Figure 5.7..Probe response measured in the UV-Vis in the presence of [Cu(I)] = 0 uM 

(filled triangles), 100 µM (open circles), 200 µM (filled circles) and 300 µM (open 

upside-down triangles). Experimental details: mQ water, pH = 6, 23 °C, 60 MHz. Cu(I) 

was generated from a stock solution of CuSO4 and ascorbate ([Cu(II)]:[asc] = 1:5). 
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effective at maintaining particle monodispersity, does not allow the gold nanoparticles to 

increase their proximity to one another to a large enough degree to allow large 

attenuation and shift of the SPR. It is theoretically predicted that electronic coupling 

between gold nanoparticles is severely attenuated for interparticle distances greater than 

2.5 times the diameter of the nanoparticles.
181

 Furthermore, when using dsDNA to 

investigate the effect of interparticle distance on λSPR, Lipardt, et. al., found a maximum 

change in λSPR for 42 nm AuNPs when the nanoparticles crossed a critical threshold of 

about 20 nm in distance.
166

 While the core size (as measured by TEM) of the AuNP@7 

used in this study was found to be 43 nm, the overall size of AuNP@7 (as measured by 

DLS) was found to be 60 nm, suggesting the PEG layer is around 8 nm thick. The 

experimental threshold observed by Liphardt, et. al., is easily exceeded when one 

considers the MION@6 that must exist between two neighboring gold nanoparticles in 

the clusters that form. Taken into account, it is not surprising that little to no SPR shift is 

observed in the clusters formed in this study. Rather, the prominent response of the probe 

is via dampening of the SPR peak, most likely resultant from the unstable clusters that 

form during the aggregation process, however it should be noted that no precipitate or 

flocculation is observed in the samples, even after two days of incubation time. 
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Darkfield microscopy was used to monitor the optical response of the probes and 

confirmed the clustering of the gold nanoparticles (Figure 5.8). As can be seen, the 

smaller, 11.6 nm MION@6 are too small to efficiently scatter light and are unobservable. 

The 50 nm AuNP@7, however, are much larger and pigmented, and as such are easily 

visible. In the absence of Cu(I), little to no clusters are seen, in agreement with the 

negligible changes in the UV-Vis spectra. However, cluster formation is observed when 

the [Cu(I)] is increased to 150 µM (Figure 5.8d). Notably, while the increase in cluster 

size is evident, the colorimetric response in negligible: the particles appear green 

irrespective of their state of aggregation. This is in good agreement with their behavior in 

Figure 5, with the PEG and intermediary MION@6 providing too great a distance 

Figure 5.8. Darkfield microscopy images of a) MION@6, b) AuNP@7, c) a mixture of 

MION@6, AuNP@7, [Cu(I)] = 0 µM, 2 h; and d) a mixture of MION@6, AuNP@7, 

[Cu(I)] = 150 µM, 2 h.  



Responsive, Multimodal Imaging Agents Chapter 5 

161 

 

between gold nanoparticles to produce an observable shift in the λSPR. The observed 

intensity of the clusters, however, increases slightly upon aggregation (Figure 5.8d). This 

is in good agreement with previous research which suggests an increase in scattering 

volume upon aggregation.
166

 

 T2-spin echo and T1-weighted gradient echo images were obtained to investigate 

the effectiveness of the probes as MRI-based contrast agents. Overall, the data is 

analogous to previous aggregation-base particulate probes designed in Chapter 3,
175

 with 

the T2-spin echo images supporting relaxivity data (Figure 5.9). Three control samples of 

 a) 

b) 

c) 

iv v vi 

1 mm 

iii ii i 

Figure 5.9. a) T1-weighted and, b) T2-weighted images of dispersions of MION@6 and 

AuNP@7. i) mQ water; ii) MION@6, [Fe] = 1 mM; iii) AuNP@7, [Au] = 0.2 mM; iv) 

MION@6 + AuNP@7, [Fe] = 1 mM, [Au] = 0.2 mM; [Cu] = 0 mM; v) MION@6 + 

AuNP@7, [Fe] = 1 mM, [Au] = 0.2 mM, [Cu] = 0.15 mM; vi) MION@6 + AuNP@7, 

[Fe] = 1 mM, [Au] = 0.2 mM, [Cu] = 0.30 mM. Image details of a) TR = 11.15 ms, TE = 

5.59 ms, FOV = 15 mm x 15 mm, matrix: 256 x 256, 20º, slice thickness = 1 mm, ns = 4; 

and b) TR = 2000 ms, TE = 12.18 ms, FOV = 15 mm x 15 mm, matrix: 256 x 256, slice 

thickness = 1 mm. 
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mQ water (Figure 5.9, i), MION@6 ([Fe] = 1 mM, Figure 5.9, ii); and AuNP@7 ([Au] = 

0.2 mM, Figure 5.9, iii) were prepared. As expected from the three controls, only (ii) 

exhibits significant signal loss, due to the presence of the superparamagnetic MION@6. 

Three experimental samples were also prepared, in each of which [Fe] = 1 mM and [Au] 

= 0.2 mM, with increasing amounts of Cu(I): 0 mM (Figure 5.9, iv), 0.15 mM (Figure 

5.9, v), and 0.30 mM (Figure 5.9, vi). The magnitude of signal loss in (iv) is similar to 

that of control sample (ii), as expected since no Cu(I) is present to induce nanoparticle 

aggregation. In sample (v), however, the presence of 0.15 mM Cu(I) initiates the 

particulate clustering, and as such an increase in signal loss is observed when compared 

to samples (ii and iv). This is in good agreement with the relaxivity data that shows, at 

lower concentrations of Cu(I), the clustering of the particles increases the transverse 

relaxivity of the probes. However, in excess amounts of Cu(I), clustering occurs quickly 

and the large size of the clusters decreases the overall relaxivity of the probes (Figure 

5.4). This effect is manifested in a negligible amount of signal loss in the T2-weighted 

spin echo (Figure 5.9, vi). Overall, the T2-spin echo images agree well with the observed 

relaxivity measurements. 

 The above observations have significant implications when it comes to the design 

and efficiency of these styles of probes for both MRI and dark-field imaging. From the 

viewpoint of stability and toxicity, it is advantageous to use nanoparticles with polymer 

coatings, as these have been shown to exhibit significant cell uptake while maintaining 

cell viability. However, the PEG coating comes with the cost of limiting interparticle 
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distance. In this study, small 11.7 nm MION@6 was used to promote significant 

clustering of MIONs to produce the largest effect on transverse relaxivity and, thus, 

image contrast. While the design was highly effective in its magnetic response (Figure 

5.4), only subtle optical changes were observed (Figure 5.7). The lack of a significant 

λSPR shift in this study is attributed to the dense, 8 nm PEG coating surrounding the 43 

nm AuNP combined with interspaced MION@7. It has been suggested,
166

 that lowering 

the surface density of the AuNP coating increases the λSPR shift of the aggregrates. While 

this would be an attractive option for maximizing probe sensitivity, reducing the density 

of the surface coating enhances the exposure of the AuNP surface to the solvent, enabling 

undesirable side reactions and toxicity that is not present in well-coated AuNPs.
182

  

 The selectivity of the multimodal, responsive imaging probe was monitored by 

changes in relaxivity after addition of 125 µM Cu(I) over endogenous cations (Figure 

5.10). As can be seen, the transverse relaxivity can fluctuate in the presence of cations, 

attributed to interaction of the small cations with surface-bound PEG, which change 

solvent accessibility to the MIONs.
110,175

 Addition of Cu(I), however, still induced 

particle aggregation, subsequently increasing r2.  
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 The selectivity of the probes was also monitored via changes in the position and 

intensity of the SPR absorbance feature. Similarly, the presence of endogenous cations at 

high levels (up to 5 mM) has little effect on the intensity of the SPR (black bars). 

However, addition of 300 µM Cu(I) significantly attenuates the SPR intensity, and 

quenching is attenuated in all cases. 
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Figure 5.10. Selectivity of the responsive contrast agent to various physiological cations 

as monitored by changes in transverse relaxivity. Black bars represent r2 after addition of 

an excess of the appropriate cation (5 mM NaCl, 5 mM KCl, 0.5 mM MgCl2, 2.5 mM 

CaCl2, and 0.5 mM ZnCl2). White bars represent r2 after subsequent addition of 125 μM 

CuSO4 and 0.225 mM Na ascorbate. Experimental conditions: water, pH 7, [Fe]total = 30 

μM, [Au] = 20 µM, 37°C, 1.5 T. 
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B. MION@polymer@Ln 

Iron oxide nanoparticles were synthesized from a high temperature thermal 

decomposition method as established by Sun, et. al.
1
 The resulting nanoparticles were 

measured via TEM to be 7.4 ± 1.4 nm.  

The synthesis of the final probe and incorporation of the lanthanide is outlined in 

Scheme 5.3. Using the MION@DPEGNH2 as a template, the DOTA ligand (10) can be 

tethered via simple amide coupling. In-situ generation of the final europium complex is 

afforded by incubation with EuCl3. The final probe, MION@DPEGEu, was then isolated 
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Figure 5.11. Selectivity of the responsive contrast agent to various physiological cations 

as monitored by SPR attenuation. White bars represent r2 after addition of an excess of 

the appropriate cation (5 mM NaCl, 5 mM KCl, 0.5 mM MgCl2, 2.5 mM CaCl2, and 0.5 

mM ZnCl2, 0.5 mM CuSO4). Black bars represent r2 after subsequent addition of 300 μM 

CuSO4 and 1.5 mM Na ascorbate. Experimental conditions: water, pH 7, [Fe]total = 30 

μM, [Au] = 200 µM, 22 °C, 1 h. 
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using 10kDa MWCO filters. Due to the large size of the final complex when bound to the 

MION, unbound molecules easily passes through the filter, while leaving any MION-

bound complex in the supernatant.  

 The change in luminescence upon addition of CT DNA is shown in Figure 5.12. 

As can be seen, significant luminescent quenching is observed upon addition of the target 

DNA. Lanthanide emission, when excited at 250 nm, is all but entirely quenched when 

the concentration of base pairs, [bp] = 0.4 mM. Interestingly, in the presence of CT DNA, 

the probe exhibits ratiometric behavior (Figure 5.13). Increasing concentrations of CT 

DNA induce changes in emission intensity of over 100-fold when excited at 250 nm, yet 

negligible changes in luminescence when excited at 346 nm. Advantageously, this allows 

for a more accurate determination of the quantity of DNA in solution via the ratio 

Scheme 5.3. Synthesis of the responsive, magnetoluminescent probe, MION@PEG@Ln. 
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between the two emission intensities. The quenching of luminescence in the presence of 

CT DNA is in good agreement with other studies done by our group that show nucleotide 

bases such as adenosine can quench lanthanide luminescence. 

The DOTA-based ligand set used for the probe provides a significant advantage 

over other non-DOTA based lanthanide probes. It is well established that the lanthanide 

metal, if not properly sequestered, can cleave the phosphate backbone of dsDNA. This is 

observed for lanthanide complexes that are poorly coordinated (cite), and ideally this 

damage can easily be circumvented by using a DOTA-based ligand set for the lanthanide 

metal.  

The magnetic response of the probe is shown in Figure 5.14. Interestingly, the 

observed response of the probe is not to increase transverse relaxivity, as expected for 

clustering of nanoparticles. Rather, a decrease in relaxivity is observed as CT DNA is 
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Figure 5.12. Europium excitation (a), and emission (b), spectral changes upon addition of 

CT DNA. Experimental conditions: pH = 7.4, [PBS] = 1.5 mM, [Fe] = 11 µM, [Eu] = 9.8 

µM, λexc = 250 nm, time delay = 0.1 ms, T = 20 °C. 
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added to the particulate dispersion. First off, since it is known that the nanoparticles begin 

in a motional averaging regime (as evidence by increases in transverse relaxivity upon 

addition of phosphate ion over 5 mM, data not shown), any clustering of the 

nanoparticles upon addition of DNA should work to increase nanoparticle aggregation 

and thus increase transverse relaxivity. However, transverse and longitudinal relaxivity 

both decrease in proportion to the amount of DNA present in solution, until a maximum 

decrease of 31 % and 23 % were reached at 450 µM CT DNA, respectively. The cause of 

this effect is currently under investigation. 
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Figure 5.13. Emission intensities at 246 nm (open circles) and 346 (filled circles) upon 

addition of CT DNA. Experimental conditions: pH = 7.4, [PBS] = 1.5 mM, [Fe] = 11 µM, 

[Eu] = 9.8 µM, λem = 617 nm, time delay = 0.1 ms, T = 20 °C  
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C. Conclusions and Future Work 

 Two responsive, multimodal imaging probes were designed to respond to Cu(I), 

in the case of the magnetoplasmic agent, and dsDNA, in the case of the 

magnetoluminescent agent. Importantly, while each probe exhibited multimodal 

responses to the target analyte, a primary response was observed in each case. In the 

magnetoplasmonic probe, a large magnetic response was observed, with little optical 

response. Conversely, in the case of the magnetoluminescent probe, the major response 

was via fluorescence, with minor changes in relaxivity. 

This highlights important considerations when designing multimodal responsive 

probes. Insomuch as that one aspect of the response is allowed at the expense of the 
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Figure 5.14. Transverse (filled circles) and longitudinal (open circles) relaxivity response 

to increasing amounts of CT DNA. 
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other. Further work should be done to optimize the probes response in both detection 

methods, to maximize the efficiency of the probes. This would include investigating the 

effect of the PEG stabilizing ligand on the MION as well as shortening the PEG on the 

gold nanoparticles to encourage maximum changes in proximity when response to a 

target is desired. 
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III. Experimental 

General considerations. Unless otherwise noted, starting materials were obtained from 

commercial suppliers and used without further purification. Water was distilled and 

further purified by a Millipore cartridge system (resistivity 18 x 10
6
 Ω). UV-Vis data was 

recorded on a Cary 100 Bio UV-Vis spectrophotometer. 
1
H-NMR spectra were recorded 

on a Varian 500 at 500 MHz or on a Varian 300 at 300 MHz; the solvent residual peak 

was used as an internal reference. Data for 
1
H NMR are recorded as follows: chemical 

shift (δ, ppm), multiplicity (s, singlet; d, doublet; t, triplet; m, multiplet), integration, 

coupling constant (Hz). Data for 
13

C NMR are reported in terms of chemical shift (δ, 

ppm). Mass spectra (LR = low resolution; HR = high resolution; ES MS = electrospray 

mass spectrometry) were recorded on a Bruker BioTOF II at the Mass Spectrometry 

Facility at the Department of Chemistry at the University of Minnesota, Twin-Cities. 

TEM images were collected on a JOEL JEM1210, FEI Tecnai T12, or on a JOEL 1200 

EXII at 120 kV. Relaxivities were measured at 37 °C and 1.5 T (60 MHz) on a Bruker 

Minispec mq60. The hydrodynamic size of the particle aggregates was measured by 

Dynamic Light Scattering (DLS) with a 90Plus/BI-MAS particle size analyzer 

(Brookhaven Instruments Corporation). Solid state infrared spectra were recorded on a 

Thermo Nicolet 6700 FTIR using an ATR adapter. Data was collected between 700 cm
-1

 

and 3700 cm
-1

. Darkfield microscopy images where obtained on a Nikon Optishot-Pol 

microscope at 20x magnification. 
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NHS-PEG-Boc. NHS-PEG-Boc was purchased from Jenkem and used without further 

purification. 
1
H NMR (300 MHz, CDCl3) δ (ppm) = 190H, 5.12 (s, 1H), 4.14 (s, 2H), 

3.68 (m, 167 H), 2.70 (s, 4H), 1.43 (s, 9H). ESI-MS (m/z) = 1172 (M+H
+
). 

 

HCC-PEG-Boc (1). NHS-PEG-Boc (75 mg, 0.0320 mmol) was dissolved in CHCl3 (5 

mL). Propargylamine (2.9 mg, 0.054 mmol) and N,N-diisopropylethylamine (9.4 mg, 

0.071 mmol) were added to the solution and the reaction was stirred (48 h, 23°C). The 

solvent was removed under reduced pressure, resulting in a yellow oil. The sample was 

then dissolved in mQ H2O (400 µL), purified through a Nap-5 column (eluent: mQ H2O, 

1.0 mL), and lyophilized overnight resulting in the product H(CC-PEG-Boc, (1)) as a 

white solid (65 mg, 91 %). 
1
H NMR (300 MHz, CDCl3) δ = 7.39 (m, 2H), 5.02 (m, 2H), 

4.05 (dd, 2H, J1 = 3.3, J2 = 2.4), 3.98 (s, 2H), 3.60 (m, 209H), 2.21 (t, 1H, J = 2.4), 1.40 

(s, 9H). 

 

HCC-PEG-NH2 (2). HCC-PEG-Boc ((1), 65 mg, 0.029 mmol) was dissolved in mQ H2O 

(500 µL). The pH was adjusted to 1 using HCl (1 M) and the reaction was stirred (72 h, 

40 °C), after which time the solution was neutralized with 10 % NaHCO3. The sample 

was lyophilized overnight, resulting in the product (HCC-PEG-NH2) as a white solid (30 

mg, 48 %). 
1
H NMR (300 MHz, CDCl3) δ = 7.40 (m, 2H), 4.08 (dd, 2H, J1 = 3.0, J2 = 

2.4), 4.01 (s, 2H), 3.63 (m, 288H), 2.23 (t, 1H, J = 2.4). 
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HCC-PEG-SS (3). Lipoic acid (4.6 mg, 0.023 mmol), HATU (9.7 mg, 0.026 mmol), and 

triethylamine (3.8 mg, 0.038 mmol) were dissolved in dimethylacetamide (DMA, 500 

µL) and stirred for 15 min at 23 °C. HCC-PEG-NH2 (30 mg, 0.0141 mmol) was added in 

DMA (500 µL) and. The reaction was stirred overnight at 23 °C. The solvent was 

removed under reduced pressure, sample redissolved in mQ H2O (400µL), and purified 

via a Nap-5 column (eluent: mQ H2O, 1 mL). The sample was lyophilized, resulting in a 

white solid (22 mg, 67 %). 
1
H NMR (300 MHz, CDCl3) δ = 7.40 (m, 2H), 4.09 (dd, 2H, 

J1 = 3.3, J2 = 2.4), 4.01 (s, 2H), 3.64 (m, 239H), 3.14 (2H, J1 = 6.0, J2 = 4.2), 2.46 (1H, J1 

= 6.9, J2 = 6.3), 2.35 (1H, J = 7.5), 2.24 (2H, J1 = 4.8, J2 = 2.7), 1.91 (1H, J1 = 6.6, J2 = 

6.3), 1.49 (2H, J1 = 9.0, J2 = 4.8). 

 

HCC-PEG-SSH (7). Dithiolthreitol (DTT, 8 mg, 0.05 mmol) was dissolved in mQ H2O 

(500 µL). HCC-PEG-SS (22 mg, 0.0095 mmol) was added and the solution stirred for 2 h 

at 23 °C, after which time it was passed through a Nap-5 column (eluent: mQ H2O, 1 

mL). The was lyophilized overnight, resulting in a white solid (20 mg, 91%). The solid 

was used immediately to prevent oxidative damage to the cleaved dithiol. 

 

AuNP@7. HCC-PEG-SSH ((7), 7 mg, 0.001 mmol) was added to 500 µL of 50 nm gold 

nanoparticles ([Au] = 0.254 µM) and the solution stirred for 12 h. The dispersion was 

then centrifuged to a pink pellet and resuspended in mQ H2O (1 mL). The 
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centrifugation/wash process was repeated (2 x 1 mL) and the PEGylated dispersion, 

AuNP@7, was stored in mQ water (500 µL).  

 

Dop-PEG-N3 (6). Dop-PEG-N3 was synthesized and functionalized to the MION 

according to previously published procedures.
175

 

 

MION@DPEGNH2. MION@OA (30 uL, 2 mg) was removed from its hexanes 

dispersion and suspended in THF (1.0 mL). DopPEGNH2 (5 mg, 2.4 mmol) was 

dissolved in KOH (500 uL, 200 mM). The aqueous solution was rapidly added to the 

THF dispersion while stirring. A brown mixture formed immediately and stirring was 

stirred for 2 h at 40 °C and then 12 h at 22 °C to allow the THF to evaporate slowly, 

resulting in a transparent brown suspension. The sample was filtered through a 

microfilterfuge (0.6 µm) to remove any clustered nanoparticles and stored at room 

temperature at 2.5 mMFe NMR: r1 = 5.4 mMFe
-1

s
-1

, and r2 = 115 mMFe
-1

s
-1

. ATR-IR (cm
-

1
): 1586, 1389, 1090.  

 

6-methylphenanthridine-DOTA (6MPD). 6-MPD was synthesized according to a 

previously published procedure by Weitz, et. al. (cite). 
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MION@DPEGEu. 6MPD (5 mg, 0.005 mmol) was dissolved in H2O, and EDC (5 mg, 

0.03 mmol) and NHS (4 mg, 0.02 mmol) was added. The solution was stirred for 2 h, 

after which MION@DPEGNH2 (200 uL, 8.6 mMFe) was added with triethylamine (5 µL, 

0.07 mmol) and the final solution was stirred for 6 h at 22 °C. EuCl3 (50 uL, 0.002 umol) 

was added and the pH adjusted to 7 with KOH (1 M). The dispersion was stirred for 24 h, 

after which it was filtered using a 10kDa MW cutoff filter, supernatant resuspended in 

mQ water (1.0 mL) and filtered again (3 × 2 mL), resulting in a mQ water stable 

dispersion of the product, MION@DPEGEu. The dispersion was filtered through a 

microfilterfuge (0.6 µm) and the transparent brown dispersion was stored at room 

temperature.  

 

Oleic acid-functionalized magnetite nanoparticles. Oleic-acid functionalized magnetite 

nanoparticles were synthesized from Fe(acac)3, oleic acid and oleylamine according to 

the procedure developed by Wang and coworkers.  

 

Relaxivity Data. Longitudinal (T1) and transverse (T2) relaxation times of the 

nanoparticle dispersions in mQ water were measured on a Bruker Minispec (60 MHz, 37 

°C) according to the inverse recovery sequence and the Carr-Purcell-Meiboom-Gill 

sequence, respectively. The concentration of iron of each probe was determined using the 

equation below. Briefly, each probe was suspended in 2:1 HNO3:mQ water. Each sample 
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was heated at 110 °C overnight, after which T1 of each solution was measured. The 

resulting concentration of iron was calculated from a calibration plot created from ICP-

OES analysis of solutions of FeCl3 in 2:1 HNO3:mQ water.  For each probe, the 

longitudinal (r1) and transverse (r2) relaxivities were fitted to the following equation. 

  

 1,2where,
11

[Fe]
O2Hobs

 i
TT

r
i,i,

i

 

 

Kinetic Relaxivity Studies. Nanoparticle probes were suspended in a solution of mQ 

water and the relaxation times measured. Cu(Asc) was then added to bring the final 

concentration of Cu(I) to 0, 25, 50, 75, 100, 125, 150 and 200. In each run, [ascorbate] = 

5 × [Cu(I)]. The excess ascorbate is necessary in order to maintain all copper in its +1 

oxidation state. Relaxation times were then recorded over the next 60 min.  

 

Kinetic UV-Vis Studies. Nanoparticle probes were suspended in a solution of mQ water 

and the absorbance spectrum recorded. Cu(Asc) was then added to bring the final 

concentration of Cu(I) to 0, 50, 100, 200, and 300. In each run, [ascorbate] = 5 × [Cu(I)]. 

The excess ascorbate is necessary in order to maintain all copper in its +1 oxidation state. 

Spectra were collected at 0, 0.5, 1 h. 
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Selectivity Studies. Nanoparticle probes were suspended in a solution of mQ water  and 

the relaxation times measured. The desired cation was then added and relaxation times 

measured after 20 min. The concentration of competing cations are 5.0 mM NaCl, 5.0 

mM KCl, 0.50 mM MgCl, 0.50 mM ZnCl, 2.5 mM CaCl2.  Cu(Asc) was then added to 

bring the final concentration of Cu(I) to 125 μM. The transverse relaxation time was then 

recorded over the next 30 min. Once the maximum T2 reading was reached, T1 was 

measured. 
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