


 
 

ABSTRACT 

Nanosystems: From their design to characterization as advanced MRI 

contrast agents 

by 

Richa Sethi 

Ultra-short single-walled carbon nanotubes (US-tubes) have been previously 

shown to be efficient carriers of imaging agents. In particular, gadonanotubes (GNTs) 

synthesized by loading and nanoscale confinement of Gd3+ ions within US-tubes have 

been established as high-performance MRI contrast agents (CAs) with efficiencies 40 to 

90 times greater than the current clinical CAs. Using nuclear magnetic resonance 

dispersion (NMRD) and electron spin resonance (ESR) techniques, this work discusses 

the origin of the magnetic and proton relaxation behavior in MRI of the GNTs and related 

structures at low magnetic fields. The likely causes for the observed paramagnetism for 

these materials are explored and their effect on water proton relaxation is discussed. 

 In addition, Gd3+ chelates, which are currently approved for clinical MRI use, 

provide relaxivities (or contrast enhancement) well below their theoretical limit, and they 

also lack tissue speci!city. In this dissertation, using vascularly injectable mesoporous 

silicon nanoparticles (SiMPs), general methods for increasing the efficiency of Gd3+-

based MRI CAs are described. Two different strategies have been successfully tested 

where Gd3+ chelates are either geometrically confined within the pores of SiMPs or 

covalently attached to the surface of SiMPs. For both the approaches, SiMPs with 

different pore sizes have been used to generate a dominant role in the resulting relaxivity. 



 
 

The nanoconstructs designed using these approaches have been shown to produce 

relaxivities that are many-fold greater than the free CAs in solution. This enhancement is 

attributed to the optimization of the molecular parameters that govern relaxivity. Co-

loading the pores with a Gd3+-based CA and a fluorescently-labeled antibody has shown 

the potential of SiMP nanoconstructs as multimodal agents. The strategies outlined in this 

dissertation are general and can be successfully applied to any imaging agent and porous 

nanosystem. 

In summary, this work highlights two key outcomes. First, it provides a better 

understanding of the magnetic and MRI behavior of the GNTs. Second, it demonstrates 

that geometrical confinement of CAs and covalent functionalization of nanoparticles are 

universal strategies for enhancing the performance of Gd3+-based CAs.  
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Chapter 1 

    Introduction 

1.1. Overview 

Since its discovery in early 1970s, magnetic resonance imaging (MRI) has 

become a standard tool in the clinic to non-invasively obtain anatomical and functional 

information about the human body, with the imaging modality being especially useful for 

imaging the brain, heart, muscles, tumors, bleeding injuries and infections. Worldwide, 

more than 60 million MRI scans are performed each year and the technology is still 

undergoing rapid development.  

Based on the principles of nuclear magnetic resonance (NMR), MRI signal 

originates from the interaction of water protons in the body with an externally-applied 

magnetic field. Briefly, a strong magnetic field is applied to align the proton spins, 

followed by perturbation of these spins by a pulsed radio wave, and then finally the 

recovery or relaxation of these spins to the equilibrium state. The radiation generated 
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during this process is reconstructed into an image that gives a 3-dimensional anatomical 

view of the body. Proton density varies from one tissue to another, which allows 

distinguishing pathological tissue from the normal tissue. The measure of efficacy of an 

MRI CA is denoted by the term relaxivity (r1 or r2). 

Often times it is difficult to differentiate between different tissues, so chemical 

contrast agents (CAs) are administered to enhance the images. CAs have the ability to 

increase the MR image resolution and thus the diagnostic confidence by altering the local 

relaxation times of the water protons. CAs have revolutionized the use of MRI in 

diagnostic and therapeutic medicine. In fact, 30% of the MRI procedures performed each 

year employ MRI CAs. Most of the currently-used clinical CAs consist of biocompatible, 

highly hydrophilic chelated Gd3+ molecules that demonstrate favorable rates of excretion, 

low toxicity, hydrophilicity and effective biodistribution.1–3 

Despite the progress being made in the CA development, currently used CAs 

possess serious limitations. Firstly, the use of Gd3+-based CAs is associated with a 

condition called nephrogenic systemic fibrosis (NSF), observed in patients suffering from 

severe kidney disease or damage, and is related to the transmetallation of Gd3+ ions of the 

ligands by other metal ions present in the body. Due of their low retention times and lack 

of tissue specificity, the currently-available Gd3+-based CAs do not have the potential for 

advanced MR applications. Therefore, it is of paramount importance to develop CAs that 

can overcome these limitations while also offering other advantages that make them 

promising candidates for future CA development in molecular imaging. With this 

objective, this dissertation focuses on the development of porous silicon nanoparticle-

based CAs with enhanced r1 relaxivities. The ability of porous nanosystems to be used as 
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“theragnostic” (therapy + diagnostic) agents has been discussed. The described strategies 

offer a new and general way for enhancing the relaxivities of Gd3+-based MRI CAs. 

Gadonanotubes (GNTs) or Gd3+ ions encapsulated within ultra-short carbon 

nanotubes (US-tubes) with lengths ~ 20 – 80 nm have been previously reported as high-

performance MRI CAs with proton relaxivities " 100 mM-1s-1.4 In this work, GNTs and 

empty US-tubes are probed with nuclear magnetic resonance imaging (NMRD) and 

electron spin resonance (ESR) to elucidate the origin of magnetic properties of these 

materials, especially at low magnetic fields.  

1.2.  Organization 

This thesis is divided into six chapters. Chapter 2 briefly discusses the 

background literature, some unpublished results on GNTs and the motivation for the 

present thesis. The following aims are discussed in Chapters 3, 4, 5 and 6, respectively: 

Aim 1: An NMRD and ESR investigation of gadonanotubes and related structures 

Previously, GNTs have been shown to be a new frontier in MRI CA design.4 

Herein, an extensive study of the origin of paramagnetic properties of the GNTs at low 

fields has been performed. Precursors to the GNTs have also been studied and the reasons 

for their large water-proton spin-lattice relaxation rates have been elucidated using 

NMRD and ESR analysis. 
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Aim 2: Enhanced MRI relaxivity of Gd3+-based contrast agents geometrically 

confined within porous nanoconstructs 

As discussed earlier, Gd3+ chelates, which are currently approved for clinical MRI 

use, provide relaxivities well below their theoretical limit, and they also lack tissue 

speci!city. In this chapter, the performance of MRI nanoconstructs obtained by loading 

[Gd(DTPA)(H2O)]2-, Magnevist® (MAG) into the pores of injectable mesoporous silicon 

particles (SiMPs) has been characterized and optimized. Nanoconstructs with three 

different pore sizes, namely 5 – 10 nm (SP), 30 – 40 nm (HP), and 50 – 60 (GP) have 

been studied and their effect on r1 relaxivity has been evaluated. Finally, the cytotoxicity 

and stability of the resulting nanoconstructs has been investigated.  

Aim 3: Gd3+-grafted mesoporous silicon nanoparticles as high relaxivity MRI 

contrast agents 

In this chapter, Gd3+ complexes based on the 1,4,7,10-tetraazacyclododecane 

(DOTA) scaffold have been covalently attached to NH2-functionalized SiMPs. By 

functionalizing non-porous SiO2 nanoparticles, it has been demonstrated that the 

distribution of Gd3+ complexes on the inner and outer surface of the SiMPs markedly 

influences their relaxivity properties.  

Aim 4: Hybrid mesoporous silicon nanoparticles for next generation multi-modal 

imaging 

Chapter 6 reports the development of SiMPs as multi-modal agents that combine 

the MRI properties of clinically-used MAG and the fluorescent properties of an antibody-

dye conjugate to create biocompatible imaging nanoprobes. The resulting nanoconstructs 
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have been tested for their MRI performance using a relaxometer and confocal microscopy 

and fluorometry have been employed to quantify the presence of the antibody-dye 

conjugate within the pores of SiMPs.  

Finally, Chapter 7 summarizes the conclusions from this dissertation and proposes 

some future directions for research. 
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Chapter 2 

    Background
1
 

2.1. Principles of Magnetic Resonance Imaging 

MRI has witnessed enormous growth in the last few years and emerged as one of 

the most powerful techniques in diagnostic clinical medicine and biomedical research. 

The strong expansion of MRI in the medical field when compared to other imaging 

modalities is due to its ability to penetrate deep into tissue to provide excellent soft tissue 

contrast with up to sub-millimeter resolution without employing ionizing radiation. MRI 

is not only used to provide non-invasive, high-quality anatomical imaging, but it also 

gives information about the physicochemical state of the tissue, and flow diffusion and 

motion.5 Owing to these advantages, it is not surprising that MRI has undergone a 

‘quantum leap’ in the last decade for the diagnosis of a variety of diseases and conditions. 
                                                
 

"
!Major portions of this chapter have been published in the following review article: Sethi, R., Mackeyev, 

Y. & Wilson, L. J. The Gadonanotubes revisited: A new frontier in MRI CA design Inorganica Chimica 

Acta 393, 165-172 (2012). 
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The principles of MRI stem from NMR spectroscopy, a technique used by 

scientists to obtain chemical and physical structural information about molecules. MRI 

uses the magnetic properties of protons (present in abundance in the body in the form of 

water) and the interaction of these protons with an externally-applied magnetic field to 

produce highly-detailed images of the body, to show contrast between normal and 

diseased tissue, and to indicate organ function and blood flow. The water protons in the 

body are randomly spinning or precessing along their axes. Since a spinning charged 

particle induces a magnetic field, water protons may be considered to be tiny magnets or 

“spins”. In the absence of an external magnetic field, these spins are randomly oriented. 

However, when an external magnetic field, B0, is applied, low-energy and high-energy 

states are created and the spins get distributed between these two states. Figure 2.1 

depicts a cartoon of the proton spins and their interaction with the external magnetic 

 

 

 

 

 

 

 

 

 

Figure 2.1 – (a) Proton spins in the absence of an external magnetic field; (b) 

alignment of spins in the presence of an external magnetic field; (c) absorption of 

energy by the spins from the rf pulse; (d) relaxation of spins after the removal of 

rf pulse; (e) T1 relaxation – relaxation in the longitudinal plane and (f) T2 

relaxation – relaxation in the transverse plane. 
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field. As governed by Boltzmann’s law, there is always a slight excess of spins in the 

direction of the applied magnetic field (the lower of the two energy states) that results in 

net magnetization for the system. This net magnetization precesses along the applied 

magnetic field vector or the longitudinal plane at a specified frequency known as the 

Larmor frequency, which is given by # = $B0, where $ is the gyromagnetic ratio which is 

a characteristic of the spinning proton. When the MRI scanner applies a radiofrequency 

(rf) field perpendicular to B0, the small excess of protons aligned in the direction of B0 

absorb energy and change their direction and spin in the transverse plane. When the rf 

pulse is turned off, these spins slowly return to their natural alignment with the magnetic 

field vector and release the energy absorbed from the rf pulses. The time required for the 

spins to recover or ‘relax’ back to the longitudinal plane and once again precess around 

the main magnetic field vector is known as relaxation time. This recovery process along 

the longitudinal plane is known as spin-lattice relaxation (T1), and the decay along the 

transverse plane is known as spin-spin relaxation (T2). T1 arises due to the loss of energy 

of the spinning nuclei to the environment and T2 arises due to the loss of phase coherence 

or dephasing of the spins. Often an extra dephasing of spins can occur that is caused by 

magnetic field inhomogeneities and susceptibility effects. This causes variations in the 

magnetic field vector experienced by nuclear spins that changes the frequency of 

precession even more, moving it out of phase faster and causing T2* relaxation. When the 

MRI scanner images the entire body, point by point, it constructs a map of tissue types 

and then integrates all the information to create 2-D or 3-D images with a mathematical 

formula known as a Fourier transform. The computer then receives the signal as 

mathematical data, which is converted into an image. 



 9 

2.1.1. Contrast Agents 

CAs shorten T1 and T2 considerably by influencing the surrounding water protons 

with their strong paramagnetic (T1) or superparamagnetic (T2) effects. Depending on 

whether the relative relaxation time reduction caused by the CA is greater for T1 or T2, 

CAs are classified as ‘T1-agents’ or ‘T2-agents’. The efficiency of a CA is defined in 

terms of relaxivity (r1 or r2) which is the measure of the reduction of the T1 or T2 

relaxation time, respectively, of water protons per mM concentration of CA. Relaxivity is 

expressed as: r1,2 = [(1/T1,2) - (1/T0)]/[CA], where T1,2 and T0 are the relaxation times in 

seconds in the presence and absence of the CA, respectively, and [CA] is the 

concentration of the CA in mM. Diseased tissues, such as tumors, are metabolically 

different and have higher vascularity and thus a higher uptake of CAs compared to 

healthy tissue. This greater affinity for CAs causes diseased tissue to present contrast 

enhancement in MRI images. T1-weighted images appear brighter or give positive 

contrast, whereas T2-weighted images appear darker or give negative contrast. Usually, 

paramagnetic ions such as Gd3+ and Mn2+ are T1-agents, and superparamagnetic materials 

such as super paramagnetic iron oxide particles (SPIOs) are T2 agents. 

Based on their biodistribution and the consequential application of contrast 

enhanced behavior that they follow, CAs can be classified as non-specific agents or 

specific agents.1,6 As the names suggest, non-specific agents do not specifically interact 

with any type of tissue and are not actively or passively directed to a particular tissue or 

organ. They can either be low molecular weight extracellular fluid (ECF) agents that 

circulate in the intravascular space for a very short period of time (t1/2 ~ 80 mins) before 

being excreted by the kidneys7–9 or high molecular weight blood pool agents that stay in 
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the intravascular regions for longer durations of time, before being slowly excreted by the 

kidneys and/or liver.1 On the other hand, specific agents target pathological processes or 

states, or accumulate at molecular sites in the intravascular space by recognizing specific 

molecular markers. 

2.1.2. Gd
3+

-based CAs 

The most commonly-used clinical CAs are Gd3+-based and are image-brightening 

T1-weighted agents. The use of these CAs requires attention not only to the efficiency of 

agent, but also to the possibility of directing the CA toward specific diseases, and also 

very importantly, to the possibility of short-term or long-term adverse effects of their use. 

The Gd3+ ion possesses several properties that make it a good CA: 1) it is the most 

paramagnetic ion known with seven unpaired f-electrons, 2) it has a large magnetic 

moment of 63 µB2 that results from the large number of unpaired electrons and the proton 

relaxation rate is directly proportional to the square of the magnetic moment, and 3) its 

symmetric S-electronic ground state leads to a slower electronic relaxation rate that 

produces oscillations near the Larmor frequency and therefore a pronounced effect on T1 

relaxation. In spite of these remarkable features, free Gd3+ ions cannot be administered 

directly to the body because of their toxicity. In addition, Gd3+ ions are also known to 

form insoluble Gd(OH)3 at physiological pH. However, when proper ligands are chosen, 

Gd3+ ions form thermodynamically and kinetically stable metal chelate compounds which 

are renally excreted in a reasonable period of time (1-2 h). Gd3+-ion complexes of 

polyaminocarboxylic acid ligands constitute the most important class of commercially-

available MRI CAs.2,10,11 They are ECF agents and are used for various imaging 

applications. Figure 2.2 shows some examples of clinical Gd3+-based CAs.  



 11 

[Gd(DTPA)]2-, marketed under the name of Magnevist®, was the first intravenous CA to 

become available for clinical use in 1988, and it is in widespread use around the world. 

Despite of a multitude of advantages that these CAs possess, there are also associated 

with some limitations. Firstly, the use of Gd3+-based CAs is associated with a condition 

called NSF. NSF has been observed in patients suffering from severe kidney disease or 

damage and is related to the transmetallation of Gd3+ ions of the ligands by other metal 

ions present in the body. The currently-available Gd3+-based CAs do not have potential 

for advanced MR applications that require long retention time in the circulatory system, 

since these agents show only a retention time ~ 60 s in the extracellular region. Also, for 

single-cell imaging, it is important for the Gd3+-ion CAs to possess extremely high 

relaxivities since biological constraints limit the concentration of Gd3+ that can associate 

with individual cells to the exterior cell receptor-site concentration which is in the 

nanomolar range.12 Though current clinically-used CAs have excellent safety profiles (~ 

0.5 mmol/kg), they also have a low relaxivity of ~ 4 mM-1s-1 at 1.5 T and 37 °C, so it 

becomes imperative to develop CAs with greater relaxivities for further development to 

occur in the field of molecular imaging.  
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2.2. Gadonanotubes 

In 2005, Sitharaman et al. discovered novel Gd3+-containing carbon nanocapsules, 

which are called GNTs.4 This resulted in superparamagnetic MRI-active nanostructures 

with small Gd3+-ion clusters confined within US-tubes, which produced powerful proton 

relaxation centers, yielding relaxivities 40 to 90 times greater (r1 " 100mM-1s-1) than the 

current clinical agents. Figure 2.3 shows the synthesis of GNTs from single-walled 

carbon nanotubes (SWCNTs). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2 – Chemical structures of some clinical Gd
3+

-based CAs. 
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The original preparation of GNTs was performed using GdCl3 as Gd3+ source. To 

investigate whether the high r1 relaxivities of the GNTs are anion dependent or not, a 

variety of Gd3+ salts with anions having different sizes and electronegativities were used 

to form the GNTs. As shown in Table 2.1, GNTs formed using different Gd3+ salts did 

not show significant differences in their relaxivities, demonstrating that different anions 

do not play a significant role in the enhancement of relaxivity.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.3 – Synthesis of GNTs from SWCNTs. 
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Table 2.1 – r1 relaxivities per Gd
3+

 ion at 1.5 T and 37 °C of GNTs prepared using 

various Gd
3+

 salts.
 

Anion
 

r1 (mM
-1

s
-1

)
a 

Cl- 120 

NO3
- 107 

SO4
2- 105 

CF3SO3
- 123 

ClO4
- 121 

CH3COO- 110 

 

aEstimated error : ± 10 mM-1s-1 

 

 
To indirectly confirm the presence of Gd3+ inside the US-tubes, Eu3+ ions (which 

have a chemistry very similar to Gd3+ ions) have also been loaded in US-tubes to produce 

Europonanotubes (ENTs). Unlike Gd3+, aqueous solutions of Eu3+ can be monitored by 

their luminescence, excited by the near-UV and visible region of light, with 394 nm being 

the most effective adsorption maximum for excitation and with brightest emission bands 

at 591 nm (5D0 ! 7F1), 616 nm (5D0 ! 7F2) and 698 nm (5D0 ! 7F4). None of these 

emission bands are observed for pluronic-wrapped ENTs under physiological conditions 

in phosphate buffered saline (PBS, pH = 7.4), presumably due to energy transfer from 
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excited Eu3+ ions within the ENTs to the US-tube sidewalls. Under these conditions, Eu3+ 

ions do not leak from the ENTs (similar to Gd3+ ions for the GNTs13), and therefore, no 

emission bands are observed. The lack of leakage of metal ions from either the GNTs or 

the ENTs under physiological conditions is consistent with the known hydrolysis of 

lanthanide ions at pH > 5 to produce µ-oxo-bridged polymetallic structures similar to the 

one crystallographically characterized for a Nd3+-ion cluster grown from aqueous 

solution at pH = 7, as shown in Figure 2.4.14 Similar M3+-ion clusters presumably exist 

within the GNTs or ENTs, which is consistent with their inability to leak individual Gd3+ 

or Eu3+ ions under physiological conditions (PBS, pH = 7.4). However, at pH  = 3 

(loading condition for preparing GNTs or ENTs) individual aquated Gd3+ or Eu3+ ions 

exist in aqueous solution, and under these conditions, pluronic-wrapped ENTs display 

emission bands consistent with individual aquated Eu3+ ions, which suggests the presence 

of a Eu3+(loaded US-tube) ! Eu3+(unloaded US-tube) equilibrium at pH = 3 which is 

effectively halted when the pH is raised beyond ca. pH = 5. 
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The origin of the unusual magnetic and CA behavior for the GNTs is not well 

understood. In order to more fully understand the reasons for the superior MR contrast 

enhancing properties of the GNTs, ESR spectroscopy and detailed NMRD studies of the 

GNTs and related materials has been performed and analyzed in Chapter 3.  

2.3. Mesoporous silicon nanoparticles 

Recently, SiMPs have been attracting great interest for biomedical applications 

such as sensing, imaging and drug delivery.15 Prepared by a combination of 

photolithography and electrochemical etching processes, SiMPs possess a number of 

advantages like high surface area, biodegradability, biocompatibility, photoluminescence, 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.4 – Crystal structure of a µ-oxo Nd
3+

 ion (or Gd
3+

 ion) cluster. Taken 

from ref
14

 for the [Nd6(µ6-O)(µ3-OH)8(H2O)24]
8+

. 
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and tunable shapes, sizes and pores. Due to the unique topology of SiMPs, there are two 

functional domains that can be independently covalently or non-covalently 

functionalized, namely, the nanopores/channels and the exterior nanoparticle surface. The 

pores can be loaded with organic molecules such as fluorescent and MRI CAs and/or 

DNA, RNA, and drugs. Furthermore, the surface of these particles can be modified with 

antibodies and ligand molecules to enhance the specific recognition of a biological target 

through the formation of ligand-receptor bonds. In order to achieve prolonged circulation 

to allow more time for the interaction with the target, the surface of these particles can 

also be conjugated with polymer chains of different lengths and types to effectively 

camouflage the particles from reticulo-endothelial system (RES) uptake. Another 

important feature of SiMPs is that, depending on the chemistry of the particle surface and 

size of the pores, controlled or sustained release of the loaded agents can be achieved.16 

In view of the advantages that SiMPs offer, the applicability of SiMPs as efficient 

carriers of MRI CAs has been recently demonstrated, and geometrical confinement as a 

means to generate high-performance CAs has been elucidated in detail.17 Using a 

different strategy in Chapter 4 of this work, the exterior surface of the SiMPs has been 

covalently functionalized with MRI CAs to study the effect of surface functionalization 

on CA properties, and finally, the applicability of SiMPs as multi-modal agents has been 

demonstrated by the simultaneous loading of CAs and fluorescent imaging agents within 

the SiMPs pores. 
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Chapter 3 

An NMRD and ESR investigation of the 

gadonanotubes and related structures
2
 

While the current trends in MRI will likely continue toward higher fields, there 

are some reasons to be interested in MRI at the opposite low field end of the spectrum. 

Low-field MRI scanners are not only cost-effective but also have an edge over high-field 

scanners when imaging in the presence of metal or where a large and expensive magnet 

might be impractical.18 However, due to its low signal-to-noise ratio (SNR) and therefore, 

inferior resolution, the use of low-field MRI is limited in the clinic. In addition, low-field 

MRI suffers from challenges associated with inherently long acquisition times (~ 5 times) 

compared to conventional > 1 T MRI. As discussed in Chapter 2, although the use of 

Gd3+-based CAs is a common practice to improve the SNR at high fields (> 1 T), to 

obtain a similar resolution at low magnetic fields, a higher dose of CA must be 

                                                
 

#
!Sethi, R., Bryant, R. G. & Wilson, L. J. Manuscript in preparation.!
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administered to patients.19 This is because the contrast-enhancement of clinical-agents 

has a little or no-field dependence. However, doses higher than the recommended give 

rise to possible toxicity and tolerance problems.20  

Previously, GNTs have been demonstrated as a new paradigm in contrast-

enhanced low-field MRI applications.21 This work explains the origin of these unusual 

magnetic properties for GNTs and its precursors. The three likely sources of magnetism 

for these materials consist of: i) the Gd3+-ion clusters at the defect sites (in GNTs), ii) the 

Ni2+ catalyst that remain in the US-tubes sample prepared from arc-discharge generated 

SWCNTs even after the purification steps (Y3+ is diamagnetic), and iii) carbon-atom-

centered free radicals at the US-tube sidewall defect sites and US-tube ends, which could 

either originate from isolated unpaired spins owing to the intrinsic defect-sites in as-

received SWCNTs or could be formed during the cutting and modification process of the 

full-length SWCNTs. We report here detailed NMRD studies and ESR spectroscopy of 

the GNTs and related structures to establish the potential of these materials as low-field 

MRI CAs. 

3.1. Experimental procedures 

3.1.1. Preparation of nanotubes 

As-prepared arc-discharge generated SWCNTs with carbonaceous purity 60 – 

70% were purchased from Carbon Solutions, Inc. The synthesis process utilizes Ni and Y 

as catalysts and to remove them, SWCNTs were purified via bath sonication in HCl 

(conc.). Next, US-tubes were created via fluorination and pyrolysis using previously 
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established methods.4 In solution, US-tubes exist as bundles due to the van der Waals 

forces between adjacent US-tubes. To produce individualized tubes or small bundles, US-

tubes were reduced using Na0/THF. The end-walls and defect sites of the reduced tubes 

were then mildly oxidized by refluxing them with 6 N HNO3 for 5 min. This process of 

oxidation is called “opening” the US-tubes. The resulting opened US-tubes were then 

loaded with Gd3+ ions by sonicating them in an aqueous solution of GdCl3 at pH ~ 3 to 

produce debundled and opened GNTs.4 GNTs (at pH > 5) were collected by !ltration and 

washed multiple times with water to remove excess Gd3+ ions adhered to the outer 

surface. The purified full-length tubes, bundled empty US-tubes, debundled and opened 

empty US-tubes, and debundled, opened GNTs were dispersed in a biocompatible, non-

ionic, pluronic polymer (0.17% w/v) and used for further analysis. 

3.1.2. Concentration analysis 

The Gd3+ and Ni2+ ion content of the samples was determined using inductively-

coupled plasma optical emission spectroscopy (ICP-OES). Brie%y, the nanotube samples 

were treated with 500 mL of ~ 26% HClO3 and heated carefully to dryness. The resulting 

precipitate was dissolved in HNO3 (2% v/v) and used for ICP-OES analysis. A 

calibration run was made using Y3+ (5 ppm) and Cu2+ (5 ppm) as internal standards for 

the analysis of Gd3+ and Ni2+ respectively. 

3.1.3. Nuclear magnetic resonance dispersion measurements 

The NMRD data were recorded using a fast field cycling NMR spectrometer 

FFC-2000 (Stelar s.r.l., Mede, Italy) in the magnetic field interval corresponding to 

proton Larmor frequencies from 0.01 to 30 MHz. Spins were polarized at 20 MHz and 
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the field cycled rapidly to the relaxation field at which the relaxation rate constant was 

measured. Following a variable relaxation delay period, the field was cycled to the 

resonance field with a Larmor frequency of 15.8 MHz for protons, and the free induction 

decay recorded following a single (5.5 ms) 90° excitation pulse applied at 15.8 MHz. The 

relaxation rate constants at the measurement field were extracted by exponential fits of 

the free induction decay amplitudes at 15.8 MHz vs. the duration of the relaxation period 

in the measurement field. Samples were contained in 10 mm diameter glass tubes sealed 

with a rubber stopper and were not degassed; oxygen makes an insignificant contribution 

to the total relaxation rate in these samples. Temperature was maintained at 25 °C using 

the Stelar VTC90 variable-temperature controller, which was calibrated using an external 

thermocouple inserted into a surrogate sample at the resonance position in the probe. 

Professor Robert G. Bryant at the University of Virginia, Charlottesville, performed the 

NMRD measurements. 

3.1.4. Electron spin resonance measurements 

The ESR measurements were carried out at ambient laboratory temperature using 

a Bruker EMX X-band spectrometer operating at 9.6 GHz with an ER 4123D dielectric 

resonator. 2,2’-Diphenyl picryl hydrazyl (DPPH) was used to calibrate the magnetic !eld, 

assuming a g factor of 2.0036. Spin-labeled samples were loaded into a gas-permeable 

TPX plastic capillary and spectra were recorded at 2.0 mW incident power, 100 kHz 

modulation frequency with 1.0 G of modulation amplitude. Professor Robert G. Bryant at 

the University of Virginia, Charlottesville, performed the ESR measurements. 
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3.2. Results and Discussion  

The magnetic relaxation dispersion profiles for purified full-length tubes, bundled 

empty US-tubes, debundled and opened empty US-tubes and debundled, opened GNTs 

are shown in Figure 3.1, Figure 3.2, Figure 3.3 and Figure 3.4, respectively. 
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Figure 3.1 – The water-proton spin-lattice relaxation-rate constant as a function 

of the magnetic field strength shown as the 
1
H Larmor frequency for purified 

full-length SWCNTs. The parallel straight lines are indicated only as a reference 

for the eye. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2 – The water-proton spin-lattice relaxation-rate constant as a function 

of the magnetic field strength shown as the 
1
H Larmor frequency for empty 

bundled US-tubes. 
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Figure 3.3 – The water-proton spin-lattice relaxation-rate constant as a function of 

the magnetic field strength shown as the 
1
H Larmor frequency for empty 

debundled and opened US-tubes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4 – The water-proton spin-lattice relaxation-rate constant as a function of 

the magnetic field strength shown as the 
1
H Larmor frequency for debundled, 

opened GNTs. 
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3.2.1. General Observations 

All samples studied are paramagnetic. The paramagnetism derives from three 

sources: 1) Ni2+ ions which are used as a catalyst for the preparation of arc-discharge 

produced full-length SWCNTs; 2) organic radicals that follow from the preparation of the 

polynuclear aromatic carbon skeletons that make up the carbon nanotube materials; 3) 

added Gd3+ ions in GNTs. The samples also contain Y3+ ions, which are diamagnetic and 

make no direct magnetic contribution to the water-proton-spin relaxation.  Although Ni2+ 

is paramagnetic, this d8 ion very generally is characterized by short electron-spin-

relaxation times, typically in the range of a few ps.  Therefore, this rapid electron-spin 

relaxation minimizes the effective correlation time for the Ni2+-water proton dipolar 

coupling. As a consequence, at the low Ni2+ concentrations found here, below 0.17 mM 

in all cases, the contribution to the total water-proton-relaxation-rate constant is expected 

to be of order 1 s-1 or less. Further, the relaxation dispersion for the electron-spin 

relaxation time for Ni2+ is generally at magnetic field strengths much higher than those 

used here. Thus, the small contribution from Ni2+ ion is both small and constant over the 

magnetic field range studied here. Therefore, we can neglect the contribution of Ni2+ to 

the total paramagnetic relaxation of these samples.   

3.2.2. Paramagnetic Contributions 

The GNT sample (Figure 3.4) has a Gd3+ concentration of 0.11 mM and the 

highest water-proton-relaxation-rate constants of the data shown. This relaxation profile 

is characteristic of Gd3+ coordinated to a high molecular weight and slowly tumbling 

environment; therefore the contribution from unbound or free aqueous Gd3+ ion is 



 26 

negligible. The large relaxation rate constants and the profile shape are characteristic of 

first coordination sphere interactions of water with the Gd3+ ion. The low-field decrease 

in water-proton-relaxation rate with a midpoint close to a Larmor frequency of 1 MHz is 

diagnostic of the electron-spin relaxation-rate constant limiting the correlation time for 

the first coordination sphere electron-nuclear dipolar coupling. This observation is 

common for slowly tumbling Gd3+ complex ions.22–24 The increase in relaxation rate 

above 10 MHz signals that the electron-spin relaxation time disperses or increases with 

increasing magnetic field strength. The effect of this electron-spin-relaxation time 

increase is to increase the effective correlation time for the electron-nuclear coupling and 

thereby increase the water-proton-relaxation-rate constant. At higher fields, the water-

proton-spin-lattice relaxation rate constant will peak and fall rapidly to small values. The 

transverse relaxation rate constant will remain fairly high at high fields.25 We note that 

the low field portion of the relaxation profile appears to increase slowly with decreasing 

field, the changes are small but based on the other samples studied, this approximately 

linear dependence on the logarithm of field strength is expected as discussed below.   

Full-length SWCNTs and US-tube samples without Gd3+ ions shown in Figure 

3.1, Figure 3.2 and Figure 3.3 are qualitatively similar. The low-field and high-field 

portions are linear in the logarithm of the Larmor frequency, and there is a transition 

region between Larmor frequencies of approximately 1 and 10 MHz. In all cases, the 

relaxation rates are high, and around half of those for the GNTs. Thus, the origin of the 

high relaxation rates is coupling of the water protons to paramagnetic centers in or on the 

full-length and US-tubes (collectively referred as nanotubes below). The observation that 

the low-and high-field regions are linear in the logarithm of the Larmor frequency is the 
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signature of dimensionally restricted diffusion of the observed water protons in the 

vicinity of paramagnetic centers.26–29 Figure 3.1 includes two parallel straight lines as a 

reference for the eye. Such effects are often observed in high surface area systems where 

there are usually adventitious paramagnetic centers in the mM concentration range or 

higher. In the case that the observed water protons may exchange with the bulk water 

pool, there may be a low frequency plateau caused by the exchange of the water from the 

restricted diffusional environment into the isotropic bulk environment. The plateau onset 

provides a measure of the lifetime in the diffusionally restricted environment. However, 

in the samples shown here, a low-field plateau is not apparent; therefore, the water spins 

that dominate the magnetic field dependence of the relaxation-rate constant suffer 

residence times that are an order longer than the reciprocal of the lowest Larmor 

frequency or 1/(2& 104 s-1) or about 16 µs. Further, the persistence of the linear 

dependence on magnetic field to the lowest-field values indicates that the paramagnetic 

centers that cause this contribution must have long electron spin relaxation times. If these 

electron spins relaxed rapidly, the electron-spin flips would interrupt the electron-nuclear 

correlation, and a flat low field plateau would result, which is not observed.   

The origin of the water entrapment may be of three kinds: inside the nanotubes, 

on the surface of the nanotubes, or in between the nanotubes in aggregated nanotube 

clusters or bundles. It is important to note that even though the dominant concentration of 

the nanotubes may not be aggregated, a relatively low concentration of aggregated 

species may dominate the low-field relaxation dispersion profile.   

One attractive hypothesis is that water fills the nanotubes, relaxes by restricted 

diffusion inside the tubes, and then exchanges with the outside. If paramagnetic centers 
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are inside the tubes, then the effects of restricted diffusion are amplified by the large 

magnetic moments of the electrons even if outer-sphere effects dominate. However, the 

signature of diffusion inside a nanotube, i.e., 1-dimensional diffusion is a power law in 

the Larmor frequency not the observed dependence on the logarithm of the Larmor 

frequency.30 Thus, we must conclude that the effect of water diffusion inside the 

nanotubes does not make a dominant contribution to the observed water-proton spin-

lattice relaxation profile. Were the Gd3+ ions well inside the nanotubes, one would expect 

to see the effects of 1-dimensional diffusion reflected strongly in the relaxation dispersion 

profile of the GNTs. However, this is not the case, which suggests that the Gd3+ is at or 

near the defect sites in the nanotube where oxidized carbon or carboxylate group chelate 

the metal and still provide several first coordination sphere sites for water exchange.   

The middle or transition region of the relaxation-dispersion profiles for purified 

full-length tubes, empty bundled US-tubes and empty debundled US-tubes may reflect 

the effects of 3-dimensional diffusion of water in the vicinity of the paramagnetic centers 

which may become important if the paramagnetic centers are not all strongly surface 

bound.31–33 The characteristics of relaxation dispersion profiles for 3-dimensional 

diffusion are low-and high-field plateaus with a broad dispersion as seen, for example, in 

Figure 3.1. However, it is also possible to achieve this dispersion shape if there are two 

different classes of entrapped environment for restricted or 2-dimensional diffusion, that 

is, one on the outside surface, and the other one either inside the nanotubes or between 

aggregated bundles.26–28 The present experiments do not permit an easy distinction 

between these alternatives.   
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3.2.3. Electron Spin Resonance  

The NMRD profiles discussed above indicate the presence of a significant 

electron spin concentration characterized by long electron-relaxation times. Radicals in 

polynuclear aromatic systems are common and perhaps expected in the case that the 

conditions of synthesis and modification are chemically vigorous. ESR spectra for 

purified full-length tubes, empty bundled US-tubes, empty debundled US-tubes and the 

GNTs are shown in Figure 3.5, Figure 3.6, Figure 3.7 and Figure 3.8, respectively. 
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Figure 3.5 – The ESR spectrum for purified full-length tubes. Sweep width 3600 g, 

1 scan, modulation amplitude 4 G, microwave attenuation 18 db, receiver gain 10
5
.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.6 – The ESR spectrum for bundled empty US-tubes. Sweep width 2900 g, 

1 scan, modulation amplitude 4 G, microwave attenuation 18 db, receiver gain 10
5
.   
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Figure 3.7 – The ESR spectrum for debundled empty US-tubes. Sweep width 

2900 g, 1 scan, modulation amplitude 4 G, microwave attenuation 18 db, receiver 

gain 10
5
. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.8 – The ESR spectrum for debundled, opened GNTs. Sweep width 2900 

g, 1 scan, modulation amplitude 4 G, microwave attenuation 18 db, receiver gain 

10
5
. 
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Although there are differences in radical concentration, the spectra shown above 

are qualitatively similar. All show a sharp low-field transition and a broad transition, and 

taken together they are characteristic of triplet states. The broad spectrum may be 

ascribed to a high radical concentration broadened by significant Heisenberg electron 

spin exchange, but not so efficient that the line is strongly narrowed.34,35 We note that 

under these conditions, the contributions of oxygen and Ni2+ are not generally observable. 

For the GNTs (Figure 3.8), the broad spectrum for Gd3+ is not strongly apparent, 

although the triplet transitions are as the Gd3+ spectrum is typically observed at low 

temperatures (1.5 – 4.2 K).36 

These ESR spectra demonstrate that these samples contain a high concentration of 

radicals that are supported by the aromatic structure of the carbon nanotube structures. 

These radicals generally have much longer electron-spin-relaxation times than the metal-

based paramagnetic centers and provide a sound basis for the field dependence of the 

paramagnetic contributions found in the absence of added Gd3+ ion.    

3.3. Conclusions 

 The NMRD profiles and ESR spectra taken together indicate that at the discussed 

fields, the relaxation efficiency of these materials derives from the presence of stable free 

radicals and triplet states that are supported by the polynuclear aromatic structure of the 

carbon nanotube structures. The NMRD and ESR analysis further proves that the 

commercial arc-produced SWCNTs are inherently associated with unpaired spins, 

probably due to the presence of defect sites within them, which are amplified after the 

purification and modification steps. The presence of Ni2+ ions in these preparations 
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makes an almost insignificant contribution to the total water-proton relaxation rate, and 

does not affect the basic interpretation of these data. The magnetic field dependence for 

the radical contribution to the relaxation is dominated by the effects of essentially 2-

dimensional diffusion either on the surface of the nanotubes, or entrapped in aggregates 

of nanotubes. For the GNTs, the first coordination sphere contribution from the Gd3+ ion 

has the standard shape for relaxation controlled by electron-relaxation rates of the Gd3+ 

electrons. The effects of essentially 1-dimensional diffusion inside the nanotubes, perhaps 

to access entrapped Gd3+, are not apparent. This observation suggests that the 

predominant contribution is from Gd3+ on the surface or at pore edges coordinated to 

functionality such as carboxylic acid groups created by the oxidation of the nanotubes 

and possibly amplified by stabilizing surfactants that provide solubility for these 

structures. Indeed, the GNTs are best prepared (2 – 5% btw t. Gd) if the US-tubes are first 

mildly treated with HNO3 (an oxidizing agent that produces carboxylic acid groups at 

carbon nanotube ends and defect sites) before the US-tubes are loaded with Gd3+ ions. 

Finally and in conclusion, this work reveals the reasons for the extremely-large 

relaxivities of GNTs (" 600 mM-1s-1) at low fields and leads to a new class of field-

dependent T1-weighted MRI CAs. 
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Chapter 4 

Enhanced MRI relaxivity of Gd
3+

-based 

contrast agents geometrically confined within 

porous nanoconstructs
3
 

4.1. Introduction 

Most of the clinically used CAs are characterized by low relaxivity (r1 ~ 4 mM-1s-

1) and lack of tissue speci!city, thus providing contrast enhancement which is well below 

the theoretical maximum limit.37 Alteration of relaxivity parameters has fostered the 

development of novel agents where Gd3+ ions are linked to larger structures, such as 

macromolecular aggregates and nanoparticles. Examples are the ‘rigidi!cation’ of Gd3+ 

complexes leading to a r1 relaxivity of ~ 5.5 mM-1s-1 at 60 MHz,38 the development of 

                                                
 

'
!Major portions of this chapter have been published in the following in the following journal article: Sethi, 

R., Ananta, J. S., Karmonik, C., Zhong, M., Fung, S. H., Liu, X., Li, K., Ferrari, M., Wilson, L. J. & 
Decuzzi, P.  Enhanced MRI relaxivity of Gd3+-based contrast agents geometrically confined within porous 
nanoconstructs. Contrast Media & Molecular Imaging 7, 501–508 (2012).!
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glycoconjugates of Gd3+ complexes producing a r1 relaxivity ranging between 10 and 

26 mM-1s-1 at 1.5 T, depending on the structure of the complex,39 the study of benzene-

core trinuclear Gd3+ ion macromolecular aggregates providing an r1 ~ 21.6 mM-1s-1 at 

1.5 T,40 the creation of dendrimer-based nanoprobes with Gd3+ ions covalently attached 

to PAMAM (Poly(amido amine)) dendrimers with r1 ~ 20 mM-1s-1 at 3 T,41 and 

functionalization of gold nanoparticles with Gd3+ chelates reaching r1 ~ 60 mM-1s-1 at 

1.5 T.42 Although, Gd3+ chelate compounds usually offer reasonably high relaxivities, 

they are also often associated with limited stability and low or negligible tissue 

speci!city.43  

Recently, we proposed a general strategy for boosting the ef!cacy of Gd3+-based 

CAs that can also provide tissue speci!city.17 The strategy consists of nanoscale 

con!nement of readily available Gd3+ complexes within SiMPs, which are systemically 

injectable. The SiMPs are rationally designed to recognize and accumulate within the 

diseased vasculature44,45. Nanoscale con!nement of CAs within the porous structure 

resulted in a 2–3 times enhancement in r1. The universality of the strategy has been 

demonstrated for three different Gd3+-based CAs, namely MAG ([Gd(DTPA)(H2O)]2-), 

gadofullerenes (GFs, Gd@C60) and GNTs (Gd3+@US-tubes). Figure 4.1 displays the 

MRI performance of MAG, GNTs and GFs confined within two different shapes of 

SiMPs, namely, quasi-hemispherical (H-SiMPs) and discoidal (D-SiMPs) particles, with 

different dimensions but same pore sizes. It was proposed that geometrical confinement 

alters the relaxivity parameters q, !m, !R and !m, and reduces the ability of the CAs to 

tumble by decreasing the mobility of water molecules and favoring clustering and mutual 

interactions among the loaded CAs.5,46 The con!nement is achieved by simply loading 
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SiMP, this being slightly larger in the discoidal particles than in the
quasi-hemispherical particles.

The Gd-CAs were loaded by exposing dry SiMPs to a concen-
trated aqueous solution of the CAs, which were then drawn into
the pores by capillary action15. Two different loading procedures
were used in this study, (i) single-step and (ii) sequential loading,
where the SiMPs were exposed multiple times to the concentrated
solution of Gd-CAs. As shown in Fig. 2a for the representative
case of H-SiMP/GNT, no significant difference was observed in
loading efficiency between the two procedures. However, for the
single-step procedure, Gd-CAs were also seen to adhere to the
SiMP surface, whereas with the sequential loading, most (if not
all) Gd-CAs were confined within the SiMP pores
(Supplementary Fig. S11,12). Sequential loading was therefore
used in this work. Figure 2b shows the amount of Gd3! ions
within the H-SiMPs as a function of the GNT concentration
within the aqueous stock solution. The silicon particles were satu-
rated with a stock solution of 600 ml, leading to !0.15 mg of
loaded Gd3! ions. Similar results were derived for the D-SiMPs
(Supplementary Fig. S2). To analyse the stability of the nanocon-
structs, the release of GNTs from saturated SiMPs was measured
at 2 and 24 h. The amount of Gd3! ions released over time was
found to be below the detection limit of inductively coupled
plasma—optical emission spectrometry (ICP-OES).

MRI characterization of the nanoconstructs
The relaxivity (ri), or the ability of a paramagnetic material to act as
a MRI contrast agent, can be described as the change in the relax-
ation rate 1/Ti (s

21) of water protons per mM concentration of
the CA, and can be calculated using the expression ri" (1/Ti2
1/Tid)/[CA], where Ti is the relaxation time in the presence of
CAs, Tid is the relaxation time in the absence of CAs, and [CA] is
the concentration of paramagnetic CAs (mM). The longitudinal
relaxivity, r1, measured for the six different nanoconstructs is pre-
sented in Fig. 3. Compared to the Gd-CA alone, a statistically signifi-
cant increase in r1 was observed for all nanoconstructs. For MAG, r1
increased by a factor of about four with the H-SiMP and two with
the D-SiMP. For GFs, r1 increased by a factor of about three with
the H-SiMP and 2.5 with the D-SiMP, and for GNTs, r1 increased
by a factor of approximately 1.5 for both SiMPs. Compared to

aqueous Gd3! ions (r1" 8 mM21 s21) and to the clinically used
Gd-based CAs (r1" 4 mM21 s21), the longitudinal relaxivity of
the nanoconstructs is larger by a factor of !8–40. The GF/SiMP
nanoconstructs were characterized by large standard deviations,
because nearly 60% of the GF stock solution consisted of empty
fullerenes, owing to difficulties in their separation.

For the representative case of theH-SiMP/GNTnanoconstruct, the
contrast enhancement properties were also examined using a clinical
MRI scanner at 1.5 T, and the results are presented in Fig. 4. The
H-SiMP/GNT construct showed a significantly lower inversion time
(Tinv" 1,200 ms) compared to empty SiMPs (Tinv" 1,700 ms)
(Fig. 4b), demonstrating that the contrast enhancement efficacy is
due to the GNTs within the H-SiMP/GNT nanoconstruct.

Longitudinal relaxivity and geometrical confinement
The classical theory for predicting the efficiency of MRI CAs is
based on the work of Solomon, Bloembergen and Morgan
(SBM)2, which is particularly applicable in the medium-to-high
field regime (.0.1 T) (see Supplementary Information). In this
approach, the longitudinal relaxivity r1 comprises two contri-
butions: the inner-sphere relaxivity r1

IS and the outer-sphere relaxiv-
ity r1

OS. For r1
IS, the most influential parameters are (i) the number, q,

of fast-exchanging water molecules within the inner sphere, (ii) the
characteristic tumbling time, tR, of the agent, together with its
inner-sphere water molecules, (iii) the characteristic water proton
residence lifetime, tm, of the inner-sphere water molecules, and
(iv) the separation distance, rGdH, between the water protons and
the metal ion. For r1

OS, which arises from the translational diffusion
of water molecules near the Gd3! ions, the most influential par-
ameter is the diffusion correlation time tD (see Supplementary
Information). In the case of Magnevist, the inner- and outer-
sphere mechanisms contribute almost equally to the longitudinal
relaxivity r1 (Supplementary Fig. S2). For GFs, in addition to the
outer-sphere contribution, an inner-sphere-like mechanism orig-
inating from the water proton exchange between the bulk and
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Figure 3 | MRI characterization of the nanoconstruct by a benchtop
relaxometer. The longitudinal relaxivity, r1, of the six new MRI
nanoconstructs is compared with the corresponding Gd-based CAs (1.41 T
and 37 8C). See Supplementary Fig. S3 for the tabular form of the data. Data
are presented as mean+s.d. (n# 4). Student’s t-test is used to estimate the
P-values between the two groups.
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Gd3+-based CAs into the porous structure via capillary action44 without any chemical 

modi!cation.47 The external surface of SiMPs can also be further functionalized with 

ligand molecules and targeting moieties for tissue speci!c recognition.45 These porous 

particles with confined enhanced-performance CAs may be useful for single-cell imaging 

where high relaxivities and high local concentration of Gd3+ ion is required. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1 – MRI characterization of the nanoconstruct by a benchtop relaxometer. 

The longitudinal relaxivity, r1 , of the six new MRI nanoconstructs is compared with 

the corresponding Gd-based CAs at 1.41 T and 37 °C. 
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In this work, the relaxivity properties of nanoconstructs resulting from the 

con!nement of MAG within the porous structure of D-SiMPs has been examined, and the 

consequences of geometrical con!nement within different pore sizes (between 5 and 

50 nm in diameter) is considered. In addition, the stability and cytotoxicity of the 

nanoconstructs have also been evaluated.  

4.2. Materials and Methods 

4.2.1. Fabrication of the discoidal mesoporous silicon particles  

D-SiMPs with 1 mm diameter and 400 nm thickness were used in this study. All 

the particles were fabricated in the Microelectronics Research Center at The University of 

Texas at Austin by photolithography and electrochemical etching of single crystalline 

silicon. This allows for accurate control of size, shape and porosity of the particles. Three 

different pore sizes of SiMPs, namely, 5 – 10 nm (small pore, SP), 30 – 40 nm (huge 

pore, HP) and 50 – 60 nm (grande pore, GP), were obtained by tuning the 

electrochemical etching parameters.  

Brie%y, starting with heavily doped p++ type (100) silicon wafers with resistivity 

of 0.005 '-cm (Silicon Quest Inc., Santa Clara, CA, USA) as the silicon source, 400 nm 

SP, HP and GP layers were formed by anodic etching of silicon in HF (Hydrogen 

Fluoride) ethanolic solution. The 400 nm SP layer was etched by applying a 2.3 mA/cm2 

current for 270 s in a 3:7 HF (49%)–ethanol solution, followed by applying 100 mA/cm2 

current for 8 s to form the release layer. The etch condition for 400 HP layer was 

7 mA/cm2 current for 125 s in a 1:3 HF (49%)–ethanol solution. For a 400 nm GP layer, 
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the anodic etching process started with applying 2.3 mA/cm2 current for 20 s in a 1:3 HF 

(49%)–ethanol solution to form a mechanical enhanced layer, then the current was 

gradually increased to 14 mA/cm2 in a time course of 15 s to form a transition layer, and 

the current was kept at 14 mA/cm2 for 45 s to form the device layer. The release layer for 

both HP and GP electrical current was etched at 76 mA/cm2 for 8 s. Following the 

formation of 400 nm SP, HP, and GP layers, a 40 nm SiO2 layer was deposited by low 

pressure chemical vapor deposition (CVD) at 400 °C. Standard photolithography was 

used to pattern 1 mm circular pattern by 0.9 mm pitch over the SiO2 capped porous layer 

using a contact aligner (K. Suss MA6 mask aligner) and NR9-500P photoresist (Futurrex, 

Franklin, NJ, USA). The pattern was transferred into the porous double layer by dry etch 

in CF4 plasma (Plasmatherm 790, 25 sccm CF4, 100 mTorr, 200 W RF). The capping 

SiO2 layer was removed in 49% HF, and the particles were released from the substrate by 

sonication in isopropanol. The particles were treated with H2O2 at 100 °C to oxidize the 

surface. Volumetric particle size, size distribution and count were obtained using a 

Multisizer 4 Coulter® Particle Counter (Beckman Coulter, Fullerton, CA, USA). Prior to 

the analysis, the samples were dispersed in the balanced electrolyte solution (Isoton® II 

Diluent, Beckman Coulter, Fullerton, CA, USA) and sonicated for 20 s to ensure a 

homogenous dispersion. The ( potential of the SiMPs was analyzed in PBS, pH 7.3 using 

a ZetaPALS Zeta Potential Analyzer (Brookhaven Instruments Corporation, Holtsville, 

NY, USA). The sample cell was sonicated for 2 min before the analysis, and an electrode 

probe was then put into the cell. Measurements were conducted at room temperature in 

triplicates. Particles structure and integrity were veri!ed by scanning electron microscopy 

(SEM).  
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4.2.2. Loading of SiMPs  

MAG was diluted to prepare stock solutions of different concentrations, namely 1, 

10 and 100 mM. To examine the effect of pore size on the r1 relaxivity, dry SiMPs of 

different pore sizes were exposed multiple times to a solution of known concentration of 

MAG followed by washing with HPLC water. Brie%y, a known number of SiMPs were 

lyophilized to dryness for 6 h in a Labconco® Freezone™ freeze dryer system. The dried 

particles were then exposed to a concentrated solution of MAG (1 mM; 100 )L) in a 

microcentrifuge tube. The suspension was sonicated (30 W bath sonicator) for 10 min 

and left to stand at room temperature for 5 min. The suspension was then centrifuged at 

14,000 rpm for 10 min. The supernatant was discarded, and the precipitated particles 

were washed with 100 mL of HPLC water. This process of loading and washing was 

repeated twice more. Upon completion of the third and !nal loading step, an additional 

washing with 100 mL of HPLC water was performed to remove any loosely adhering 

MAG on the external surface of the particles. The washings from the !nal loading step 

were collected for elemental analysis by inductively-coupled plasma mass spectrometry 

(ICP-MS; Perkin Elmer ELAN 9000W). An identical approach was followed for 

[GdTTHA]3-.  

4.2.3. Characterizing the Gd
3+

 ion content in the silicon nanoconstructs  

The Gd3+ ion content of the samples was analyzed using ICP-MS. Brie%y, MAG 

loaded particles were mixed with 100 mL of 0.1 M NaOH and allowed to stand 

overnight. The resulting solution was treated with 500 mL of ~ 26% HClO3 and heated 

carefully to dryness. The resulting precipitate was dissolved in trace metal-grade HNO3 



 40 

(2% v/v) and used for ICP-MS analysis. Similarly, a sample of the nanoconstruct not 

loaded with MAG was prepared using the same procedure and analyzed as a control. An 

identical approach was followed for [GdTTHA]3-.  

4.2.4. Relaxometry studies of silicon nanoconstructs  

The proton relaxation measurements were performed using a Bruker Minispec 

mq-60 bench-top relaxometer (Bruker Optics Inc., Billerica, MA, USA) operating at 

60 MHz and 37 °C. The T1 relaxation times were measured using an inversion recovery 

pulse sequence. HPLC water was used as a diamagnetic control.  

4.2.5. Modeling the relaxivity of the silicon nanoconstructs  

The classical theory of Solomon, Bloembergen and Morgan (the SBM theory) 

was used to predict the NMRD pro!les in the medium-to-high !eld regime of Gd3+ 

chelate compounds.2,46 The complete formulation is available in the Supplementary 

Information of Ananta et al.17 The accuracy of the model was !rst veri!ed by 

reproducing the well-known NMRD pro!le of MAG.48 The following parameters were 

used for !tting the NMRD pro!le of free MAG in free solution42,48: q = 1, the number of 

fast exchanging water molecules in the inner sphere; !m = 143 ns, the residence lifetime 

of the inner sphere water molecules; "I = 2.675 X 108 T-1s-1, the gyromagnetic constant 

for protons; g = 2, the electronic g-factor; S = 7/2, the total electron spin of for Gd3+  ions; 

µB = 9. 274 X 10-24 JT-1, the Bohr magneton; µO = 1.257 X 10-6 NA-2, the permeability of 

vacuum; rGdH = 0. 31 nm, the distance between the proton and the Gd3+ ion; #s = 658#I, 

the angular electronic frequency; #I = "IB, the proton Larmor frequency with B = 1.4 T 

the magnetic !eld; A = -3 X 106 !J, the hyper!ne coupling constant; != h/(2&) = 1.054 X 
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10-34 Js, the reduced Planck constant; *2 = 38.3 X 1018 s2, the mean square zero !eld 

splitting energy; !v = 25 ps, the correlation time for splitting; !R = 54 ps the rotational 

correlation times; and !D = 40 ps, the diffusion correlation time. For MAG in bulk 

solution, it is assumed that !R = 54 ps and !D = 40 ps.48 

4.2.6. Stability and release studies of the silicon nanoconstructs  

MAG loaded nanoconstructs were mixed with 150 mL of PBS. The 

nanoconstructs were kept under shaking conditions at 100 rpm at 37 °C. The solution was 

divided into two equal parts at 3, 6, 24 and 48 h post-incubation.  

One-half of the solution was assessed by ICP-MS for the total concentration of 

Gd3+ ions loaded within the nanoconstructs. The other half of the solution was !lter-spun 

using 0.45 µm !lter columns at 14000 rpm for 5 min, and the !ltrate was analyzed for 

Gd3+ ions. The two concentrations were compared, and the amount of Gd3+ ions released 

over time was determined.  

4.2.7. Cytotoxicity studies for the silicon nanoconstructs  

A human cervical carcinoma cell line (HeLa) was used. The cells were cultured in 

low-glucose Dulbecco’s modi!ed Eagle’s medium (DMEM) containing 10% fetal calf 

serum, l-glutamine (2.9 mgmL-1), streptomycin (1 mgmL-1) and penicilin (1000 unitsmL-

1) at 37 °C in water-saturated air supplemented with 5% CO2. For the cytotoxicity 

measurements, the cells were plated in 96-well microliter plates for 24 h before the 

addition of the nanoconstructs. Fresh medium containing an increasing number of 

nanoconstruct particles was added to each well and the cells were incubated for 24, 48 
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and 72 h. Upon completion of each time point, the cytotoxicity of the nanoconstructs was 

tested using an MTT assay (tetrazolium dye-based assay), which is based on the 

conversion of water-soluble tetrazolium salt (yellowish in color) to water insoluble 

formazan (purple color) by living cells. Brie%y, PBS containing MTT was added to each 

well and the cells were incubated for 2 h. Spectral absorption of the samples were 

measured at 584 nm. The number of live cells is proportional to the amount of formazan 

produced.  

For the internalization and confocal microscopy analysis, HeLa cells were grown 

on no. 1.5 glass coverslips. When con%uent, cells were incubated with nanoconstructs, 

loaded and not loaded with MAG, at various cell:particle ratios (1:10; 1:50; 1:100; 1:200) 

overnight at 37 °C. The cells were washed three times with 0.5 mL of sterile PBS. Then, 

cells were !xed for 30 min with 0.5 mL of 3.5% (v/v) formaldehyde in PBS and washed 

as before. 10 mM DAPI (diamidino phenylindole) (Molecular Probes, Eugene, OR, USA) 

stock solution was diluted to 1:100 in PBS, and 0.02 mL was deposited on the cell slides. 

The slides were incubated for 1 h at room temperature, washed twice with PBS, and left 

to dry at room temperature. Coverslips were then washed and mounted on glass slides 

using Vecta shield mounting media (Vector Laboratories, Burlingame, CA, USA) 

containing a 1000-fold dilution DRAQ5 (Biostatus Limited, UK). Images were acquired 

using a Nikon A1R-A1 Confocal Microscope equipped with a 40 objective.  

4.2.8. Statistical analysis  

The results are expressed as the mean SD. Student’s t-test was used for testing the 

difference between two means. Differences with p < 0.05 were considered signi!cant.  
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4.3. Results and Discussion 

4.3.1. Enhanced relaxivity by geometrical con!nement  

We have previously demonstrated that Gd3+-based CAs, such as MAG, GNTs and 

GFs, exhibit enhanced longitudinal relaxivity upon confinement within SiMPs. The 

relaxivity of MAG nanoconstructs (r1 ~ 10 mM-1s-1 at 60 MHz) is more than twice as 

great as the relaxivity measured for free MAG in solution (r1 ~ 4 mM-1s-1). The r1 

enhancement was documented for SiMPs with two different shapes and sizes (H-SiMPs 

with a diameter of 1.6 mm; D-SiMPs with a diameter of 1.0 mm and a thickness of 

0.4 mm), but exhibiting the same average pore size (30 – 40 nm). As the geometrical 

con!nement of CAs within porous particles does not involve chemical modi!cation of 

the CAs, the observed boost in relaxivity is probably due to: (i) an increase in the 

rotational correlation time (!R) of MAG (inner-sphere effect), which cannot tumble freely, 

being adsorbed on the walls of the pores; and (ii) an increase in the diffusion correlation 

time (!D) for water molecules (outer-sphere effect), which are geometrically con!ned and 

forced to interact longer with MAG adsorbed to the inner pore surface. Both these 

parameters are known to have a dramatic effect on the longitudinal relaxivity r1 of 

MAG.48 In this work, D-SiMPs with different pore sizes were loaded with MAG leading 

to HP nanoconstructs (pore size 30 – 40 nm), the same as those used in Ananta et al,17 as 

well as SP nanoconstructs (pore size 5 – 10 nm) and GP nanoconstructs (pore size 50 –

60 nm). SEM images of the D-SiMPs with the three different pore sizes are presented in 

Figure 4.2. The rationale behind the present study was to understand the effect of pore 

sizes on the enhanced longitudinal relaxivity. The longitudinal relaxivities of 
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nanoconstructs with different pore sizes are presented in Figure 4.3. For GP 

nanoconstructs, there was no r1 enhancement as the geometrical con!nement effect was 

lost and MAG loading was negligible. In contrast, the SP nanoconstructs exhibited a 

strong enhancement, reaching r1 values as high as ~ 24 mM-1s-1 or approximately 6 times 

greater than that of free MAG, and more than twice as large as the r1 values observed for 

the HP nanoconstructs (r1 ~ 10 mM-1s-1), con!rming previous results. 
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Figure 4.2 – SEM images of D-SiMPs loaded with MAG. These particles have 

the same diameter (1.0 mm) and height (400 nm), and exhibit three different 

pore structures with average pore size of 5–10 nm (small pore, SP, 

nanoconstructs – left column); 30–40 nm (huge pore, HP, nanoconstructs – 

middle column); and > 50 nm (grande pore, GP, nanoconstructs – right 

column). Schematics show the MAG adsorbed over the walls of the pores with 

different average diameters. 
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The dynamics and diffusion of water molecules into porous silica structures have 

been extensively studied experimentally, using techniques such as neutron scattering, 

nuclear magnetic resonance and X-ray diffraction,49–53 and theoretically, using molecular 

dynamics simulation tools.54–56 These studies have con!rmed that geometrical 

con!nement of water molecules affects their mobility. In porous structures with 

hydrophilic pore walls, the diffusion coef!cient of con!ned water molecules, Dcw, can be 

signi!cantly smaller than the free bulk value (Dw ~ 3.3 X 10-9 m2s-1), and the difference, 

Dw – Dcw, increases as the pore size decreases.45,53 Using nuclear magnetic resonance 

 r1 (mM-1s-1) 

SP/MAG 23.39 ± 6.86 

HP/MAG 10.51 ± 5.06 

GP/MAG 0 

MAG 3.71 ± 0.22 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3 – Bar chart showing the longitudinal relaxivity r1 per Gd
3+

 ion of the 

MRI nanoconstructs with different pore sizes compared with that of free 

[GdTTHA]
3-

 in solution. 
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spectroscopy, the diffusion coef!cient of water molecules in MCM 41 (amorphous silica) 

mesoporous structures was measured as a function of the average pore size.49 Compared 

with uncon!ned conditions, Dcw was observed to decrease by an order of magnitude in 

4.0 nm pores (with Dcw ~ 2.3 X 10-10 m2 s-1) to two orders of magnitude in 1.8 nm pores 

(with Dcw ~ 1.7 X 10-11 m2s-1). Such behavior is mainly associated with the strong 

interaction of the water molecules with the hydroxyl groups, which decorate the inner 

pore surface, thus limiting the mobility of the water molecules and reducing Dcw below 

Dw.54 

To verify that geometrical con!nement can limit the mobility of water molecules 

and thereby enhance the relaxation response of T1 CAs, the compound [GdTTHA]3- was 

loaded into the SP and HP nanoconstructs. This Gd-based complex is known to lack an 

inner-sphere contribution, so that its longitudinal relaxivity is only related to the 

translational outer-sphere contribution.37,57 In other words, the r1 relaxivity of 

[GdTTHA]3- is mostly controlled by the dynamics of water molecules surrounding the 

compound. Following the same approach as used above for MAG, the longitudinal 

relaxivity of [GdTTHA]3- con!ned within the SP and HP nanoconstructs was estimated. 

The corresponding relaxivity values are presented in Figure 4.4. For the SP 

nanoconstructs, r1 of 6.61 ± 1.81 mM-1s-1; for the HP nanoconstructs, r1 of 3.83 ± 

1.73 mM-1s-1; in bulk water, the free [GdTTHA]3- shows an r1 of 1.71 ± 0.10 mM-1s-1, in 

agreement with the current literature.57 Given the speci!c relaxation properties of 

[GdTTHA]3-, these data indicate that, moving from bulk solution to geometrically 

con!ned conditions, the mobility of the water molecules changes, thus affecting the 

outer-sphere contribution to the overall relaxation behavior of this complex. Also, the 
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outer-sphere contribution is observed to increase by ~ 2 times for the HP nanoconstructs, 

and ~ 4 times for the SP nanoconstructs.  

Although a precise estimation of the rotational !R and diffusion !D correlation 

times for MAG would require the accurate interpolation of a full NMRD pro!le of the SP 

and HP nanoconstructs, based on the results obtained above, it is reasonable to speculate 

that the enhancement in outer-sphere contribution would be more relevant in the SP 

nanoconstructs. Therefore, using the classical SBM theory2,46 and assuming for the HP 

nanoconstructs the same diffusion correlation time as for the free MAG molecules (!D = 

40 ps), it would be required !R ~ 350 ps to provide an r1 ~ 11 mM-1s-1. On the other hand, 

 r1 (mM-1s-1) 

SP/[Gd(TTHA)]
3-

 6.61 ± 1.81 

HP/[Gd(TTHA)]
3-

 3.83 ± 1.73 

[Gd(TTHA)]
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 1.71 ± 0.1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.4 – Bar chart showing the longitudinal relaxivity r1 per Gd
3+

 ion of the MRI 

nanoconstructs with different pore sizes compared with that of free [GdTTHA]
3-

 in 

solution. 
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for the SP nanoconstructs, the outer sphere would also give a major contribution with an 

increase in !D. Therefore, assuming the same !R (~ 350 ps) as for the HP nanoconstructs, 

an r1 ~ 24 mM-1s-1 is achieved for SP nanoconstructs by imposing !D ~ 500 ps. Note that 

an increase in !D from 40 to 500 ps for the SP nanoconstructs would be consistent with 

the documented decrease (about an order of magnitude) in the diffusion coef!cient of 

water molecules, measured in 4.0 nm pores of the amorphous silica structures described 

previously (Dcw ~ 2.3 X 10-10 m2s-1 from Dw ~ 3.3 X 10-9 m2s-1). Indeed, molecular 

dynamics calculations of the translational and rotational mobility of water as well as 

adsorbed MAG molecules would provide more accurate values. The variation of the 

longitudinal r1 relaxivity of MAG is presented in Figure 4.5 for a wide range of !R and !D, 

suggesting that signi!cant enhancement can still be achieved by proper modulation of the 

pore size.  
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4.3.2. Optimal loading conditions  

MAG molecules were loaded into the porous structure of the SP nanoconstructs 

via capillary suction, whereby dry SiMPs were exposed to a concentrated stock solution 

of the CA. In order to optimize the MRI performance of the SP nanoconstructs, the effect 

of the MAG concentration in the stock solution was investigated. As the concentration of 

the stock solution increased from 1 to 100 mM, the amount of Gd3+ ions loaded increased 

to about 0.01 mM (Figure 4.6; blue bars), but the r1 relaxivity decreased from ~ 24 to 5 

mM-1s-1 (Figure 4.6; red bars). Since the relaxivity is normalized for Gd3+ ion 

concentration, it should stay constant for different concentrations unless the relaxation 

mechanism changes. Hence, the observed decrease in the relaxivity upon increasing the 

stock solution concentration can be explained by a more extensive adsorption of MAG on 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.5 – The computed longitudinal relaxivity r1 for SP nanoconstructs as a 

function of "R and "D, ranging between 10 and 1000 ps (!eld strength 60 MHz). 
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the external surface of the nanoconstructs. In this case, only a small portion of the loaded 

Gd3+ ions would contribute to the enhancement in relaxivity (ions adsorbed on the inner 

the pore surface), whereas the remaining, larger portion of Gd3+ ions would contribute 

only slightly (ions adsorbed on the external surface of the SiMPs), thus leading to r1 ~ 5 

mM-1s-1. In other words, the geometrical con!nement is limited and hence the 

enhancement in r1 is compromised. This is consistent with the observation that the 

relaxivity values associated with the higher stock solution concentrations are closer to 

MAG in bulk solution (Figure 4.6). 
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In order to ensure that the loaded Gd3+ ions are mostly con!ned within the pores 

of the nanoconstructs, extra washings were performed after the loading step with the 

objective of removing loosely adsorbed MAG from the external surface. The effect of the 

extra washing steps on the amount of loaded Gd3+ ions and corresponding relaxivity is 

presented in Figure 4.7. Data are derived for SP nanoconstructs originally exposed to a 1 

mM stock solution (zero washes in Figure 4.7). After the !rst extra washing step, the 

concentration of loaded Gd3+ ions decreased by one order of magnitude from about 0.02 

to 0.003 mM, but the r1 value increased considerably from ~ 5 to 20 mM-1s-1. By adding 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.6 – Amount of Gd
3+

 ions loaded per SP nanoconstruct (Gd
3+

, blue bars) 

and corresponding longitudinal relaxivity (r1, red bars) as a function of the stock 

solution concentration. 
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one more extra washing step (two washing steps in Figure 4.7), r1 eventually reached ~ 

24 mM-1s-1. After two washing steps, ICP-MS analysis on the washings showed a 

negligible amount of Gd3+ ions, suggesting that the majority of the MAG is con!ned 

within the porous structure of the particles.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.7 – Amount of Gd
3+

 ions washed away per SP nanoconstruct (Gd
3+

, 

blue bars) and longitudinal relaxivity of the corresponding SP nanoconstructs 

(r1, red bars) as a function of the number of washings performed at the end of 

the loading step (!eld strength 60 MHz). 
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4.3.3. Stability and cytotoxicity of the mesoporous silicon nanoconstructs  

To assess the stability of the SP nanoconstructs, the release of MAG from the 

nanoconstructs was measured at different time points, namely 3, 6, 12 and 24 h, and 

under two different, physiologically relevant conditions, namely stationary and constant 

shaking in PBS (pH 7.4). For SP nanoconstructs under stationary conditions, the amount 

of Gd3+ ions released over time was found to be below the detection limit (0.3 ppb) of 

ICP-MS, even after 12 h. For SP nanoconstructs kept in a rotary shaker operating at 

100 rpm, MAG was released in solution for ~ 0, 60, 80 and 90% of the originally loaded 

amount at 3, 6, 12 and 24 h, respectively. Figure 4.8(a) shows the percentage of Gd3+ ions 

released over time from the SP nanoconstructs. Figure 4.8(b) presents SEM images of the 

nanoconstruct at 3 and 6 h post-shaking. A slight increase in pore size and corrugation of 

the particle borders can be seen at 6 h as compared with 3 h. At 24 h, the particles are 

fully degraded. This indicates that the release of Gd3+ ions is, at !rst, mainly associated 

with the leakage of MAG out of the porous structures, followed by full particle 

degradation. Indeed, the adsorption of MAG molecules on the inner pore surfaces could 

prevent and retard degradation by limiting the interaction of the water molecules with the 

silicon surface, which would explain the very low release within the !rst few hours of 

intense shaking.58 
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Figure 4.8 – Stability of the MRI nanoconstructs. (a) The percentage of Gd
3+

 ions 

leaking out of the SP nanoconstructsat 3, 6, 24 and 48 h (incubation in PBS on a 

plate shaken at 100 rpm and at 37 °C). (b) SEM micrographs of the SP 

nanoconstructs at 3 and 6 h post-incubation. Scale bar = 200 nm. 
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The toxicity of the SP nanoconstructs was tested on HeLa cells using an MTT 

assay. The SP nanoconstructs were incubated with HeLa cells at different cell:particle 

ratios ranging from 10 to 200. The cell viability is shown in Figure 4.9(a) (SiMPs alone, 

not loaded with MAG) and Figure 4.9(b) (SiMPs loaded with MAG) at all times and 

concentrations. No signi!cant toxicity was observed even for the highest cell:particles 

ratio. It is also important to note that most of the SP nanoconstructs incubated with the 

HeLa cells were internalized after overnight incubation, as shown in Figure 4.9(c). Here, 

the dark circular spots represent SP silicon nanoconstructs accumulating in a perinuclear 

position, consistently with data already presented in the literature.59 The absence of 

toxicity and the progressive release of MAG from the SP nanoconstructs would suggest 

that geometrical con!nement, and the resulting enhancement in relaxivity can be retained 

by the nanoconstructs even under physiological conditions for a suf!ciently long period. 

Indeed, it has been shown that such particles can rapidly accumulate within the tumor 

vasculature at high doses.45,60 Also, the stability and highly localized concentration of 

MAG within the porous particles, along with the easily functionalizable external silicon 

surface, provide a potential platform for cellular and molecular imaging using MRI. It 

should also be mentioned that the progressive release of MAG from degrading SiMPs 

could reduce the blood concentration of circulating complexes and possibly alleviate the 

occurrence of NSF. This is a rare and serious disorder observed in patients with renal 

dysfunction, which seems to be associated with the tissue deposition of free Gd3+ ions 

and their transmetallation with other metal ions (Ca2+, Zn2+, etc.) present in the body.61,62  
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4. CONCLUSIONS

A new class of MRI nanoconstructs is presented comprising of
porous silicon particles, discoidal in shape, loaded with a clini-
cally relevant Gd3+ chelate compound, [Gd(DTPA)(H2O)]

2!. The
nanoconstruct performance has been assessed in terms of longi-
tudinal relaxivity r1 as a function of the pore size and loading
conditions. The leakage of [Gd(DTPA)(H2O)]

2! out of the porous
structure has been quanti!ed for multiple time points and under
different physiologically relevant conditions. Finally, the in vitro,
long-term toxicity of the nanoconstructs has also been analyzed
using HeLa cells.
The r1 relaxivity of geometrically con!ned [Gd(DTPA)(H2O)]

2!

molecules was shown to increase with decreasing pore size of
the silicon particles. For GP nanoconstructs, with an average pore
size larger than 50 nm, no enhancement in relaxivity was
observed. In contrast, the HP (average pore size 30–40 nm) and
SP (average pore size 5–10 nm) nanoconstructs exhibited
relaxivity values of ~10 and ~24mM

!1 s!1, respectively. These
values are 2.5–6 times higher compared with the r1 relaxivity of
free [Gd(DTPA)(H2O)]

2! in solution. Using the SBM theory and
by characterizing the behavior of [GdTTHA]3!, the enhancement
in r1 was found to be compatible with an increase in the rota-
tional tR and diffusion tD correlation times upon con!nement
of [Gd(DTPA)(H2O)]

2!. The relaxivity was dramatically reduced
by extensive [Gd(DTPA)(H2O)]

2! adsorption on the outer surface
of the nanoconstructs. These results continue to con!rm that the
geometrical con!nement of Gd3+ chelate compounds is respon-
sible for the observed enhancement in relaxivity for the

nanoconstructs. In addition to improved MRI performance, the
nanoconstructs did not produce any signi!cant cytotoxicity
when incubated with HeLa cells for up to three days. These
results support the notion that con!nement of Gd3+-based CAs
within porous particles could help improve their stability and
reduce their toxicity.

The discoidal mesoporous silicon particles used in the present
work can reach unprecedented levels of accumulation in ortho-
topic tumor models (17,30) (~10% of the injected dose per gram
tumor), while offering circulation times of a few hours. The outer
silicon surface can be readily functionalized with targeting
moieties and chemical functionalities (33) to impart tissue speci!city,
controlled degradation and leakage, and integrated additional
imaging and therapeutic capabilities (18,33–35).
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Figure 5. Toxicity of the MRI nanoconstructs. (a) HeLa cell viability at 24, 48 and 72 h post-incubation with SP nanoconstructs (alone and loaded with
[Gd(DTPA)(H2O)]

2!) at different cell:particle ratios ranging from 0 (control) to 200. (b) Microscopy images showing SP nanoconstructs localizing in a
perinuclear location after overnight incubation. The cell nucleus is stained in blue with DAPI.
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Figure 4.9 – Cytotoxicity of the MRI nanoconstructs.  HeLa cell viability at 24, 48 

and 72 h post-incubation (a) SiMPs alone and (b) MAG loaded with SP 

nanoconstructs at different cell:particle. (c) Microscopy images showing SP 

nanoconstructs localizing in a perinuclear location after 24 h incubation. 
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4.4. Conclusions 

A new class of MRI nanoconstructs is presented comprising of porous silicon 

particles, discoidal in shape, loaded with a clinically relevant Gd3+ chelate compound, 

MAG. The nanoconstruct performance has been assessed in terms of longitudinal 

relaxivity r1 as a function of the pore size and loading conditions. The leakage of MAG 

out of the porous structure has been quanti!ed for multiple time points and under 

different physiologically relevant conditions. Finally, the in vitro, long-term cytotoxicity 

of the nanoconstructs has also been analyzed using HeLa cells. The r1 relaxivity of 

geometrically con!ned MAG molecules was shown to increase with decreasing pore size 

of the silicon particles. For GP nanoconstructs, with an average pore size larger than 

50 nm, no enhancement in relaxivity was observed. In contrast, the HP (average pore size 

30–40 nm) and SP (average pore size 5–10 nm) nanoconstructs exhibited relaxivity 

values of ~ 10 and ~ 24 mM-1s-1, respectively. These values are 2.5–6 times higher 

compared with the r1 relaxivity of free MAG in solution. Using the SBM theory and by 

characterizing the behavior of [GdTTHA]3-, the enhancement in r1 was found to be 

compatible with an increase in the rotational !R and diffusion !D correlation times upon 

con!nement of MAG. The relaxivity was dramatically reduced by extensive MAG 

adsorption on the outer surface of the nanoconstructs. These results continue to con!rm 

that the geometrical con!nement of Gd3+ chelate compounds is responsible for the 

observed enhancement in relaxivity for the nanoconstructs. In addition to improved MRI 

performance, the nanoconstructs did not produce any signi!cant cytotoxicity when 

incubated with HeLa cells for up to three days. These results support the notion that 

con!nement of Gd3+-based CAs within porous particles could help improve their stability 
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and reduce their toxicity. The D-SiMPs used in the present work can reach unprecedented 

levels of accumulation in orthotopic tumor models45,60 (~ 10% of the injected dose per 

gram tumor), while offering circulation times of a few hours. The outer silicon surface 

can be readily functionalized with targeting moieties and chemical functionalities63 to 

impart tissue speci!city, controlled degradation and leakage, and integrated additional 

imaging and therapeutic capabilities.47,63–65 
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Chapter 5 

Gd
3+

-grafted mesoporous silicon 

nanoparticles as high relaxivity MRI contrast 

agents
4
 

In 2010, we proposed a general strategy for boosting the ef!cacy of Gd3+-based 

CAs that can also provide tissue speci!city.17 The strategy consisted of nanoscale 

con!nement of readily-available Gd3+ complexes by SiMPs, which are systemically 

injectable. SiMPs are rationally designed to recognize and accumulate within the diseased 

vasculature.44,45 Nanoscale con!nement of CAs within the porous nanostructures resulted 

in a 2 – 3 times enhancement in r1 relaxivity. The universality of the strategy was 

demonstrated for three different Gd-based CAs, namely MAG ([Gd(DTPA)(H2O)]2-), 

GFs (Gd@C60) and GNTs (Gd3+@US-tubes). This geometrical con!nement limits the 

free rotation of the CAs and also the diffusion of water molecules in the CA’s vicinity, 

                                                
 

( Manuscript in preparation.!
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thus leading to an increase of both !R and !D.46,48 As described earlier, the con!nement is 

achieved by simply loading Gd3+- based CAs into the porous structure via capillary 

action without any chemical modi!cation. Recently, we also assessed the longitudinal 

relaxivity r1 as a function of the pore size and loading conditions. The r1 relaxivity of 

geometrically con!ned MAG molecules was shown to increase with decreasing pore size 

of the SiMPs. For SiMPs, with an average pore size larger than 50 nm, no enhancement 

in relaxivity was observed after they were loaded with MAG. In contrast, MAG loaded 

SiMPs with an average pore size 30 – 40 nm and 5 – 10 nm exhibited relaxivity values of 

~ 10 and ~ 24 mM-1s-1, respectively. These values are 2.5 – 6 times greater compared to 

the r1 relaxivity of free MAG in solution. Using the SBM theory and by characterizing 

the behavior of [GdTTHA]3-, the enhancement in r1 was found to be compatible with an 

increase in the rotational !R and diffusion !D correlation times upon con!nement of MAG. 

In this work, we have examined the relaxivity properties of systems resulting 

from the conjugation of thermodynamically and kinetically stable, clinically-used 

Dotarem®, [Gd(DOTA)(H2O)2]
- (Gd-DOTA), on the surface of SiMPs. The approach 

that is followed is to combine the potential of the Gd3+ complexes as MRI CAs with the 

properties of nanoparticles since the latter have the ability to i) carry large payloads of 

imaging agents, therefore lowering the required concentrations, ii) be functionalized with 

targeting moieties and chemical functionalities for tissue speci!city, controlled 

degradation and leakage, and integrated additional imaging and therapeutic capabilities. 

The conjugation of Gd-DOTA on different pore sizes (between 5 and 50 nm in diameter) 

of SiMPs has been studied and its effect on the relaxivity properties has been 

investigated. To gain further insight into relaxivity properties of the resulting Gd-DOTA-
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grafted SiMPs, conjugation of non-porous silica (SiO2) microspheres to Gd-DOTA has 

also been analyzed. In addition, the zeta potentials of the conjugated systems at different 

stages of modification have been studied. Finally, the stability and in vitro cytotoxicity of 

these systems has also been examined.  

5.1. Materials and Methods 

5.1.1. Materials 

SiMPs with 1 µm diameter and 400 nm thickness were used. All the particles 

were fabricated in the Microelectronics Research Center at The University of Texas at 

Austin by a combination of standard photolithography and electrochemical etching as 

described in Chapter 4. Non-porous silica microspheres with diameters 1.5 µm were 

purchased from Polysciences, Inc. Volumetric particle size, size distribution and count 

were obtained using Multisizer 4 Coulter® Particle Counter (Beckman Coulter, Fullerton, 

CA, USA). 

5.1.2. Preparation of Gd-DOTA-grafted nanoparticles 

The external surface of SiMPs and SiO2 nanoparticles was functionalized with 

Gd-DOTA utilizing 3-aminopropyltriethoxysilane (APTES) chemistry.66 Briefly, the 

nanoparticles were sonicated in 0.5% APTES for 3 h at 55 °C. The nanoparticles were 

then washed with water to remove any unreacted APTES and kept at 70 °C overnight. 

The amine-modified nanoparticle suspension was then reacted with DOTA and N-

hydroxysuccinimide (NHS) in the presence of 1-ethyl-3-(3-

dimethylaminopropyl)carbodiimide (EDC) as the catalyst. The system was placed in a 
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rotary shaker operating at 150 rpm at 30 °C for 2 h. The particles were then centrifuged 

and purified three times by centrifugation and redispersion in water. GdCl3.6H2O was 

added to the suspension of DOTA-grafted nanoparticles at room temperature. The 

reaction was performed in water for 3 days at the end of which the excess Gd3+ was 

removed by centrifugation and redispersion multiple times in water. Figure 5.1 shows the 

step-wise procedure for the synthesis of the metallated DOTA-grafted SiMPs. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.1 – Schematic for the surface functionalization of the SiMPs with DOTA 

and metallation with Gd
3+

. 
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5.1.3.  Particle characterization 

The zeta potential of the nanoparticles at each step of functionalization was 

measured using a Zen 3600 Zetasizer (Malvern Instruments) equipped with a He–Ne 

laser (50 mW, 532 nm). The zeta potential measurement is based on laser Doppler 

electrophoresis that is used to measure the electrophoretic mobility of nanoparticles. 

Measurements were performed using a standard capillary electrophoresis cell with the 

dielectric constant set at 80.4 and the Smoluchowsky constant f(ka) at 1.5.  

High-resolution transmission emission microscopy (HRTEM) images and energy 

dispersive X-ray (EDX) spectra were acquired with a JEOL-2100F (HR) operating at 200 

kV at Rice University. The samples were prepared by placing a few drops of the colloidal 

solutions on copper grids coated with lacey carbon film (Ted Pella, Inc.). Adem Guven of 

Wilson research group performed the TEM characterization. SEM was performed on 

unfunctionalized and Gd-DOTA-grafted SiO2 micropsheres.  

The Gd3+ ion content of the samples was analyzed using ICP-MS. Brie%y, Gd-

DOTA-grafted nanoparticles were mixed with 100 mL of 0.1 M NaOH and allowed to 

stand overnight. The resulting solution was treated with 500 mL of ~ 26% HClO3 and 

heated carefully to dryness. The resulting precipitate was dissolved in trace metal-grade 

HNO3 (2% v/v) and used for ICP-MS analysis. Similarly, samples of unfunctionalized 

nanoparticles were prepared by using the same procedure and analyzed as controls.  

The proton relaxation measurements were performed using a Bruker Minispec 

mq-60 bench-top relaxometer (Bruker Optics Inc., Billerica, MA, USA) operating at 
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60 MHz and 37 °C. The T1 relaxation times were measured using an inversion recovery 

pulse sequence. HPLC water was used as a diamagnetic control.  

5.1.4. Stability and release studies of Gd-DOTA-grafted SiMPs 

Gd-DOTA-grafted SiMPs were mixed with 150 mL of PBS. The nanoconstructs 

were kept under shaking conditions at 100 rpm and 37 °C. The solution was divided into 

two equal parts at 2, 6 and 24 h post-incubation. One-half of the solution was assessed by 

ICP-MS for the total concentration of Gd3+ ions loaded within the nanoconstructs. The 

other half of the solution was !lter-spun using 0.45 µm !lter columns at 14000 rpm for 

5 min, and the !ltrate was analyzed for Gd3+ ions. The two concentrations were 

compared, and the amount of Gd3+ ions released over time was determined.  

5.1.5. Cytotoxicity studies of the Gd-DOTA-grafted SiMPs  

HeLa cell lines were maintained at 37 °C, under low-glucose DMEM containing 

10% fetal calf serum, l-glutamine (2.9 mgmL-1), streptomycin (1 mgmL-1) and penicillin 

(1000 unitsmL-1) in water-saturated air supplemented with 5% CO2.  Required number of 

cells were plated in a 96-well cell plate and incubated for 24 h at 37 °C and 5% CO2. The 

cells were then incubated with different cell:Gd-DOTA-grafted SiMP ratios in a fresh 

medium for 24, 48 and 72 h. Upon completion of each time point, the cytotoxicity of the 

nanoparticles was tested using an MTT assay. Brie%y, PBS containing MTT solution was 

added to each well and the cells were incubated for 2 h. Spectral absorption of the 

samples were measured at 584 nm. The number of live cells is proportional to the amount 

of formazan (MTT metabolic product) produced.  
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5.2. Results and Discussion 

5.2.1. Characterization of particles 

The zeta potential values as a function of different functionalities was measured to 

determine the success of the nanoparticle surface modification steps. As can be seen in 

the Figure 5.2a and Figure 5.2b, after the APTES modification the zeta potential changes 

from being negative to positive for both SiMPs and SiO2 microspheres. Once the peptidic 

coupling was achieved, the zeta potential decreased upon DOTA functionalization 

confirming the reaction of DOTA carboxyl groups with free amino groups on the 

nanoparticle surface. The coordination of the DOTA ligand with Gd3+ ions was 

accompanied by an increase in zeta potential for the nanoparticles. 

In order to analyze the elemental composition and irrefutably prove the presence 

of Gd3+ within the SiMPs, electron energy dispersion spectrometric techniques (EDX 

mapping) were performed on Gd-DOTA-grafted SP SiMPs in the TEM. Figure 5.3a 

shows the bright field TEM and the corresponding elemental maps for unfunctionalized 

and Gd-DOTA-functionalized SiMPs. For Gd-DOTA-grafted SiMPs, elemental mapping 

shows a uniform distribution of Gd3+ on the SiMPs. EDX confirmed the elemental 

mapping results showing the spectra for Gd3+ ions (Figure 5.3b). Figure 5.4 shows the 

scanning electron micrographs of unfunctionalized and functionalized non-porous SiO2 

microspheres. The images clearly show the presence of Gd-DOTA functionalities on the 

surface of the SiO2 microspheres. 
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Figure 5.2 – Zeta potential measurements of a) SiMPs and b) SiO2 microspheres as 

a function of different modification steps. 
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Figure 5.3 – a) Bright field TEM images and elemental mapping of unfunctionalized 

and Gd-DOTA-grafted SiMPs, b) EDX spectra of Gd-DOTA-grafted SiMPs showing 

the presence of Gd
3+

 ions associated with SiMPs. 
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5.2.2. Relaxivity properties 

In this chapter, we have proposed the grafting of paramagnetic Gd-DOTA on the 

SiMPs. The SiMPs used in this study are excellent carriers of Gd3+ chelates and are also 

porous enough for water to freely move in and out of the frame. Additionally, SiMPs can 

be tuned to a large range of particle size and shape, which can be tailored to the 

requirements of biological applications.44 The r1 relaxivities of the Gd-DOTA-grafted 

SiMPs has been presented in Figure 5.5. Irrespective of the pore size, a 6 times 

enhancement in r1 relaxivity is observed for Gd-DOTA-grafted SiMPs compared to free 

Gd-DOTA in solution. For Gd-DOTA-grafted non-porous SiO2 microspheres, the 

enhancement in relaxivity is approximately 7.5 times greater than for free Gd-DOTA. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.4 – SEM images of functionalized and Gd-DOTA-grafted SiO2 

nanoparticles. 

Unfunctionalized SiO2 Gd-DOTA-grafted SiO2 
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Unlike the geometrical confinement of MAG within the SiMPs where a strong 

dependence of r1 relaxivity was observed on SiMP pore size, no such dependence was 

observed for the present case. Furthermore, the functionalized non-porous SiO2 

microspheres demonstrated a greater increase in relaxivity compared to functionalized 

SiMPs. For both Gd-DOTA-grafted SiMPs and non-porous SiO2 nanoparticles, the 

observed enhancement in relaxivity can be attributed to the slow global motion of the 

nanoparticle that results from an increase in molecular weight and maximum 

compactness of the SiO2 structure, which causes an increase in rotational correlation 

time, !R. Indeed, the rigid nature of the inorganic nanoparticle tends to prevent the Gd3+ 

chelates from freely rotating or even folding back.67 The greater enhancement in 

relaxivity for Gd-DOTA functionalized non-porous SiO2 microspheres compared to Gd-

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.5 – SEM images of functionalized and Gd-DOTA-grafted SiO2 

nanoparticles. 
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DOTA functionalized SiMPs is due to the fact that for the latter, the Gd-DOTA 

molecules are not only anchored but are also embedded within the pores of SiMPs. The 

anchored Gd-DOTA groups form a surface coating on the SiMPs that prevent or limit the 

access of water molecules within the pores. This limited mobility hinders the interaction 

of the solvent molecules with deeply internalized Gd-DOTA groups within the pores 

thereby leading to an inefficient water exchange. Therefore, there are potential steric 

constraints on water access at high levels of Gd-DOTA loading within the SiMPs that 

cause a decrease in relaxivity. This explains the non-dependence of r1 relaxivity on the 

SiMP pore size and their low relaxivities compared to non-porous SiO2 nanoparticles. 

 

Figure 5.6 shows the T1-weighted MR phantom images of unfunctionalized and Gd-

DOTA functionalized SiMPs at 3 T. A clear increase in intensity is observed for Gd-

DOTA-grafted SiMPs relative to SiMPs with no Gd-DOTA. 

 

 

 

 

 

 

 

 

Figure 5.6 – MR phantom images of Gd-DOTA-grafted SP SiMPs at 3 T. 
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5.2.3. Stability and cytotoxicity studies 

To assess the stability of the Gd-DOTA-grafted SiMPs, the release of Gd3+ from 

the SiMPs was measured at different time points, namely 2, 6 and 24 h, under constant 

shaking in PBS (pH 7.4). At the end of 24 h, ~ 38% of Gd3+ ions were released with no 

measurable release at 2 and 6 h. Figure 5.7 presents SEM images of the Gd-DOTA-

grafted SiMPs at 0 and 24 h in PBS. The corrugation of the particle borders can be seen 

at 24 h as compared with 0 h. As discussed in Chapter 4, MAG loaded SiMPs were fully 

degraded at 24 h. No complete particle degradation for Gd-DOTA-grafted SiMPs 

indicates that the chelation of Gd-DOTA on the surface of SiMPs prevents the interaction 

of the water molecules with the silicon surface, which explains the negligible release of 

Gd3+ ions within the !rst few hours of intense shaking.  
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0 h 

24 h 0 h 

It has been demonstrated that unfunctionalized SiMPs internalize within human 

umbilical vein endothelial cells (HUVECs) via phagocytosis.68 It was shown that 

endothelial cells are unaffected by the presence of SiMPs based on analysis of cell 

morphology, viability, cell cycle, apoptosis, and mitosis. In the present case, the toxicity 

of the Gd-DOTA-grafted SiMPs was tested on HeLa cells using an MTT assay. The 

functionalized SiMPs were incubated with HeLa cells at different cell:particle ratios 

ranging from 10 to 200. The cell viability is shown in Figure 5.8 at different 

concentrations and three times – 24, 48 and 72 h. No signi!cant toxicity was observed 

even for the highest cell:particles ratio. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.7 – SEM images at 0 and 24 h showing the stability of Gd-DOTA-

grafted SiMPs. 
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5.3. Conclusions  

The grafting of paramagnetic Gd-DOTA chelates on SiMPs offers a new strategy 

for the synthesis of MRI CAs. This approach has resulted in systems that have r1 

relaxivities ~ 6 times greater than the clinically-used CAs at 1.5 T. We have shown that 

the location of Gd3+ chelates and the morphology of the nanoparticle plays an important 

role in relaxivity contribution.69 The external coating of Gd3+ chelates on SiMPs surface 

reduces the interaction of water with deeply internalized chelated Gd3+ ions within the 

pores, thereby producing lower values of relaxivity. This was further confirmed by the 

functionalization of non-porous SiO2 microspheres, which demonstrated r1 relaxivities 

that were around 7.5 fold higher than for free Gd-DOTA. The relaxivities in this case 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.8 – Cytotoxicity of Gd-DOTA-grafted SiMPs incubated with HeLa cells at 

different cell:nanoparticle ratios at 24, 48 and 72 h. 
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were solely due to the slowing down of the rotational motion of the particle. This study 

provides an understanding of the benefits of Gd3+-chelate functionalization on SiMPs 

whilst optimizing the relaxivity parameters. In addition, the stability and in vitro 

cytotoxicity of the Gd-DOTA-grafted SiMPs were measured at different time points. 

Finally, SiMPs have been shown to be very promising candidates for diagnostic 

or theragnostic applications as they offer the ability to engender high MR image contrast 

with additional functionality and low toxicity.69 Finally, the surface of the SiMPs can be 

co-functionalized with the targeting moieties, and internal pores can be loaded with drugs 

and other therapeutic agents.63–65 
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Chapter 6 

Hybrid mesoporous silicon nanoparticles for 

next generation multi-modal imaging 

6.1. Introduction 

Multi-modal imaging agents have been envisioned as next-generation clinical 

imaging platforms, with abilities to enhance the anatomical, functional, and molecular 

imaging methods.70–72 It is also of utmost importance that these imaging methods 

demonstrate target specificity, non-invasiveness, high spatial resolution, 3-D tomography, 

and real time imaging to understand underlying biological processes and successfully 

diagnose disease.73 However, it is not possible to achieve all of these goals using a single-

imaging modality. As can be seen in Table 6.1, both MRI and computed tomography 

(CT) possess excellent spatial resolution and penetration depth, however their low target 

sensitivity is an issue. Similarly, positron emission tomography (PET) offers high 

sensitivity but suffers from low resolution. Optical imaging techniques have an advantage 

over most other techniques in the sensitivity domain, however, is limited by its poor 
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penetration depth and spatial resolution. Since each technique has its own advantages and 

disadvantages, it is attractive to combine them to generate systems that can pool the 

strengths and compensate for the deficiencies of different imaging modalities. For this 

reason, nanoparticle systems possessing multimodalities are becoming important tools in 

clinical and biomedical applications for diagnostic and therapeutic purposes. A variety of 

combinations like MRI-optical imaging, MRI-PET, and PET-CT are possible,73–75 and it 

may even be possible to design and construct a universal imaging agent containing all the 

modalities in a single agent. 

 Table 6.1 – Comparison of properties of different imaging modalities. 

 

 

Imaging 

modality 

Imaging 

source 

Spatial 

resolution 

Penetration 

depth 

Sensitivity Probe 

MRI Radiowave 
 
 

25-100 µm No limit mM to µM 
(low) 

Paramagnetic 
ions (Gd3+, 
Mn2+) or 

superparama-
gnetic 

materials 
(Fe3O4) 

materials 
CT X-ray 50-200 µm No limit Not well 

chracterized 
High atomic 

number atoms 
(I, BaSO4) 

PET 
 

+-ray 1-2 mm No limit pM (high) Radioisotopes 
(18F, 11C, 13N, 

15O, 124I, 
64Cu) 

Optical 
fluorescence  

imaging 

Visible or 
near-

infrared 
light 

In vivo, 2-3 
mm; in 

vitro, sub - 
µm 

< 1cm nM to pM 
(medium) 

Fluorescent 
dyes, quantum 
dots, carbon 
nanotubes 
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Imaging tools that can work synergistically with MRI are optical imaging 

techniques such as confocal microscopy, intravital microscopy and fluorescence imaging. 

Optical imaging employs non-ionizing radiation in the visible and near-infrared 

wavelengths (! 400–1500 nm) used for imaging biochemical processes at the subcellular 

and molecular levels.76 Optical imaging possesses sensitivity, specificity, and resolution 

unparalleled by any other biomedical imaging methods. By combining MRI and optical 

imaging, anatomic information can be obtained from the MR signal, and the optical 

signal can provide additional high-resolution molecular-specific information. Previously, 

multi-modal imaging agents have been developed by covalently attaching fluorescently-

labeled molecules to iron oxide nanoparticles75,77 or Gd3+ ion-based compounds.78 Other 

ways to develop multi-modal agents include polymeric, micellar and liposomal systems 

incorporated with both fluorescently-labeled and magnetically-active agents.75 In the 

present study, SiMPs have been co-loaded with MAG, a Gd3+ ion-based clinical CA and 

an optical fluorescently-labeled antibody. This study characterizes the relaxometry 

properties and the efficiency and variability of loading an MRI CA and an antibody-dye 

conjugate within SiMPs. 

6.2. Materials and Methods 

MAG was used as a Gd3+ ion-based CA at a [Gd3+] loading concentration of 

1 mM. An antibody to epidermal growth factor receptor (EGFR) was obtained from the 

Rebecca Richards-Cortum laboratory in the Department of Bioengineering at Rice 

University. To prepare antibody-dye conjugate, EGF peptide (Calbiochem, MA) was 

labeled with Alexa 647-carboxylic ester (Invitrogen, CA) (fluorophore) and purified 
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using size exclusion chromatography and dialysis. Excess free dye was removed using 

Zeba Spin Desalting columns with a 7 kDa molecular weight cut-off (Thermo Scientific 

Pierce, Rockford, IL). The final concentration of this antibody-dye conjugate was 

0.83 mg/mL. Three different pore sizes of D-SiMPs, namely SP (5-10 nm), HP (30-

40 nm) and GP (50-60 nm) with 1 µm diameter and 400 nm thicknesses were used in this 

study. The fabrication of SiMPs has been previously described in Chapter 4. 

6.2.1. Loading procedure 

For loading the MRI CA and an optical imaging agent within SiMPs, known 

number of SiMPs were lyophilized to dryness for 6 hours in non-stick plastic tubes using 

Labconco® FreeZone™ Freeze Dryer system, after which a sequential loading protocol 

was tested. Initially, SiMPs were introduced to 100 )l of stock solution of MAG, 

followed by sonication and centrifugation. The supernatant was saved for further 

analysis, and the particles were washed with DI water to remove any extra Gd3+ adhering 

to the surface of SiMPs. The supernatants were saved at each washing step. The process 

was repeated twice more so that the total volume of stock solution added was 300 )l. 

This process was repeated for loading of the solution of the EGFR-targeted antibody-dye 

solution. The resulting nanoconstruct was used for relaxometry, ICP-MS and 

fluorescence measurements. 

Control samples containing only MRI CA and no fluorescently-labeled agent, and 

containing only fluorescently-labeled agent and no MRI CA were also prepared using the 

same loading procedure. For all the nanoconstructs and control samples, the solution was 

divided in two equal halves. One half was evaluated to estimate the efficiency of loading 
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MAG and the second half was evaluated to quantify the efficiency of antibody-dye 

conjugate. Dr. Kelsey Rosbach in Prof. Rebecca Richards-Cortum laboratory in the 

Department of Bioengineering at Rice University performed the quantification of 

antibody-dye conjugate. 

6.2.2. Relaxometry measurements 

The proton relaxation measurements were performed using a Bruker Minispec 

mq-60 bench-top relaxometer (Bruker Optics Inc., Billerica, MA, USA) operating at 

60 MHz and 37 °C. The T1 relaxation times were measured using an inversion recovery 

pulse sequence. HPLC water was used as a diamagnetic control.  

6.2.3. Quantification of Gd
3+

 loading 

To quantify the efficiency of loading of MAG within SiMPs, the nanoconstructs 

were dissolved in 1 N NaOH overnight. The resulting solution was treated with ~ 26% 

HClO3 and heated to dryness. The precipitate obtained was dissolved in 2% HNO3. Gd3+ 

ions released from the particles during the degradation process were measured using ICP-

MS. A calibration run including the internal control (Y3+, 5 ppm) was made before each 

group. 

6.2.4. Quantification of antibody-dye Loading 

To quantify the efficiency of loading the antibody-dye conjugate within SiMPs, 

the supernatants that were removed during the loading and washing steps was analyzed in 

a SPEX Fluorolog-3 fluorometer (Horiba Jobin Yvon Inc., Edison, NJ).  10 µL of 

supernatant was diluted in Milli-Q water (Millipore, Billerica, MA) to a total volume of 
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4 mL in a quartz cuvette.  The original antibody-dye conjugate was used as a control 

measurement of fluorescence to which each supernatant sample was normalized.  

Fluorescence intensity at peak emission (670 nm) was used.  Based on the fraction of 

antibody-dye remaining in the supernatant as measured by fluorometry, the fraction of 

antibody-dye that was loaded within SiMPs was calculated indirectly.  The final sample 

containing the loaded SiMPs was also measured directly by fluorometry. 

6.2.5. Confirmation of antibody-dye loading 

To confirm that the fluorescently-labeled antibody-dye conjugate was loaded 

within the SiMPs, the samples were imaged with a Zeiss LSM 510 Meta Confocal 

Microscope with appropriate excitation and emission filters. 

6.2.6. Stability studies  

To characterize the stability of the multi-modal imaging agent, the SP 

nanoconstructs were reconstituted in 150 µL of PBS and placed in a rotary shaker 

operating at 100 rpm. The solution was divided into three equal parts at 0, 1, 4, 9, and 

24 hours post incubation. One part of the solution was assessed by ICP-MS for the total 

concentration of Gd3+ ions loaded within the nanoconstructs. The second part of the 

solution was filter-spun using 0.45 µm filter columns at 14,000 rpm for 5 min, and the 

filtrate was analyzed for Gd3+ ions release over time. The two concentrations were 

compared, and the amount of Gd3+ ions released over time was determined. The third part 

of the solution was centrifuged, and the supernatant was removed and its fluorescence 

was measured to determine the antibody-dye conjugate concentration. 
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6.3. Results and discussion 

As previously described in Chapter 4, Gd3+-based CAs, such as MAG, GFs and 

GNTs, exhibit enhanced longitudinal relaxivity upon confinement within SiMPs. The 

effect of pore size of the SiMPs upon the encapsulation of MAG demonstrated the change 

in relaxivity parameters as the pore size was increased from SP to GP. 

In this work, different pores sizes of SiMPs have been loaded with MAG and a 

fluorescently-labeled antibody conjugate. The rationale behind the present study was to 

evaluate the co-loaded SiMPs as multi-modal agents and to examine the effect of loading 

of one imaging agent upon the loading of a second agent. 

6.3.1. Quantification of MAG loading and relaxometry studies 

The longitudinal relaxivities of nanoconstructs consisting of MAG and antibody-

dye conjugate were determined, as presented in Figure 6.1. The concentration of Gd3+ in 

the nanoconstructs and the control samples was obtained using ICP-MS, as described 

above.  As previously observed in Chapter 4, as the pore size increases from SP to HP, 

the effect of geometrical confinement is lost, MAG loading is minimal and r1 relaxivity is 

reduced from ~ 24 mM-1s-1 for SP to ~ 10 mM-1s-1 for HP. On the other hand, for GP 

nanocontructs, due to the extremely large pore size, no geometrical confinement is 

observed and the measured r1 relaxivity is zero. For the SP nanocontructs loaded with 

MAG and antibody-dye, a strong enhancement in r1 relaxivity was observed with values 

reaching ~ 8 mM-1s-1, which is ~ 2 times greater than the r1 of MAG alone. MAG and 

antibody-dye co-loaded HP nanoconstructs exhibited r1 values of ~ 6 mM-1s-1 or 

approximately ~ 1.5 times greater than free MAG. Co-loaded GP nanoconstructs did not 
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demonstrate any geometrical confinement and hence showed no relaxivity. As discussed 

in Chapter 4, as the geometrical con!nement of CAs within porous particles does not 

involve chemical modi!cation of the CAs, the observed boost in relaxivity is probably 

due to: (i) an increase in the rotational correlation time (!R) of MAG (inner-sphere effect), 

which cannot tumble freely, being adsorbed on the walls of the pores; and (ii) an increase 

in the diffusion correlation time (!D) for water molecules (outer-sphere effect), which are 

geometrically con!ned and forced to interact longer with MAG adsorbed to the inner 

pore surface. When compared to nanoconstructs loaded with MAG only (SP 

nanoconstructs ~ 24 mM-1s-1; HP nanoconstructs ~ 10 mM-1s-1), it should be noted that 

the increase in r1 is not that pronounced. This may be due to the fact that the presence of 

the antibody-dye construct prevents the effective interaction of Gd3+ ions with the water 

molecules inside the pores. It could be that the presence of dye molecules alters the water 

diffusion time !d of MAG in such a way that there is an overall reduction observed in r1 

relaxivity.  
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6.3.2. Quantification of antibody-dye loading 

For these studies, the fluorescently-labeled antibody conjugate co-loaded with 

MAG within SP SiMPs was studied. Based on the indirect method of determining the 

extent of loading by measuring supernatants, on an average, this combination resulted in 

27% of the antibody-dye being incorporated into the SiMPs (n = 5).  This indirect method 

was chosen over the direct measurement of loading due to concerns of the dye labels self-

quenching while in close proximity to one another within the SiMPs, and also possible 

quenching of the dye by MAG itself. Figure 6.2 shows the extent of loading step-by-step 

in each of the five samples.  The y-axes in Figure 6.2, Figure 6.3 and Figure 6.4 are the 

fraction of antibody that was loaded out of the total amount added in each step.  On 

average, step 1 loaded 40% of the available antibody-dye with a standard deviation that 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.1 – r1 relaxivities of SP, HP, GP nanoconstructs co-loaded with MAG 

and antibody-dye conjugate and MAG alone at 37 °C and 1.5 T. 
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was 55% of the mean, step 2 loaded 14% with a standard deviation that was 53% of the 

mean, and step 3 loaded 26% of the available antibody-dye with a standard deviation that 

was 63% of the mean. Figure 6.3 shows the average loading extent per step. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.2 – Extent of antibody-dye loading in SP SiMPs co-loaded with 

MAG. 
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Figure 6.3 – Average loading extent of the antibody-dye conjugate step-by-step in 

SP SiMPs co-loaded with MAG.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.4 – Cumulative fraction of antibody-dye conjugate step-by-step in SP 

SiMPs co-loaded with MAG.  
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When the cumulative extent of loading was examined to determine the overall 

variability of loading between different samples, the final variability after step 3 was 47% 

of the mean. Figure 6.4 shows the cumulative loading fraction after each step. 

The antibody-dye conjugate and MAG were also co-loaded loaded within HP 

SiMPs. The extent of loading in this combination was just as variable but much less 

efficient than the results shown above for SP SiMPs and as such, will not be discussed in 

this dissertation. 

6.3.3. Confirmation of antibody-dye solution 

Confocal imaging was used to confirm that the multimodal imaging agents were 

fluorescent, as expected.  All samples loaded with the antibody-dye conjugate were easily 

visualized using the fluorescence microscope, whether MAG was loaded or not.  Control 

samples of empty or MAG-loaded SiMPs had no detectable fluorescence signal. Figure 

6.5 shows the observed fluorescence for SP SiMPs co-loaded with the antibody-dye 

conjugate and MAG.  
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6.3.4. Release of MAG and antibody-dye conjugate over time 

To assess the stability of the samples, they were monitored at different time 

points, namely 0, 1, 4, 9, 20 and 24 h in PBS under constant shaking conditions in a 

rotary shaker operating at 100 rpm. Figure 6.6 shows the decrease in fluorescence 

intensity and the percent release of Gd3+ over time. ICP-MS analysis of Gd3+ showed that 

that the percent release of loaded MAG was 15, 36, 76, 82, 88% at 1, 4, 9, 20 and 24 h, 

respectively. Similar results were observed earlier for MAG-only loaded SP SiMPs where 

83% of the total loaded solution was released by 24 h. Studying the release of antibody-

dye conjugate over time, it was observed that the fluorescence intensity was decreased 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.5 – Fluorescence confocal image of SP SiMPs loaded with the antibody-dye 

conjugate. The 633 nm laser power was at 50% and gain was 450. 

 



 89 

0 

20 

40 

60 

80 

100 

120 

0 

2000 

4000 

6000 

8000 

10000 

12000 

14000 

16000 

18000 

20000 

0 1 4 9 20 24 

%
 G

d
3
+
 r

el
ea

se
 

F
lu

o
re

sc
en

ce
 I

n
te

n
si

ty
 

Time (h) 

Fluorescence Intensity % Gd3+ release 

substantially at the end of 24 h. Other samples had similar profiles, but on a different 

fluorescence intensity scale. The release profile of both MAG and the antibody-dye 

conjugate in PBS were quite similar with the majority of the imaging agents being 

released in the first 9 h due to SiMP decomposition. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.6 – Fluorescence intensity and % Gd
3+

 release over time from the loaded 

SP SiMPs exposed to PBS. 



 90 

6.4. Conclusions 

These preliminary characterization studies have demonstrated the feasibility of 

co-loading of MRI and optical-imaging agents within discoidal SP SiMPs. The amount of 

loading of MAG was estimated based on ICP-MS measurements and analysis of the 

removed supernatants. The loaded SiMPs were measured for their contrast enhancing 

properties using a bench top relaxometer operating at 60 MHz and 37 °C. The presence of 

antibody-dye conjugate associated with the SiMPs was confirmed using confocal 

microscopy. The stability and time release of MAG and antibody-dye conjugate was 

assessed in PBS to simulate physiological conditions. 

The r1 relaxivity of co-loaded particles was shown to increase by 2 times and 1.5 

times for SP and HP nanoconstructs, respectively compared to MAG alone. This 

enhancement in r1 relaxivity is attributed to increase in rotation correlation time, !r and 

diffusion correlation time, !D. However, this increase was not as high as when only MAG 

was encapsulated within the SiMPs. This difference in r1 relaxivity could be a result of 

the interaction between the MAG and antibody-dye molecules, and together their 

interaction with water that causes a decrease in r1 relaxivity for co-loaded SiMPs. 

Confocal microscopy confirmed the presence and optical activity of the optical 

agent within the pores of SiMPs. Analysis of the supernatants at different loading steps 

showed that there was a cumulative increase in antibody-dye loading from loading step 1 

to step 3. However, the loading of the antibody-dye conjugate was variable and needs to 

be optimized in future experiments. 
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The time-release profile of the MAG and the antibody-dye conjugate indicated 

that the majority of the imaging agents were released within the first 9 hours. The 

observed time-release profile demonstrated that SiMPs can serve as carriers for a targeted 

antibody-dye conjugate, locally delivering them near the tumor site to decrease the non-

tumor-specific effects of binding to EGFR in other organ sites.  MRI could be used to 

locate the tumor and guide optical probe positioning, and then optical imaging through an 

inserted probe could be used to obtain molecular-specific information about the tumor. 
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Chapter 7 

Conclusions and Future Work 

This chapter presents the important conclusions of this dissertation, as well as 

some future research directions that are indicated by the work. 

7.1. Conclusions 

MRI CAs provide an improved image of body organs and tissue. The use of 

current Gd3+-based commercial agents is limited due to the various disadvantages they all 

possess. Gd3+-filled US-tube nanocapsules first developed in 2005 were proposed as new 

high-performance nanotechnologically-inspired MRI CAs with promise for advanced T1-

weighted MR molecular imaging applications.4 Later, the GNTs were demonstrated as 

advanced CAs at low fields.21 This dissertation has investigated the origin of the unusual 

magnetic behavior of the GNTs and their resulting MRI properties. GNTs and related 

materials have been probed using NMRD measurements ESR spectroscopy, and the 
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reasons for superior contrast enhancing properties at low fields have been discovered. It 

has been shown that the relaxation efficiency of these materials derives from the presence 

of stable free radicals and triplet states that are supported by the polynuclear aromatic 

structure of the full-length SWCNTs and US-tubes. The presence of metal impurities that 

were used in SWCNT production were found to have no effect at the examined magnetic 

fields. The observed magnetic field dependence of the radicals on proton relaxation was 

accounted by a 2-dimensional diffusion model, both on the surface and in between the 

aggregates of the full-length SWCNTs and US-tubes. For GNTs, the relaxation rates were 

observed due to the presence of free radicals at low-fields, and Gd3+ ion contribution was 

observed at high fields.  

Another key topic detailed in this dissertation is the development of a new class of 

MRI CAs, comprising of a porous nanoparticle based system. Using these nanoparticles, 

molecular parameters governing relaxivity, namely, hydration number, q; water residence 

time, !m; rotational correlation time, !R and diffusion correlation time, !D can be optimized 

to obtain better performing CAs. Using this rationale, two different strategies were tested 

where SiMPs were either loaded or functionalized with a clinically-relevant Gd3+ chelate. 

For both procedures, SiMPs with three different pore sizes (SP, HP and GP) were 

considered.  

The geometrical confinement of Gd3+-based CA, MAG within SiMPs showed that 

as the pore size is increased to GP, the geometrical confinement was lost and the 

observed r1 relaxivity was zero. The SP and HP nanoconstructs exhibited relaxivities that 

are 6 and 2.5 times, respectively, greater than free MAG in solution. Using the SBM 
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theory and by characterizing the behavior of [GdTTHA]3- within the SiMPs, the 

enhancement in r1 was found to be compatible with an increase in the rotational, !R and 

diffusion, !D correlation times upon con!nement of MAG. The effect of MAG stock 

solution and the number of washes had strong effect on the r1 relaxivity. The relaxivity 

was observed to decrease as the MAG stock solution concentration increased from 1 mM 

to 10 mM. Also, as the number of washes after the final loading steps was increased from 

0 to 2, an enhancement in relaxivity was observed. These results con!rmed that the 

adsorption of MAG on the external surface of SiMPs had a negative effective on 

relaxivity and geometrical con!nement of Gd3+ chelate compounds was responsible for 

the observed enhancement in relaxivity for the nanoconstructs. In addition to improved 

MRI performance, the nanoconstructs did not display any signi!cant cytotoxicity when 

incubated with HeLa cells for up to three days. These results support the notion that 

con!nement of Gd3+-based CAs within porous particles could help improve their 

stability. 

Another approach that resulted in systems with high MRI r1 relaxivities are the 

Gd-DOTA-grafted SiMPs. Irrespective of the pore size of SiMPs used, these systems 

exhibited relaxivities that are approximately six-fold greater (~ 24 mM-1s-1) than free Gd-

DOTA (~ 4 mM-1s-1), whereas non-porous SiO2 microspheres when functionalized with 

Gd-DOTA resulted in 7.5 times increase in relaxivity (~ 30 mM-1s-1) at 1.5 T. This work 

showed that the surface structure of the nanoparticles play a significant role in the 

physico-chemical properties of the final hybrid materials, since the distribution of the 

Gd3+ complexes on the inner and outer surface strongly influences their relaxometric 

properties. More specifically, compared to free Gd-DOTA, high r1 relaxivity was 
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estimated for the Gd-DOTA anchored SiMPs and SiO2 nanoparticles due to a decrease in 

the tumbling rate of the paramagnetic Gd3+ ion following the large increase in the 

molecular size of the nanoparticle system. However, a relatively smaller increase in 

relaxivity for Gd-DOTA-grafted SiMPs compared to Gd-DOTA-grafted SiO2 

nanoparticles was ascribed to the limited diffusion of water molecules inside the pores as 

inside access to the pores is restricted after the initial anchoring process.79,80 

 The potential of SiMPs as multimodal systems was shown by co-loading the 

pores with clinically-used MAG and EGFR-targeted antibody-dye conjugate for the first 

time. The preliminary characterization studies demonstrated the feasibility of co-loading 

MRI and optical imaging agents within SP SiMPs. The r1 relaxivity of co-loaded particles 

was shown to increase by 2 and 1.5 times for SP and HP nanoconstructs, respectively, 

compared to MAG alone. Confocal microscopy confirmed the presence and optical 

activity of the optical agent within the SiMPs. The time-release profile of the MAG and 

antibody-dye indicated that the majority of the imaging agents were released within the 

first 9 hours. The observed time-release profile demonstrated that SiMPs can serve as 

carriers for the targeted antibody-dye conjugate, locally delivering them near the tumor 

site to decrease the non-tumor-specific effects of binding to EGFR in other organ sites.  

MRI could be used to locate the tumor and guide optical probe positioning, and then 

optical imaging through an inserted probe could be used to obtain molecular-specific 

information about the tumor. This aspect further proved the versatility of hybrid SiMPs 

for diagnostic and molecular imaging applications. 
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7.2. Future research directions 

GNTs have been demonstrated as a new class of low-field MRI CAs. With the 

help of NMRD and ESR analysis, proton-relaxation rate at low-fields has been attributed 

to the presence of free radicals within these structures. To separate the contribution of the 

free radicals from Gd3+ ions, and establish the potential of empty full-length SWCNTs 

and US-tubes as low-field MRI CAs, it will be useful to estimate the accurate 

concentration of free radicals associated with these materials. This study has opened up 

avenues for metal-free US-tubes to be used as MRI CAs at low fields. In addition, the 

current study was performed on only intrinsically-defective arc-produced SWCNTs. To 

further understand the behavior of GNTs and its precursors, further experiments need to 

be performed on SWCNTs synthesized from different techniques. HiPco-produced 

SWCNTs are one of the most pristine forms of nanotubes. Preliminary NMRD studies on 

HiPco-produced full-length and US-tubes, showed no proton relaxation effects in the 

absence of Gd3+ ions. Even the GNTs derived from HiPco SWCNTs, did not show any 

relaxivity dependence at low fields. This behavior could be due to the absence of free 

radicals and triplet states on these structures. However, detailed ESR studies will be 

required to confirm this hypothesis.  

Geometrical con!nement can alter the relaxivity parameters !D and !r, and 

potentially others, by reducing the ability of the CAs to tumble, by decreasing the 

mobility of the water molecules and by favoring clustering and mutual interactions 

between the loaded CAs. The size, shape, pore size and surface properties of the SiMPs 

can be rationally designed81,82 and tailored83, to suit specific biological applications. 
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Furthermore, the surface of SiMPs can be engineered to regulate their degradation84 and 

improve their overall half-life in blood without affecting the MRI performance of MAG 

inside. These porous particles with con!ned enhanced-performance CAs may be useful 

for single-cell imaging where high relaxivities and high local concentration of Gd3+ ion 

are required. Finally, the outer silicon surface can be readily functionalized with targeting 

moieties and chemical functionalities63 to impart tissue speci!city, controlled degradation 

and leakage, and integrated additional imaging and therapeutic capabilities.47,63–65 

The preliminary studies on the Gd-DOTA-grafted SiMPs suggest the importance 

of the nature of the nanoparticle support. To gain further insight into the effect of pore 

size on relaxivity, it is important to study the NMRD profile of these materials over a 

range of frequencies. The NMRD measurements will allow a detailed characterization of 

these systems in terms of a large set of structural and dynamic parameters and will 

provide a tool for exploring further improvements. Another way to separate the effect of 

internal pore functionalization from external surface functionalization on relaxivity 

would be to specifically functionalize the pores, pore openings and the external surface of 

SiMPs by modifying the amination localization procedure.69 These characterizations 

could fully support the hypotheses made in this chapter and aid in further understanding 

of these nanoparticle systems. 

The next steps required to maximize the potential of SiMPs as multi-modal agents 

is to first ensure that the extent of loading is consistent between batches. It is also 

important to study co-loading within HP SiMPs since this has not been studied 

extensively in the present work. If the future experiments suggest that the loading 
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remains consistent, it will be important to directly confirm the extent of loading of any 

antibody-dye conjugate within the SiMPs in a way other than by measuring the 

supernatant. To understand the effect of antibody-dye on the relaxation properties of 

encapsulated MAG, additional studies need to be performed. Co-loading the SiMPs with 

MAG and antibody alone (no dye), and MAG and dye alone (no antibody) will give more 

insight into the change of relaxivity parameters of this hybrid multi-modal system. 

Finally, the novel and versatile strategies described in this dissertation can now be 

applied to investigate a large arsenal of imaging probes to generate nanoplatforms for 

integrated multi-modal imaging and molecular therapy. 
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