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1. INTRODUCTION 
 
1.1.  Summary 

The development of a wide spectrum of nanoparticles with tunable properties has 

the potential to change the medical landscape in terms of disease diagnosis, imaging, 

treatment, and prevention. The versatility of size and chemical composition make it 

relatively easy to tailor the functional properties of nanoparticles for specific medical 

applications. For example, nanomaterials have been used for reducing drug dosage, drug-

related side effects and for sustained drug delivery purposes. In order to tailor nanoparticle 

properties for specific medical needs, they can synthesized with (i) surface ligands such as 

antibodies that enable targeting to specific cells/organs[1], (ii) tunable absorption and 

emission properties for biomedical imaging purposes[2], (iii) coatings that deter detection 

by macrophages or confer special properties[3] (iv) specific sizes for hyperthermia 

treatment[4] and many other similar useful properties.  

In more recent times, there has been an increased focus on using them for delivering 

drugs to the central nervous system (CNS). Drug delivery to the CNS has always remained a 

challenge due to barriers such as the blood brain barrier and blood cerebrospinal fluid 

barrier, which hinder drug molecules from reaching the brain and spinal cord tissue.  

In the past few decades, magnetic nanoparticles (MNPs) with special properties for 

medical applications in the CNS have been developed. Although MNP-based applications 

have been more commonly studied in the brain, a steady increase has been observed for 

use of MNPs in the spine. MNP delivery in the spine holds inherent anatomical and 

physiological challenges including cerebrospinal fluid (CSF) pulsations and difficulty in 

localization them to specific locations. This dissertation focuses on a novel technique of 
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using MNPs for CNS-based drug delivery, termed intrathecal magnetic drug targeting. This 

chapter begins with a detailed description of application of MNPs in the CNS, followed by 

the specific aims of my dissertation. 

1.2. Use of magnetic nanoparticles for medical applications in the CNS 

In the CNS, the primary advantage of using nanoparticles is the fact that they can be 

engineered to circumvent the blood-brain barrier (BBB), which prevents delivery of 

therapeutic molecules to the brain and spine. The BBB is an intricate network of blood 

vessels with tight capillary junctions that only permit entry of essential nutrients to the 

brain and spinal cord tissue, while preventing large molecules to pass through the vessel 

walls. In addition to the BBB, the blood-CSF barrier (BCB), which is formed by tight 

junctions between epithelial cells of choroid plexus, also facilitates transport of specific 

substances to CNS tissue, due to its distinct structure.  

Overcoming the challenge of drug delivery posed by the BBB in the CNS has turned 

out to be the single-biggest challenge that is being currently tackled using nanotechnology 

Various types of nanoparticles are currently being developed for CNS applications, 

including solid lipid nanoparticles[5], liposomes[6], micelles[7], nanotubes[8], quantum 

dots[9], dendrimers[10] and polymeric nanoparticles[11]. One of the most promising types 

of nanoparticles for biomedical applications are magnetic nanoparticles. A simple MNP 

consists of a core made up of an inorganic magnetic material and a biocompatible surface 

coating that stabilizes the particle in physiological conditions.  

In the CNS, there are three main clinical applications for MNPs - drug delivery via 

magnetic drug targeting (MDT), medical imaging and hyperthermia. MDT therapy entails 

injecting drug-loaded magnetic nanoparticles in a body fluid, and using external magnetic 
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fields to guide and retain the particles at specific sites in the body. The MNPs, when 

synthesized in a suitable size, can effectively penetrate the tissue at the localized region, 

and release the drug. MDT has potential to reduce drug dosage for CNS treatments due to 

targeted administration of therapeutic agents, as well as eliminate side effects of drugs by 

minimizing systemic distribution. 

Most MNP applications in the CNS relate to treatments within the brain to overcome 

the BBB. Within the brain, nanoparticles have been mainly used for tumor treatment, to 

visualize the tumor site ([12], [13]), for site-specific chemotherapeutic drug delivery ([14], 

[15], [16]) and for hyperthermia treatment ([17], [18]). More recently, newer applications 

of MNPs for diseases in the spine have emerged, especially for treatment of spinal cord 

injury, bone regeneration and neuroprotection, which have been described in detail in the 

following sections. This shows us that MNPs have immense potential for treatment of CNS, 

and particularly spinal disease conditions, for which very few treatment options exist. 

1.2.1.  Magnetic drug targeting  

In the late 1970s, Widder and colleagues introduced the concept of MDT ([19], [20]). 

MNPs below 20-30 nm in diameter display the phenomenon of superparamagnetism, and 

therefore, do not retain remnant magnetization after removal of an external magnetic field 

as shown in Figure 1. This is advantageous for drug delivery applications as it reduces 

undesirable particle aggregation. Newer MNP-based drug delivery and imaging agents 

incorporate novel cores such as doped iron oxide nanocrystals, metallic/alloy 

nanoparticles, and nanocomposites, which exhibit high magnetic moments. 
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Figure 1. Properties of superparamagnetic nanoparticles (A). 
Transmission Electron Microscopy (TEM) image of a 
superparamagnetic magnetite nanoparticle with a diameter of 10 nm 
(B). SQUID (superconducting quantum interference device) 
magnetometry graph of the superparamagnetic nanoparticles. The 
hysteresis loop indicates no remnant magnetism in the MNPs after 
removal of magnetic field. 

 

Most of the MDT-based applications in the CNS target the brain. For example, 

Chertok ([21], [22]) has shown the feasibility of using iron-oxide MNPs for magnetic 

resonance imaging (MRI) monitored drug delivery for brain tumors in rats. The toxicity of 

MNPs depends on numerous factors including the dose, composition, size, structure, 

surface chemistry, route of administration, biodegradability and pharmacokinetics [23]. 

Other experiments have shown that administration of commonly used iron oxide 

nanoparticles, cause no immunoreactivity or neuronal cell changes in the CNS, indicating 

potential for therapeutic applications within the spine [24]. There are several examples of 

prior in vitro and in vivo research, where MNPs with appropriate coating material have 

been well-tolerated at concentrations suitable for drug delivery ([25], [26]). However, 

some groups such as Pinkernelle and colleagues [12] have indicated that although MNPs 

are internalized by various primary neural cell cultures, they are primarily taken up by 

A B 

5 nm 
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microglia, which may be challenging for in vivo application of MNPs in the CNS, because of 

the possibility of immune system uptake. 

 

Figure 2. Systemic drug delivery (e.g. IV administration), leads to drug 
distribution throughout the body leading to high risk toxicity.  IT-MDT can target 
drugs to specific regions of the CNS, producing a highly concentrated effect. 

 

Regarding MDT applications in the spine, the Linninger Research Group introduced 

a novel MDT technique for drug administration in the CNS, and specifically the spine, via 

drug-loaded MNP administration using the intrathecal route as shown in Figure 2. This 

technique will be explained in detail in the following chapters (Chapters 2 and 5). The 

feasibility of this technique was proved using in vitro and in vivo methods. The in vitro 

results have been published in the journal Nanomedicine: Future Medicine. 

While MDT may be useful for targeting MNPs at diseased sites close to the body’s 

surface, it may not be effective for deep tissue targeting. This is because magnetic field 

strength rapidly decreases with distance from the source (permanent magnets or 

electromagnets), making it hard to induce high magnetic gradients deep inside the body. 
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Researchers have proposed ways around this problem by using magnets and magnetizable 

implants near the target site within the body. For example, Fernández-Pacheco and 

colleagues [27] implanted permanent magnets into the kidney by a laparoscopic technique, 

and successfully localized intravenously administered magnetic FeC nanoparticles at 

required sites in the kidney.   

Implant assisted-MDT has been explored by the Linninger Research Group for spinal 

applications with intrathecal delivery. Magnetizable implants in the spinal cord facilitated 

more efficient targeting of MNPs to desired locations when compared to MDT without the 

use of implants. We have shown that ferrous implants can result in large local magnetic 

field gradients at targeted regions along the spine, even at distances as large as 5 cm away 

from the externally applied magnetic field generated by rare earth magnets. Collection 

efficiency of MNPs at specific sites almost doubled with the use of appropriate implants in 

the spine.  These results, which have been published by our group in the Journal of 

Biomedical Nanotechnology and Nanomedicine: Future Medicine, have been detailed in 

Chapter 2. 

1.2.2. MNP-based electromagnetic field stimulation applications 

Besides MDT, research efforts have been made towards using MNPs for 

electromagnetic field (EMF) stimulation applications. Jain [28] used iron oxide MNPs to 

enhance EMF stimulation in the spine for encouraging nerve cell regeneration. In their 

experiment, iron oxide nanoparticles embedded in a 3% agarose gel were implanted at the 

site of a spinal cord transection in rats, which were then stimulated. Significant 

improvements were achieved in locomotor assessment studies, with greater sprouting 

from mature neurons and axons near the lesion site. Similar results were also deduced by 
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Pal [29] who showed reduction in lesion volume and behavioral deficits after stimulating 

iron-oxide nanoparticles embedded in agarose gels to treat transected spinal cords of rats. 

In vitro experiments conducted by the group showed that EMF stimulation of MNPs helped 

decrease H2O2 mediated oxidative stress in primary human glioblastoma cells.  

1.2.3. Magnetic nanoparticle- based hyperthermia treatment  

In hyperthermia-based tumor treatment, MNPs are selectively heated by applying a 

high frequency alternating magnetic field. As the magnetic moments of the nanoparticles 

align and realign with the applied field, heat is generated and the tumor tissue is ablated. 

Hyperthermia is a minimally invasive treatment option for tumors, because the application 

of the high frequency field occurs outside the body. Magnetic hyperthermia is currently 

being used for tumor treatment in humans in the European Union. The company MagForce 

AG has received European Union wide regulatory approval for using hyperthermia to treat 

brain tumors. 

Hyperthermia has been applied by few groups for treatment of metastatic spine 

tumors. Zadnik [30] determined that hyperthermia treatment of tumors in the vertebral 

body of rats did not damage their spinal cords. Similarly, Groves [31] used ferromagnetic 

nanoparticles to investigate MNP-based tumor thermoablation for metastatic spine disease. 

Their study showed no immediate neurologic deficit and minimal change in core 

temperature in the rats, showing potential for hyperthermia treatment for spine tumors. 

1.2.4 Magnetic nanoparticles for tracking and imaging applications in the spine 

Superparamagnetic iron oxides nanoparticles (SPIONs) have been actively 

investigated as MR imaging contrast agents for over two decades [32]. MNPs act as contrast 

agents for medical imaging, especially MRI because MNPs enhance proton relaxation of 
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specific tissues, making them visible during MRI.  With applications, such as bowel contrast 

agents (i.e., Lumiren® and Gastromark®) and liver/spleen imaging (i.e., Endorem® and 

Feridex IV®) [33] [34] already on the market, SPIONs have led way for MNPs into the clinic.  

More recently, researchers have focused on MNPs for imaging and tracking in the 

spinal cord. Jendelova and colleagues [35] used iron-oxide nanoparticles for tracking 

transplanted cells in rat brain and spinal cord via MRI. They labelled rat bone marrow 

stromal cells and mouse embryonic cells with SPIONs to observe their migration to the 

injured spinal cord injury (SCI) site. Wang [36] labelled neural stem cells using gold-coated 

SPIONs to enhance their contrast under MRI. The cells were tracked for as long as a month 

after their administration into the spinal cord of rats. Hu [37] labelled human umbilical 

cord mesenchymal stem cells with SPIONs to visualize them via MRI, as these cell types 

have greater proliferation rates and better tolerance following transplantation as 

compared to bone marrow derived stem cells. Transplanted cells also showed potential for 

regeneration and recovery from SCI [38] - cells transplanted into focal areas of the spinal 

cord were visualized using T2-weighted MRI. The commercial MNP based imaging agent, 

Endorem ®, has also been used for imaging cells in the CNS, i.e., Sykova [39] labeled 

embryonic and mesenchymal stem cells with Endorem, and human CD34+ cells with 

magnetic microbeads, and intravenously administered them to rats with a cortical lesion or 

spinal cord lesion, which aided functional recovery in SCI induced rats.  

Tracking magnetically labelled cells has also been performed in human patients 

with SCI. In the clinical trial performed by Callera and colleagues [40], autologous bone 

marrow CD34+ cells obtained from each patient were labelled with MNPs coated with a 

monoclonal antibody specific for the CD34 cell membrane antigen. Successful migration of 
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the cells to the lesion site following lumbar administration, was confirmed by T2-weighted 

MRI. No signal was observed in any other region of the CNS, showing movement of the cells 

only to the specific lesion site. Results from all the MNP-based cell tracking experiments 

clearly indicate that transplanted cells would preferentially migrate towards the lesion site 

even without any external coercion. 

Another application of nanoparticles for imaging in the CNS, utilized fluorescence 

based imaging for detecting novel structures in the spine. Jia and colleagues [41] 

synthesized cobalt-ferrite MNPs loaded with a fluorescent dye, rhodamine B 

isothiocyanate, for observing the primo vascular system along the rat sciatic nerve. These 

subcutaneously administered fluorescent particles revealed a structure in the epineurium 

via confocal microscopy that otherwise difficult to observe.  

1.3. Specific Aims 

For treatment of debilitating diseases of the CNS, specifically the spine, current treatment 

protocols which utilize systemic drug delivery are ineffective due to the impermeability of 

the BBB and BCB. Therefore, we want to improve the methods of targeted drug delivery by 

increasing efficacy and specificity while diminishing side effects.  

The main outcome of this dissertation is development of a novel technique called 

intrathecal magnetic drug targeting (IT-MDT) for treatment of CNS diseases. The 

accomplishment of this dissertation is proving the feasibility of using external magnetic 

forces to localize drug-loaded MNPs in the CNS at any desired location. The high efficiency 

of the magnet to localize drugs reduces its distribution to unwanted areas. The feasibility of 

this technique was demonstrated using extensive bench-work involving synthesis of MNPs 

and building an in vitro model to test the feasibility of localization. We loaded tumor drug 
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molecules on the MNP surface to create a functional drug vehicle, whose efficacy and 

cellular uptake was tested in vitro using glioma cells. Finally, we translated the in vitro 

results systematically to in vivo work using small animals.  

In addition to the in vitro and in vivo work, we also developed the theory to guide 

the experiments and to quantify at each point the relationship between magnetic fields and 

collection of MNPs. (continued- Page 12) 
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 Application Tests NP platform Ref 

Magnetic Drug 

Targeting  

Intrathecal magnetic drug targeting In vitro models, 

computational 

simulations 

Gold coated iron oxide 

nanoparticles 

[42] 

Implant-Assisted Intrathecal magnetic drug 

targeting 

In vitro models, 

computational 

simulations 

Gold coated iron oxide 

nanoparticles 

[43] 

Uptake of intravenously administered MNPs at SCI 

lesion site 

In vivo study 
Iron-oxide nanoparticles 

[44] 

Electromagnet

ic field 

stimulation 

Nerve cell regeneration In vivo study Iron-oxide nanoparticles [28] 

Treatment of transected spinal cords of rats, 

decrease in oxidative stress 
In vitro and in vivo 

studies 

Iron-oxide nanoparticles [29] 

Hyperthermia 

treatment 

Palliative treatment of mammary adenocarcinoma 

tumor sites in the spine 

In vivo study Magnetic starch-coated iron oxide 

nanoparticles 

[30] 

Treatment of metastatic spine disease (vertebral 

body) 

In vivo study Ferromagnetic nanoparticles [31] 

Tracking/ 

Imaging 

 
 
 
 
 
 
 
 

 

Tracking movement of SPION labelled rat bone 

marrow stromal cells and mouse embryonic cells to 

SCI site  

In vivo study Iron-oxide nanoparticles 
[35] 

Tracking iron-oxide nanoparticle labelled neural 

stem cells 

 Superparamagnetic gold-coated 

iron-oxide nanoparticles 

[36] 

Visualization of SPION labelled human umbilical 

cord mesenchymal stem cells via MRI and 

treatment of SCI 

In vitro and In vivo 

studies 

Superparamagnetic iron-oxide 

nanoparticles 

[37], 

[38] 

Endorem labelled embryonic and mesenchymal 

stem cells for SCI treatment  
In vivo studies 

Dextran-coated superparamagnetic 

iron oxide nanoparticles 

(Endorem®) 

[39] 

SCI treatment in humans using MNP labelled 

human autologous bone marrow cells (CD34+)  
In vivo studies in 

humans 

MNPs coated with a monoclonal 

antibody specific for the CD34 cell 

membrane antigen 

[40] 

Table 1. Applications of MNPs in the spine 
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In this dissertation, emphasis has been laid on proving this technique for 

applications in the spine. Future work will focus on extending IT-MDT for applications 

throughout the CNS. The specific aims for this dissertation are as follows: 

1.3.1. Modeling of Magnetic Fields and MNP Flux for Intrathecal Magnetic Drug 

Targeting (Chapter 2) 

 The dissertation begins with this chapter which aims at (1) modeling magnetic 

fields from permanent magnets and (2) developing a mathematical model for 

understanding the flux of MNPs during intrathecal magnetic drug targeting. Prediction of 

nanoparticle delivery to target tissue requires unification of magnetic field theory, fluid 

dynamics, and pharmacokinetics. The results and insights from this chapter are essential 

for computational modeling of the intrathecal magnetic drug targeting phenomenon, and 

for optimizing parameters in the in vitro and in vivo work of this dissertation.  

1.3.2. Quantum dot conjugated magnetic nanoparticles for targeted drug delivery 

and imaging (Chapter 3) 

Having proved that IT-MDT is feasible in an in vitro benchtop model (refer 

Appendix; section A), this chapter aimed at proving feasibility of IT-MDT in vivo in an 

animal model using a novel fluorescent magnetic delivery vehicle developed by loading 

quantum dots on the surface of our MNPs. This vehicle could be imaged during the drug 

delivery process using fluorescence molecular tomography. Detailed results from these 

experiments led to a journal publication [45].  
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1.3.3. Magnetic field-enhanced cellular uptake of doxorubicin loaded magnetic 

nanoparticles for tumor treatment (Chapter 4) 

This part of the dissertation was focused on synthesizing a tumor-drug delivery 

vehicle for IT-MDT purposes, and understanding the effects of magnetic fields on the 

cellular uptake of this drug-loaded vehicle. The MNPs were loaded with the tumor drug 

doxorubicin, also commercially known as Adriamycin®, using a biocompatible polymer, 

and were characterized using several methods. Confocal microscopy, flow cytometry and 

MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assays were used to 

verify cellular uptake and cytotoxicity of these particles. Results from these experiments 

led to a journal publication [46]. 

1.3.4. Proving intrathecal magnetic drug targeting for localized delivery of 

therapeutics in the CNS using in vivo techniques (Chapter 5) 

 In this chapter, feasibility of IT-MDT technique was proved in Sprague Dawley rats 

using histology and magnetic resonance imaging. The results from these techniques were 

qualitatively and semi-quantitatively analyzed using ImageJ software.  

1.3.5. Conclusion and Future Work (Chapter 6) 

 In this final chapter, the main conclusions from all the previous chapters, including 

the in vitro work in the Appendix section A has been enlisted and the future direction of 

this IT-MDT research has been provided. 
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2. MODELING OF MAGNETIC FIELDS AND MNP FLUX FOR INTRATHECAL MAGNETIC 
DRUG TARGETING 

 
2.1. Generation of magnetic field from a current source 

2.1.1.  Introduction 

All atoms consist of negatively charged electrons orbiting around positively 

charged nuclei. A moving electric charge constitutes an electric current, which implies 

that there is a current associated with every electron in an atom. Electrons fill the atom's 

orbitals in pairs. If one of the electrons in the pair spins upward, the other spins 

downward. It is impossible for both electrons in the pair to spin in the same direction. 

This forms the basis for a quantum-mechanical principle known as the Pauli Exclusion 

Principle. Therefore, in most atoms, the currents cancel each other, and the atom carries 

zero net current.  

However, the atoms of ferromagnetic materials have several unpaired electrons with the 

same spin. Iron, for example, has four unpaired electrons with the same spin. This implies 

that cancellation of currents is not complete, and these atoms carry a net current. Usually, 

these atomic currents are all jumbled up as they are not aligned in a single plane, so that 

they average to zero on a macroscopic scale. However, if a ferromagnetic material is 

placed in a strong magnetic field then currents circulating in each atom become aligned to 

flow predominately in the plane perpendicular to the applied field. The currents can 

combine to form a macroscopic magnetic field reinforcing the alignment field.  

Permanent magnets: In some ferromagnetic materials, the atomic currents remain 

aligned well after the alignment field is switched off, so the macroscopic field generated 

by these currents also remains. We call such materials permanent magnets. In 
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conclusion, all magnetic fields encountered in nature are generated by circulating 

currents. In this chapter, we aim to –  

1. Develop a MATLAB program to visualize the generation of a magnetic field from an 

infinitely long wire carrying current in a single (z) direction.  

2. Develop a MATLAB program to visualize the generation of a magnetic field from 

permanent magnets (2D and 3D visualization of the magnetic field).  

3. Calculate force acting on MNPs generated by an external magnetic field. 

2.1.2. Relevant Background and Methodology 

Several groups have previously worked towards developing solutions for 

electrostatic, magnetostatic and electromagnetic problems using techniques such as 

finite-difference and finite-element method. A compilation of these studies has been 

provided in Table 2. Our group has also developed a simple solution for the generating 

magnetic fields surrounding a current carrying wire, as well as permanent magnets. 

Reference Description 

Bossavit 
(1998) [47] 

Focused on derivations of Maxwell’s equations, described a simple model problem in 
magnetostatics (bath cube problem) which was treated with the finite element technique to 
solve for the magnetic scalar potential.  

Bartsch et 
al., 1992 
[48] 

Provided a robust numerical approach (finite difference Yee lattice method) for solving 
Maxwell’s equations. Each Maxwell equation was transformed into a matrix expression and 
the algorithm used is a special case of finite difference formalisms. Examples of 2D and 3D 
electrostatics and magnetostatics problems was also provided in the paper. 

Popa et al., 
2006 [49] 

Constructed a full multigrid type algorithm based on a “red-black” Gauss-Seidel multigrid 
procedure proposed by D. Braess (1981) for fast numerical solution of 2D Poisson equation, 
and applied the algorithm to a magnetostatic field problem in a plane domain to compute 
and plot the approximate values of the magnetic vector potential and magnetic field 
induction for different values of the mesh size and magnetization constant. The paper 
confirmed the efficiency and robustness of their method. 

Van de 
Wiele et al., 
2008 [50]  

Compared two numerical schemes based on finite-difference and finite-element techniques 
for computation of Landau–Lifshitz equation for analyzing switching phenomena in 
magnetic thin films. Both approaches gave accurate results. FD method intrinsically 
preserved amplitude of magnetic dipoles. Finite element method was better at handling 
complex geometrical structures.  

Van de 
Wiele et al., 
2009 [51] 

Compared two numerical schemes based on finite-difference and finite-element techniques 
for computation of Landau–Lifshitz equation for simulating magnetization dynamics in 3D 
particles. Concluded that both techniques were in accordance with each other. Finite 
element technique was better at handling curved boundaries in magnetostatics problems.  
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Bondeson 
et al., 2005 
[52] 

Introduced computational electromagnetics focusing on solving Maxwell’s equations using 
finite difference method, finite element method, and the method of moments. The book 
provides solutions to several static, dynamic and quasi-static problems. A collection of 
MATLAB programs was also included for demonstrating the implementation and 
performance of the numerical methods. 

Miltat et al., 
2007 [53] 

Provided a review of finite difference methods applied to micromagnetics (evaluating 
magnetic fields in small size magnetic bodies). Different approximations were discussed for 
exchange interactions and boundary conditions. Finite difference methods proved 
extremely efficient in terms of computation time due to extensive use of Fast Fourier 
Transforms. However, they displayed excessive discretization artifacts when dealing with 
curved geometries. 

Humphries 
(1997) [54] 

Provided detailed explanations on the basics of electrostatics, magnetostatics, 
electromagnetics as well as numerical techniques such as finite-element and finite 
difference methods for obtaining solutions for electromagnetics. The book lays special 
emphasis on the physical properties of electric and magnetic fields and how they can be 
translated to a numerical representation. 

Wolfgang et 
al., 2006 
[55] 

Utilized integral equation method (IEM) for solving magnetostatic field problems. Matrix 
compression, fast multipole method, and other approaches were used to make IEM efficient, 
along with a superconvergent patch recovery method to improve post-processing results by 
increasing stability of the non-linear iterative solver. Non-linear problems with complex 
geometries were presented.  

Lipnikov et 
al., 2010 
[56] 

Utilized mimetic finite difference (MFD) method for numerical treatment of magnetostatic 
field problems. Linear algebraic form of the MFD scheme, its implementation, and 
uniqueness were also discussed. The accuracy of the method was demonstrated by solving 
numerically a few academic problems and a realistic engineering problem.  

Sch ̈oberl 
(2009) [57] 

Provides formulations for all the Maxwell equations, and solves them using the finite 
element method. The chapter discussed partial differential equations, variational 
formulations, edge elements, high order elements, preconditioning, a posteriori error 
estimates. 

Sarma 
(1976) [58] 

Presented finite-element formulation for 3D numerical solutions of magnetostatic field 
problems. The approach utilized the vector potential concept in which the energy function is 
minimized over the entire region by means of the finite-element method and the resultant 
set of nonlinear algebraic equations were solved through iterative schemes. End-zone fields 
of aerospace homopolar alternators and solid-rotor induction motors were analyzed as 
examples.  

Trowbridge 
(1972) [59] 

Reviewed partial differential and integral equation formulations for solving non-linear 
magnetostatic field problems. Also, provided a brief survey of the literature of computer 
programs developed in various countries. Presented results of 2D and 3D problems 
analyzed by programs like GFUN and TRIM. 

Friedman 
(1984) [60] 

Presented a new finite element method for obtaining numerical solutions of a general 
magnetostatic problem. The method was formulated using an integral formulation, and 
calculates the magnetic flux density both inside and outside the ferromagnetic material kept 
in a magnetic field.  

Burfine et 
al., 1966 
[61] 

Provided a method for solving variable permeability 2D and axially symmetric 
magnetostatic problems using a computer code called NUTCRACKER written in ALGOL 60 
programming language. 

Table 2: Compilation of studies on magnetostatics 

In the next section, a brief derivation of the magnetostatics is given. This theory is 

used in the case studies at the end of the chapter. 

 



 17 

Maxwell’s equations: The classical problem of magnetostatic field theory starts with 

the Maxwell's equations: 

                                   ∇⃗⃗ × H⃗⃗ = J                                (1) 

                                     B⃗⃗⃗ =  µH⃗⃗                                 (2) 

                                    ∇⃗⃗ ⋅ B⃗⃗ = 0                                (3) 

where H⃗⃗⃗ is the magnetic field strength, B⃗⃗⃗ is the magnetic flux density, J⃗ is the current 

density that generates the magnetic field and µ is the magnetic permeability which is a 

function of the magnetizing material under consideration. Eq (1) states that the curl of the 

magnetic field strength gives us the current generated in the system due to the presence of 

the magnetic field. Eq (2) states that the magnetic flux density is the product of the 

magnetic field strength and magnetic permeability. Eq (3) states that the magnetic flux 

density is always divergence free (currents in the system do not share this property). 

For a magnetic phenomenon induced by electrical currents, it is not convenient to 

solve for the magnetic flux density, B⃗⃗⃗ , directly. Instead, it is customary to introduce an 

auxiliary field A⃗⃗⃗, known as a magnetic vector potential, which makes it easier to solve for 

the B⃗⃗⃗ field. We will later show that without a current, e.g. in a permanent magnet, this 

approach can be further simplified using a simple scalar potential field,  . The introduction 

of the simple vector potential field will prove to be very convenient for obtaining solution 

of magnetic fields induced by currents. 

Relationship of the magnetic flux density (B⃗⃗⃗) to the magnetic vector potential (A⃗⃗⃗): 

In the classical vector potential approach, the system of the three equations (1-3) can be 
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further simplified by the introduction of an auxiliary variable vector A⃗⃗⃗ (representing the 

magnetic vector potential) which is related to the magnetic flux density by the equation: 

                                       ∇⃗⃗ × A⃗⃗ = B⃗⃗                                 (4) 

The curl of A⃗⃗⃗ results in B⃗⃗⃗ that points along the axis of the rotation of A⃗⃗⃗ and whose length 

corresponds to the speed of the rotation of A⃗⃗⃗. Suppose the A⃗⃗⃗ field has three components in 

x, y and z directions given by Ax, Ay and Az respectively, then  

∇⃗⃗ × A⃗⃗ = B⃗⃗ = (
dAz

dy
−
dAy

dz
) 𝑖̂ + (

dAx

dz
+
dAz

dx
) 𝑗̂ + (

dAy

dx
+
dAx

dy
) �̂� 

 

Eq (3) is now automatically satisfied by the identity 

                                             ∇⃗⃗ . (∇⃗⃗ ×  A⃗⃗ ) = 0                          (5) 

On eliminating B⃗⃗⃗ and H⃗⃗⃗ from eqs (1) and (2) we have the governing vector potential 

equation in terms of only the magnetic vector potential: 

                                           ∇⃗⃗  ×  
1

µ
(∇ ⃗⃗  ⃗ ×  A⃗⃗ ) = J                        (6) 

 

Eq (6) gives the relationship between the source current (J ) and the magnetic vector 

potential (A⃗⃗ ) 

 

 

  

Proof that  �⃗⃗� ⋅ �⃗⃗� = 𝟎 for any  𝐁⃗⃗⃗⃗ =  (𝛁 ⃗⃗  ⃗ ×  �⃗⃗� ) 

Let  B⃗⃗⃗⃗ = (b1  b2   b3) ;   ∇⃗⃗ ⋅ B⃗⃗ =
d𝑏1

dz
+
d𝑏2

dz
+
d𝑏3

dz
 

(b1  b2   b3)  =  (b21z − b31y        b31x − b11z        b11y − b21x) 

∇⃗⃗ ⋅ B⃗⃗ =   (b21z − b31y) + (b31x − b11z) + (b11y − b21x ) = 0 
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 Relationship between source current ( J⃗⃗) in one direction (z) 

and magnetic field ( B⃗⃗⃗⃗ ):  

In this case, we consider the current density vector  J⃗⃗ 

as an infinitely long wire in the z-direction (Jz). This implies 

that the x and y components of the current density vector  J⃗⃗ is 

zero (JX = JY = O). The resulting magnetic field B⃗⃗⃗ must 

therefore, be symmetric along the z-direction (Figure 3).  

 Let, 

Therefore, 

db1
dz

=
db2
dz

=
db3
dz

= 0  (7)   

 

 J⃗⃗ = (∇ ⃗⃗  ⃗ ×  B⃗⃗ ) = (0    0    Jz)  (8)   

This implies that                                   

db3
dx

=
db3
dy

= 0  (9)   

Eq (8) and (9) imply that                

b3 = 0  (10)   

This implies that B⃗⃗⃗ lies in a planar x-y field 

(∇ ⃗⃗  ⃗ ×  B⃗⃗ ) = (0    0   Jz)   

This can be reduced to 

 
Figure 3. A uniform current 

density vector (J⃗) in the z-
direction generates a magnetic 

field (B⃗⃗⃗) in the x-y plane which 
is symmetric along the z-axis. 

B⃗⃗⃗T = (b1  b2   b3)      
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b11x + b21y =  0  (11) 

 b11x + b21y = Jz  (12) 

We now introduce a scalar field which makes eqs (11) and (12) much easier to solve 

Let  be a scalar field with   ∇⃗⃗  = (X  Y) such that 

                                      b1 = Y    and    b2 = - x   

                                                       b1x = yx        b1y = yy      b2y = - xy       b2x = - xx   

Substituting in eqs 1i and 1j, we get 

yx     -    xy   =   0  (13) 

 yy    +   xx   =   Jz  (14) 

Eq (14) is a simple diffusion equation that we have attempted to solve via MATLAB 

2.1.3. Generation of a magnetic field from a current source: Parameters and Method 

A 2D Cartesian mesh of 21 elements was used to generate the vacuum space in 

which the computations were performed. A constant current density source (Jz) of 10000 

A/m2 was applied at the center of this mesh in the z direction. This acted as a source term. 

This generates the scalar field  , as determined by eq (14). 

Initialization conditions: The initial value of the  field in all the elements was set to 0. 

The initial current density (Jz) was applied in a single element at the center of the mesh, 

which acted as a source term. 

Boundary conditions: The boundary values of the  field was set to 0.  

Assumptions: 

1. The boundary region represents an infinite distance at which  field value is zero.  

2. The magnetic permeability of vacuum (µ0) is 1.25 x 10-6 N·A−2. 

3. Each element has a uniform dimension of 1mm x 1mm. 
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2.1.4. Results 

-field  

As seen in Figure 4, magnitude of  field value is highest at center of the mesh 

(closest to the current source). The resulting  field is also not a dirac delta function. We 

have also verified this by reducing the mesh size by half, 1/10th and 1/100th times, and 

the  field does not tend to become a dirac function (Figure 5). This is expected as the  

field is obtained from a diffusion equation from current source at the center of the mesh.    

  

 

Figure 5. Plot showing the magnitude of the  field with mesh sizes of 0.5 mm, 0.1 mm and 0.01 
mm (left to right) respectively 

  

 

 

Figure 4. The magnitude of the  field (highest at center and decreases towards the border) 
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Gradient of scalar field (�⃗⃗� ) 

  
Figure 6. Vector plot of the �⃗⃗�  field and contour plot of the magnitude of the �⃗⃗�  field 

Magnetic flux density field (�⃗⃗�  field) 

 

Figure 7. Vector plot of the �⃗⃗�   field and contour plot of the magnitude of the �⃗⃗�  field 

Magnetic field lines (streamlines) can be obtained by following the B⃗⃗⃗ vector field from the 

beginning of the surface to the end.  

Obtaining the �⃗⃗�   field 

∇ ⃗⃗  ⃗ × A⃗⃗ =  B⃗⃗⃗     

Therefore,                             
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(
dAz
dy
) − (

dAy

dz
) =  Bx = 

d

dy
 

(
dAx
dz
) − (

dAz
dx
) =  By = −

d

dx
 

We know that our �⃗⃗� field lies in the x-y plane. Therefore, the A⃗⃗  field needs to lie in z plane. 

This implies that the terms (
dAy

dz
) and (

dAx

dz
) are zero. Therefore, A⃗⃗  = (0   0   Az ) =  (0   0   ) 

Therefore, plot of A⃗⃗  field would be the same as plot of gradient of the  field. 

Magnetic vector potential field (�⃗⃗�  field) 

  
 Figure 8. Vector plot of the �⃗⃗�   field and contour plot of the magnitude of the �⃗⃗�  field 

 
 
  

A⃗⃗ . B⃗⃗⃗ = 0 

                                       AxBx + AyBy + AzBz = 0 

 We know that                                  Bz = 0   and   Bx &  By  0                   

AxBx + AyBy = 0 

One solution for this is Ax = Ay = 0, which corroborates our understanding of the  A⃗⃗  field 
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2.2. Generation of magnetic field surrounding a permanent magnet 
 
2.2.1. Introduction 

Relationship between magnetic field Hm⃗⃗⃗⃗⃗⃗ and scalar magnetic potential Vmin current free 

regions 

The region surrounding a permanent magnet is a current free region. Therefore, in this 

region, 

 ∇ ⃗⃗⃗⃗⃗ ×  Hm⃗⃗ ⃗⃗⃗⃗ = J  = 0  (15)   

Therefore, it is possible to define a scalar magnetic potential such that Vm, such that 

Hm⃗⃗ ⃗⃗⃗⃗ =  − ∇ ⃗⃗⃗⃗⃗Vm  (16)   

Where, Vm is the magnetic scalar potential 

This is due to the known relationship that if the curl of a vector is equal to zero, then it can 

always be represented as the gradient of a scalar potential. 

PROOF THAT AN IRROTATIONAL VECTOR FIELD IMPLIES EXISTENCE OF POTENTIAL FUNCTION 
 

Let 𝑆(x,y,z)  be a scalar function. Then its gradient can be written as –  
 

𝛁 𝐒(𝐱, 𝐲, 𝐳) =
𝐝𝐒(𝐱, 𝐲, 𝐳)

𝐝𝐱
�̂� +

𝐝𝐒(𝐱, 𝐲, 𝐳)

𝐝𝐲
�̂� +

𝐝𝐒(𝐱, 𝐲, 𝐳)

𝐝𝐳
 �̂�  

By assumption, let V be a vector such that –  
 

                                                                                       �⃗⃗� =  𝛁𝐒                                               

Now, 

𝐜𝐮𝐫𝐥 �⃗⃗� = �⃗⃗� ×  �⃗⃗� = (
𝐝𝐕𝐳

𝐝𝐲
−
𝐝𝐕𝐲

𝐝𝐳
) �̂� + (

𝐝𝐕𝐱

𝐝𝐳
−
𝐝𝐕𝐳

𝐝𝐱
) �̂� + (

𝐝𝐕𝐲

𝐝𝐱
−
𝐝𝐕𝐱

𝐝𝐲
) �̂� 

 

Due to our assumption- 
 

𝐕𝐱 =  𝛁𝐒𝐱 =
𝐝𝐒(𝐱, 𝐲, 𝐳)

𝐝𝐱
    and 𝐕𝐲 =  𝛁𝐒𝐲 =

𝐝𝐒(𝐱, 𝐲, 𝐳)

𝐝𝐲
 and 𝐕𝐳 =  𝛁𝐒𝐳 =

𝐝𝐒(𝐱, 𝐲, 𝐳)

𝐝𝐳
 

 

Substituting these in the curl V equation, 
 

𝐜𝐮𝐫𝐥 �⃗⃗� = �⃗⃗� ×  𝛁𝐒 = (
𝐝𝟐𝐒

𝐝𝐲𝐝𝐳
−
𝐝𝟐𝐒

𝐝𝐲𝐝𝐳
) �̂� + (

𝐝𝟐𝐒

𝐝𝐳𝐝𝐱
−
𝐝𝟐𝐒

𝐝𝐱𝐝𝐳
) �̂� + (

𝐝𝟐𝐒

𝐝𝐱𝐝𝐲
−
𝐝𝟐𝐒

𝐝𝐲𝐝𝐱
) �̂� = 𝟎 

 

Therefore, if curl �⃗⃗�  = 0, our assumption that �⃗⃗� =  𝛁𝐒 is correct. This proves that an irrotational 
vector field (curl =0) can be described as gradient of a scalar field 
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Constitutive relationship between applied magnetic field and magnetic flux density is as 

follows 

B⃗⃗⃗ =  µ(Hm⃗⃗ ⃗⃗⃗⃗ + M⃗⃗⃗ )  (17)   

where, B⃗⃗⃗ is magnetic flux density, Hm⃗⃗⃗⃗⃗⃗  = magnetic field generated outside the permanent 

magnet,  M⃗⃗⃗  = magnetization value of any magnetizable material (like iron/magnetic 

nanoparticles) present near the permanent magnet and µ =  µ0 ∗ µr  (Absolute magnetic 

permeability of vacuum *Relative magnetic permeability of the medium under 

consideration- constant values) 

By substituting eq (16) in eq (17), we get:  

B⃗⃗⃗ =  µ(− ∇ ⃗⃗⃗⃗⃗Vm + M⃗⃗⃗ )  (18)   

By substituting the eq (18) in eq (3), we get: 

−∇⃗⃗ ⋅ (µ∇ ⃗⃗⃗⃗ Vm − µM⃗⃗⃗ )   = 0  (19)   

As no magnetizable material is being considered near the magnet, M⃗⃗⃗  =0, and the eq (19) 

reduces to: 

∇⃗⃗ ⋅ (µ∇ ⃗⃗⃗⃗ Vm)  = 0    (20)   

This is in a scalar form for which solutions are readily obtainable.  

Generation of magnetic field both inside and surrounding a neodymium- iron-boron 

permanent magnet 

In this case, the magnetic field is not coming from a current source, but from a 

permanent magnet which acts as a source of magnetic activity which is typically 

introduced into the domain by a proper choice of boundary fluxes (like a neumann 

boundary condition). If we were to model the magnetic field within the permanent magnet 
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along with the surrounding region using scalar magnetic potentials, the following 

theory/equations can be used: 

The permanent magnet can be considered as a current carrying wire that generates 

a magnetic field Hc⃗⃗ ⃗⃗   that can be determined by using the Biot-Savart law: 

Hc⃗⃗ ⃗⃗ =  
1

4π
⨜
J × (r − r′)

(r − r′)3
 dv  (21)   

In this case, the magnetic field H⃗⃗  must incorporate both Hc⃗⃗ ⃗⃗  (generated due to the permanent 

magnet) as well as Hm⃗⃗⃗⃗⃗⃗  
H⃗⃗ = Hc⃗⃗ ⃗⃗ + Hm⃗⃗ ⃗⃗⃗⃗   (22)   

Also, the magnetic flux density represented earlier by eq (2c) now becomes 

B⃗⃗⃗ =  µ(Hm⃗⃗ ⃗⃗⃗⃗ + Hc⃗⃗ ⃗⃗ + M)  (23)   

Using this equation and performing the same substitutions as shown earlier, eq (19) now 

becomes: 

 ∇⃗⃗ ⋅ (µ∇ ⃗⃗⃗⃗ Vm − µHc⃗⃗ ⃗⃗ − µM⃗⃗⃗ ) = 0  (24)   

  

This equation can be used to generate magnetic field within the permanent magnet, 

in the surrounding regions, as well as inside a magnetizable object in the permanent 

magnet’s vicinity. 

2.2.2. Simulation of a 2D permanent magnetic field: Parameters and Method 

A 2D Cartesian mesh of 21 elements was used to generate the vacuum space in 

which the computations were performed. A permanent magnet of 1.3x10-5 T was 

considered at the center of the mesh. This generates a magnetic scalar potential field Vm 

from which the magnetic field H⃗⃗  and magnetic flux density field B⃗⃗  can be generated.  
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Initialization conditions: 

Internal vacuum area: The initial value of the Vm in all the elements was set to 0. 

The permanent magnet conditions were applied at 4 elements at the center of the mesh.  

Boundary conditions:  

 The value of Vm was set to zero at the boundaries of the mesh, which represented the 

magnetic scalar potential value at infinity.  

 Neumann boundary condition was applied at the boundary of the permanent magnet. 

As we know the B value (1.3x10-5 T) and the µ value of the magnet (1.05 * 1.25 * 10-6), 

we can determine the value of the magnetic field H at the surface of the magnet (which 

is equal to the negative gradient of Vm at the surface) by using equation:  

B⃗⃗⃗ = µ(H⃗⃗ ) =  µ(− ∇ ⃗⃗⃗⃗⃗Vm) 

 This value was of (− ∇ ⃗⃗⃗⃗⃗Vm) determined to be 10 A/m. As we know that the magnetic 

field lines are generated only from the top and 

bottom surfaces of the magnet and not from the 

sides, 

B⃗⃗ y=0 = 10 A/m (north face of the magnet) 

B⃗⃗ y=1 = -10 A/m (south face of the magnet) 

B⃗⃗ x=0,1 = 0 A/m (sides of the magnet)  

Assumptions 

1. The boundaries of the mesh represents an infinite distance at which Vm field = 0.  

2. The magnetic permeability of vacuum (µ0) is 1.25 x 10-6 N·A−2. 

3. The magnetic permeability of the magnet (µ) is 1.05 x1.25 x 10-6 N·A−2. 

4. Each element has a uniform dimension of 1mm x 1mm.  

 
Figure 9. Magnetic field values H⃗⃗  (flux 
generated by the magnetic scalar 
potential Vm) at the boundaries of the 
permanent magnet 
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2.2.3. Results 

Magnetic Scalar potential (Vm) 

 
Figure 10. Intensity plots of the magnetic scalar potential (Vm) 

Magnetic field (H⃗⃗ ) 

 
Figure 11. Vector and intensity plots of the magnetic field (H⃗⃗ ) 

             Magnetic flux field (B⃗⃗ ) 

 
Figure 12. Contour (left) and intensity (right) plots of the magnetic flux density (B⃗⃗ ) 
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2.2.4. Simulations of magnets used in the Linninger group for the IT-MDT 

experiments  

Detailed description of the experiments can be found in the paper –  

Lueshen, Eric, et al. "Intrathecal magnetic drug targeting using gold-coated magnetite 

nanoparticles in a human spine model." Nanomedicine 9.8 (2014): 1155-1169. 

Targeting magnet 1 of strength 0.396 T  

  
Figure 13. Intensity and vector plots of magnetic field (B⃗⃗ ) of targeting magnet 1 

 

Targeting magnet 2 of strength 0.507 T  

  
Figure 14. Intensity and vector plots of the magnetic field (B⃗⃗ ) of targeting magnet 2 
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Barrier magnet of strength 0.528 T 

  
Figure 15. Intensity and vector plots of the magnetic field (B⃗⃗ ) of barrier magnet 

 

ANSYS- fluent 3D simulations of the targeting and barrier magnets 

 To verify the accuracy of 

our simulations, we determined 

value of the magnetic (B⃗⃗ ) field 

1cm above the magnets shown in 

Figure 18. The values obtained 

corresponded to the known B⃗⃗⃗ field 

values of the magnets. 

 

 

 
Figure 16: Figure showing mesh and magnet dimensions, 
along with the setup of the 3D problem in ANSYS fluent. The 

B⃗⃗  field value was measured along the blue dashed line, which 
has been shown in Figure 18. 
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Figure 17. Magnetic field (B⃗⃗ ) streamlines of targeting and barrier magnets. (A) 0.396 T targeting 
magnet (B) 0.507 T targeting magnet and (C) 0.528 T barrier magnet 

  

 
Figure 18. Plot of values of magnetic field (B⃗⃗ ) at the surface of the 0.396T, 0.508T and 0.528T 
magnets along the blue dashed line in Figure 16. The graph clearly shows that the peak plot 
values correspond to the known field strength of the magnet.  

 

Name of ANSYS fluent file in SHARE drive- Magnet_1_V396_steady_sim.cas  
       Magnet_1_V508_steady_sim.cas 
       Magnet_1_V528_steady_sim.cas 
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2.3. Determining force acting on a magnetic nanoparticle during magnetic drug 

targeting 

2.3.1. Introduction 

The effect of magnetic fields on transport of paramagnetic species has been 

investigated theoretically [62] and experimentally ([21], [42]). Many groups around the 

world have attempted to develop an accurate model for the force exerted by an external 

magnetic field, such as permanent magnet, on a magnetizable object, such as a magnetic 

nanoparticle. The most popular expressions for this force has been developed by Prof. 

Edward Furlani [63] and Prof. MEG Lyons [63], which have been used in several other 

publications (Sharma et. al, 2015 [64], Tran et al., 2011 [65], Uthra et al., 2015 [66] & Cregg 

et al., 2008 [67]). A list of the commonly-used expressions for this force, which we term  

�⃗�mag, has been enlisted in Table 3. 

The flux of a population of paramagnetic species such as MNPs due to external 

magnetic body forces have been modeled using mainly two different approaches- (1) the 

magnetic forces are included as the external body forces in the Navier-Stokes equation and 

the resulting velocity is added to the convective term of the flux expression (Hinds et al., 

2001 [68]; Uthra et al., 2015 [66]; Lunnoo et al., 2015 [69]; Waskaas and Kharkats, 1999, 

2001 [70], [71]) and (2) the velocity of paramagnetic particles is approximated as a 

product of mobility and a net magnetic force, which is then included in the convective term 

of the flux expression (Furlani and Ng, 2006 [72]; Furlani and Xue, 2012 [73]).  
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Reference Expression for �⃗�mag Description 

 

 

 

Furlani et 
al., 2006   

 

�⃗�mag =  
𝑓
(𝑚𝑝.)�⃗⃗⃗�𝑎 

𝑚𝑝 = 𝑉𝑝𝑓(�⃗⃗⃗�𝑎)�⃗⃗⃗�𝑎 

 𝑓(�⃗⃗⃗�𝑎) =  

{
  
 

  
 3(

𝑝
− 

𝑓
)

(
𝑝
− 

𝑓
) + 3

  𝑤ℎ𝑒𝑛 �⃗⃗⃗�𝑎(
(

𝑝
− 

𝑓
) + 3

3
𝑝

)𝑀𝑠𝑝

             
𝑀𝑠𝑝

�⃗⃗⃗�𝑎
          𝑤ℎ𝑒𝑛 �⃗⃗⃗�𝑎 ≥ (

(
𝑝
− 

𝑓
) + 3

3
𝑝

)𝑀𝑠𝑝
}
  
 

  
 

 

 Most popular equation for �⃗�mag by Edward Furlani 

 Gives two possibilities for �⃗�mag, depending on the strength of the applied 

magnetic field (�⃗⃗⃗�𝑎) 

 Considers magnetizable nature of both MNPs as well as solution 

 �⃗�mag is included as the external body forces in the Navier-Stokes equation and 
the resulting velocity is added to the convective term of the flux expression 

Sharma et 
al., 2015 

[64] 

�⃗�mag = 
𝑜 
𝑁𝑚𝑛𝑝𝑉𝑚𝑛𝑝

3
𝑚𝑛𝑝

(
𝑚𝑛𝑝

+ 3)
(�⃗⃗⃗�𝑎 .)�⃗⃗⃗�𝑎 

 �⃗�mag equation like Furlani’s equation for smaller applied magnetic fields 

 Considers magnetizable nature of MNPs, not solution 

 Accounts for force acting on larger number of MNPs by multiplying Furlani 
equation with total number of MNPs in the system 

 

Lyons et al., 
2001 [68] 

𝐸𝑚𝑎𝑔 = −
1

2
𝑜 


𝑚
𝑐𝐵2/

𝑜 
 

�⃗�mag =  −𝐸𝑚𝑎𝑔 

�⃗�mag =  

𝑚
�⃗⃗�2𝑐

2
𝑜 

+

𝑚
𝑐�⃗⃗��⃗⃗�


𝑜 

 

 Lyons considers magnetizable nature of both MNPs as well as solution  

 Can be used for a concentrated solution of MNPs  

 Can be used for small and large external magnetic fields 

Waskaas et 
al., 1999 

[71] 

Waskaas et 
al., 2001 

[70] 

𝐸𝑚𝑎𝑔 = 
1

2𝑜 
(1 + 𝜅)H2 where, �⃗⃗� =  (1 + 𝜅)𝜇𝑜H⃗⃗⃗ 

�⃗�mag =  −𝐸𝑚𝑎𝑔 

�⃗�mag =  
�⃗⃗�2

2𝜇𝑜(1 + 𝜅)
2
∇𝜅 

 Similar to approach in Lyons 

 Can be used for small and large external magnetic fields 

 Can be used for a single MNP problem 

 

Pankhurst et 
al., 2003 

[74] 

 

�⃗�mag =  
𝑉𝑝 ∆𝜒


𝑜 

 (𝐵.⃗⃗⃗⃗ ∇)�⃗⃗� 

 Pankurst considers only force on a single MNP 

 Magnetizable nature of both MNPs as well as solution are considered 

 Can be used for small and large external magnetic fields 

Table 3: Most commonly-used expressions for �⃗�mag   obtained from previous scientific literature search  
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2.3.2. MNP transport equations for intrathecal magnetic drug targeting developed 

by the Linninger Research Group 

Combining these two popular approaches, the Linninger Research Group has 

developed a set of equations to quantify the force acting on a single MNP due to the 

presence of an external magnetic field, and to incorporate it into the Navier-Stokes 

equation for computational modeling of intrathecal magnetic drug targeting. Our approach 

is given below. 

We represent the magnetic influence on the particles by using Newton’s law: 

mp
dv⃗⃗

dt
= F⃗⃗mag+ Fs⃗⃗ ⃗⃗  (25) 

The particle drag force exercised by the fluid in which the MNPs are dispersed, such 

as the blood or CSF in the human body, on a moving MNP is denoted by Fs⃗⃗ ⃗⃗ . MNP mass and 

velocity are indicated by the terms mp and v⃗⃗ respectively. The magnetic force acting on a 

single MNP, F⃗⃗mag , can be computed as a function of the external magnetic flux density, B⃗⃗⃗, 

by using the equation from Pankhurst et al., 2003 [74]: 

F⃗⃗mag =
Vp (χp − χmedium) B⃗⃗⃗ ∙ ∇⃗⃗⃗ B⃗⃗⃗

µo
 (26) 

 

In equation (26), Vp is the volume of the MNP and B⃗⃗⃗ is the magnetic flux density 

generated by an external magnet. The magnetic susceptibilities of MNPs and the medium 

are given by χp and χmedium, respectively. To predict MNP localization due to a magnet, we 

propose a modified particle velocity term vp⃗⃗⃗⃗⃗, which accounts for the velocities due to both 

the natural CSF pulsations, u⃗⃗CSF, as well as magnetic forces, u⃗⃗m. The modified particle 



 35 

velocity accounting for the combined effects of magnetic and CSF induced motion enters 

the convection–diffusion equation in eq (28).   

vp⃗⃗⃗⃗⃗ = u⃗⃗CSF + u⃗⃗m = u⃗⃗CSF +
Fm⃗⃗⃗⃗ ⃗⃗

6rp
 (27) 

Solution of eq (28) together with the Navier Stokes equation, allows predicting 

distribution and localization of MNPs in any suspension under magnetic guidance. If the 

MNPs are loaded with drug molecules, suitably adjusted equations can determine drug 

localization, release and transfer into the tissues of the human body [75]. 

                                              
∂C

∂t
+ ∇⃗⃗⃗ ∙ (vp⃗⃗⃗⃗⃗ C) = ∇⃗⃗⃗ ∙ (D ∇⃗⃗⃗C)    (28) 

During intrathecal magnetic drug targeting experiments, we apply an external 

magnet over the thoracic region of the spine. To understand the influence of such a magnet 

on MNPs within the intrathecal space, we calculate values of �⃗⃗�𝑚 along the length of the 

spine (Figure 19B) and compared it to values of �⃗⃗�𝐶𝑆𝐹 at various regions along the human 

spine (Figure 19A). The �⃗⃗�𝐶𝑆𝐹 values have already been previously computed in the 

Linninger lab ([76][75]).  
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Figure 19. Comparison of �⃗⃗�𝐶𝑆𝐹 and �⃗⃗�𝑚 values acting on a single MNP within the intrathecal space (A) 
Values of �⃗⃗�𝐶𝑆𝐹 and �⃗⃗�𝑚 at various levels along the spine. �⃗⃗�𝑚 values are the highest close to the magnet, 
and decrease exponentially in either direction away from the magnet. (B) Plot of �⃗⃗�𝑚 values along the 
whole length of the spine. 

 

2.3.3. MNP flux equations for intrathecal magnetic drug targeting for concentrated 

MNP solutions  

Currently, all approaches to determine the flux of MNPs due to external magnetic 

body forces, suffer from some common limitations: (1) They can only be applied for dilute 

MNP suspensions and (2) They do not account for paramagnetic interaction, also called 

magnetic dipole interaction, between MNPs. An accurate set of equations for modeling F⃗⃗mag 

and its subsequent incorporation into the Navier-Stokes equation for predicting MNP 

distribution and localization should consider the following factors: 

 It should be valid for both dilute and concentrated MNP solutions. 
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 It should take the magnetic properties of both MNPs and suspension 

solution/electrolyte into consideration. 

 It should account for paramagnetic interaction between MNPs, which leads to 

agglomeration. This is a commonly observed in MNP-based experimental work. 

 It should account for effects of both magnetic field gradients as well as Lorentz force. 

To accurately model magnetic drug targeting, considering all the above-mentioned factors, 

Prof. Maneesh Singh and Prof. Andreas Linninger have developed the following theory for 

flux of paramagnetic species:  

In the presence of an applied magnetic field, MNPs experience three kinds of body forces: 

(a) Paramagnetic gradient force due to concentration gradient 

(b) Magnetic field gradient force due to external magnetic field gradient 

(c) Lorentz force due to interaction of moving MNPs with the external magnetic field 

Theory of Magnetic Particle Transport 

Consider a solution of charged paramagnetic nanoparticles exposed to a magnetic field. The 

energy density of the solution in the presence of a magnetic field is: 

                                      Emag = �⃗⃗⃗�  ⋅ �⃗⃗� 2⁄ = −χm c �⃗⃗� ⋅ �⃗⃗� 2µ0⁄                                          (29) 

where �⃗⃗⃗�  is the magnetization induced by the magnetic field �⃗⃗� .  𝜇0 is the magnetic 

permeability of vacuum, χm is the molar susceptibility, and c  is the concentration of 

paramagnetic species. The magnetic force, obtained from the gradient of energy density, 

can be expressed as follows 

                                     𝐅 mag = −∇⃗⃗ Emag =
χm(�⃗⃗� ⋅�⃗⃗� )

2µ0
∇⃗⃗ c +

χmc

µ0
(∇⃗⃗  �⃗⃗� ) ⋅ �⃗⃗�                           (30) 
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The first term is the paramagnetic gradient force, 𝐅 𝑃, due the variation in paramagnetic 

susceptibility in the diffusion layer and the second term is the field gradient force, 𝐅 𝐵, due 

to the field gradient in the solution. 𝐅 mag can be included as external body force in the 

Navier-Stokes equation, whose solution provides the velocity field corresponding to the 

magnetohydrodynamics (MHD) effect. The relative contribution from the magnetic forces 

in the Navier-Stokes equation is negligible for a dilute solution of paramagnetic 

nanoparticles. The MHD effect is also coupled with the mass transport equations for the 

paramagnetic particles. Generalized flux expressions can be obtained from the 

conservation of momentum between the paramagnetic particles and the solution. 

The primary forces acting on the paramagnetic particles are:  

i) Force due to gradient of electrochemical potential, −∇⃗⃗ 𝜇𝑖 = −𝑅𝑇∇⃗⃗ ln(𝛾𝑖𝑐𝑖) − 𝑧𝑖𝐹∇⃗⃗ 𝜙, 

where i  is the activity coefficient which depends on the specific interaction between 

magnetized particles,   is the electric potential, iz  is the charge number and F  is the 

Faraday’s constant  

ii) Paramagnetic gradient force 𝐅 𝑃 

iii) Magnetic field gradient force 𝐅 𝐵, 

iv) Lorentz force  𝐅 𝐿 = 𝑧𝑖�⃗� 𝑖 × �⃗⃗�   

The force balance in eq (31) specifies that the sum of driving forces acting on a species is 

balanced by drag forces due to interactions with other species (Newman and Thomas-

Alyea, 2012). 

 𝑐𝑖 ∇⃗⃗ 𝜇𝑖 −
𝜒𝑚(�⃗⃗� ⋅�⃗⃗� )

2𝜇0
∇⃗⃗ 𝑐𝑖 −

𝜒𝑚𝑐𝑖

𝜇0
(∇⃗⃗  �⃗⃗� ) ⋅ �⃗⃗� − 𝑐𝑖𝑧𝑖�⃗� 𝑖 × �⃗⃗� = ∑

𝑅𝑇𝑐𝑖𝑐𝑗

𝑐𝑇𝐷𝑖,𝑗
(�⃗� 𝑗 − �⃗� 𝑖)𝑗  (31) 
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Here vi⃗⃗⃗ ⃗ is the average velocity of ith species, Di,j is the binary diffusion coefficient and cT is 

the total concentration of all species. The expression for flux of paramagnetic particles can 

be derived from eq (2) using an average diffusion coefficient De,i and average velocity v⃗ e,i 

�⃗⃗� 𝐢 = −De,i (∇⃗⃗ ci − ci∇⃗⃗ lnγi −
ziFci

RT
∇⃗⃗ ϕ −

χm(�⃗⃗� ⋅�⃗⃗� )

2RTµ0
∇⃗⃗ ci −

χmci

RTµ0
(∇⃗⃗  �⃗⃗� ) ⋅ �⃗⃗� −

zi�⃗⃗� 𝐢×�⃗⃗� 

RT
) + ci�⃗� e,i         (32)                           

The flux-expression eq (32) gives an implicit relationship that can describe the flux of a 

concentrated solution of interacting MNPs. The inter-particle interaction can be modeled 

using a suitable activity coefficient. If the electrical potential gradient ∇⃗⃗ ϕ is negligible and 

that the MNP activity does not significantly depart from unity, we can simplify eq (32) for a 

monodisperse MNP suspension. 

�⃗⃗� = −𝐷 ∇⃗⃗ 𝑐 ⏟  
Diffusion

+
𝐷 𝜒𝑚(�⃗⃗� ⋅�⃗⃗� )

2𝑅𝑇𝜇0
∇⃗⃗ 𝑐 ⏟      

Magneticdiffusion

+
𝐷 𝜒𝑚𝑐 

𝑅𝑇𝜇0
(∇⃗⃗  �⃗⃗� ) ⋅ �⃗⃗� 

⏟        
Magneticconvection

+
𝐷 𝑧 �⃗⃗� ×�⃗⃗� 

𝑅𝑇⏟  
Electromagneticconvection

+

𝑐 �⃗� ⏟
Convection

  (33) 

The flux expression (33) can be written using the magnetic diffusion coefficient 𝐷𝑚 =

𝐷 𝜒𝑚 �⃗⃗⃗� ⋅ �⃗⃗⃗� 2𝑅𝑇𝜇0⁄  and magnetic velocity �⃗� 𝑚 = 𝐷 𝜒𝐷(∇⃗⃗  �⃗⃗� ) ⋅ �⃗⃗� 𝑅𝑇𝜇0⁄  as: 

 �⃗⃗� = −(D − Dm)∇⃗⃗ c + c (�⃗� m + �⃗� ) + z u �⃗⃗� × �⃗⃗�  (34) 

The conservation of mass requires: 

 
∂𝑐 

∂𝑡
+ ∇⃗⃗ ⋅ �⃗⃗� = 0 (35) 

Eqs (34) and (35) can be solved to obtain biodistribution of MNPs suspended in pulsatile 

CSF. Our formulation is also valid for dense particle agglomeration close to the collection 

magnet. Additional expressions may be added to eq (35) as needed to account for reaction 

kinetics of nanoparticle uptake, enzymatic destruction, or dissociation of conjugated 

therapeutics. 
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3. QUANTUM DOT CONJUGATED MAGNETIC NANOPARTICLES FOR TARGETED DRUG 
DELIVERY AND IMAGING 

 
(Previously published as Venugopal, I., Pernal, S., Fusinatto, T., Ashkenaz, D., and Linninger, 

A. (2016) Quantum Dot Conjugated Magnetic Nanoparticles for Targeted Drug Delivery and 

Imaging, Nano Biomedicine & Engineering 8, no 1) 

3.1. Summary 

In this chapter, a new fluorescent MNP delivery vehicle for MDT & IT-MDT has 

been described. MNPs act as contrast agents for MRI. However, it cannot be visualized via 

this technique during drug delivery due to interference between magnetic fields used for 

MRI imaging and delivery. The Linninger Research Group has synthesized a drug delivery 

MNP vehicle conjugated with quantum dots that can be imaged during the IT-MDT 

process with in vivo imaging techniques such as fluorescence molecular tomography. 

These quantum dot loaded MNPs, also referred to as nanocomposites in this dissertation, 

can be used as drug delivery vehicles for the CNS. In addition, these nanocomposites were 

also used to prove the feasibility of the IT-MDT technique, by localizing the fluorescent 

nanocomposites at a specific site along the spine, which could be clearly visualized using 

fluorescence molecular tomography. 

3.2. Introduction 

Drug delivery to specific organs or tissues, especially to the CNS, poses significant 

challenges such as achieving high efficacy while evading side effects ([77], [78]). Currently, 

the lack of specificity towards the target site generates the need for using high drug 

dosages to attain required therapeutic effect. However, this elevates the risk of toxicity in 

non-targeted regions, leading to unwanted side effects. For example, high doses of 

chemotherapeutic drugs are known to cause unacceptable systemic toxicity ([79]–[82]). 
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The small size of the nanoparticles allows them to circumvent some of the most 

impenetrable barriers of the human body. As mentioned in the previous chapters, the BBB 

which is formed by a continuous layer of endothelial cells joined together by tight junctions 

surrounding blood vessels ([83], [84]), severely restricts access of large therapeutic 

molecules to the brain and spinal cord tissue.  Previously, nanoparticles have been utilized 

to by-pass the BBB for treatment of CNS diseases like gliomas ([85]–[87]). Nanoparticle 

based drug delivery systems also offer other benefits such as increased drug bioavailability 

([88]–[90]), higher stability for treatments involving controlled release of drugs ([91]–

[93]), effective delivery of poorly water soluble drugs and co-delivery of two or more 

agents rendering multi-functionality ([94]–[96]).  

MNPs have drawn interest for their intrinsic magnetic property, which is 

advantageous for targeted drug delivery and biomedical imaging. MNPs lesser than 30 nm 

in diameter are superparamagnetic; a property that enables them to get temporarily 

magnetized in presence of a magnetic field and lose all magnetization once the field is 

removed. This property prevents unwanted agglomeration which is important for targeted 

delivery [97]. MNPs are also used as a contrast agent for MRI due to its ability to reduce the 

T2 relaxation time of water molecules([98], [99]). Several research groups have developed 

MNPs for exploiting their properties as MRI contrast agents ([100]–[104]). Despite these 

achievements, imaging MNPs via MRI during MDT or IT-MDT remains difficult, because the 

magnetic fields used to generate images interfere with the magnetic fields needed for MDT. 

Therefore, there is a need for an MDT delivery vehicle that can be imaged in real time in 

vivo without resorting to MRI. This vehicle was also used to prove the feasibility of IT-MDT 

in vivo.   
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In this chapter, we present a nanovehicle that can be specifically targeted via MDT 

and have its distribution tracked during in vivo delivery. This vehicle comprises of a gold-

coated magnetite (Fe3O4@Au) nanoparticle conjugated to cadmium telluride quantum dots 

(CdTe QDs). It offers three major benefits: 

(i) The vehicle can be targeted, localized and concentrated at specific sites within tissues 

or organs; magnetite (Fe3O4) core of these nanoparticles allows steering under the 

influence of externally placed magnets.  

(ii) The outer gold shell of the vehicle can be loaded with therapeutic molecules. Drugs that 

have sulfur-containing functional groups show a strong affinity to bind to gold surfaces 

[105], [106], which enables conjugation of many active agents with relative ease.  

(iii) The cadmium telluride quantum dots (CdTe QDs) can be imaged in vivo during delivery 

due to strong fluorescence emission.  

Commercially available imaging modalities utilizing fluorescence molecular 

tomography (FMT) can image this nanocomposite in vivo, due to the strong fluorescence 

emission by the quantum dots (QDs). QDs are nanometer sized highly fluorescent particles 

made of semiconductor materials, which do not photobleach easily. QDs retain strong 

fluorescence even after conjugation to the MNPs, when compared to organic molecules 

such as rhodamine and fluorescein ([107], [108]). QDs also have broader excitation spectra 

(high absorption) and a narrow, sharp emission peak [109, p. 1], which results in a brighter 

emission and a higher signal to noise ratio. 

This chapter presents the synthesis and characterization details of a novel QD-MNP 

drug delivery vehicle, which was also used for proving the feasibility (localization and 
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targeting capability) of IT-MDT in vivo within a Sprague Dawley rat. Details of the 

experimental procedures and results are provided in the following sections. 

3.3. Materials and Methods 

The synthesis method of each of the individual components –gold coated magnetite 

nanoparticles (Fe3O4@Au MNPs), cadmium telluride quantum dots, and conjugation into a 

single nanocomposite has been described separately.  

This section starts with a detailed description for the synthesis of the magnetic 

nanocomposites. Then cell-based experiments for proving biocompatibility and 

applicability of the nanocomposites in the CNS are described. An in vivo imaging 

experiment illustrates imaging ability of the vehicle. Finally, an MDT and IT-MDT 

experiment demonstrated the magnetic targeting capability of our nanocomposites. These 

experiments were used to prove the feasibility of the IT-MDT technique to localize MNPs 

within the intrathecal space of a Sprague Dawley rat.  

3.3.1. Synthesis of Gold-Coated Magnetite Nanoparticles  

The Fe3O4 cores were synthesized by a coprecipitation technique, well described by Mandal 

[110], and various other articles, using ferrous and ferric salts to form Fe3O4 ([111]–[113]). 

This has also been described in our previous published papers, as well as in the in vitro 

work described in the Appendix Section A. 

3.3.2. Synthesis of CdTe Quantum Dots  
 
The microwave based synthesis procedure was similar to Duan’s paper [114] with 

modifications made to the microwaving procedure. The procedure yielded QDs in the 2-6 

nm size range.   Briefly, cadmium chloride stock solution was prepared as follows - 0.4 mL 

of 0.04 M of cadmium chloride solution was diluted with 42 mL of water to produce the 
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stock solution. The Cd-MPA-Te solution was prepared as follows - 100 mg of trisodium 

citrate dihydrate, 4 mL of 0.01 M sodium tellurite solution, 119 mg of 3-mercaptopropionic 

acid and 50 mg of sodium borohydride were added to the cadmium chloride stock solution 

under magnetic stirring. The molar ratio of Cd:MPA:Te in the solution was 1:7:0.25. The pH 

of the solution was maintained at 8. The synthesis of the QDs by using microwaving 

technique was performed as follows - 10 mL of the solution was placed in a 60 mL teflon 

digestion vessel (Savillex corporation, MN, USA). The QDs were synthesized with varying 

temperatures and microwaving time durations (89 °C-130 °C and 1-5 min) to produce QDs 

of different colors. The power of the microwave device (Samsung, 1.05 Kw Micro Wave) 

was set at 900W. The QD samples were cooled to room temperature prior to further 

examination. 

3.3.3. Synthesis of quantum dot conjugated gold coated magnetite nanocomposites 

(QD-Fe3O4@Au MNPs) 

1 mL of both the Fe3O4@Au MNPs and CdTe QD solutions (0.17 mg/mL) was added 

to 20 mL of ethanol in a glass container. The glass container was kept in the dark for 48 

hours under constant slow stirring. This allowed for conjugation of the QDs to the gold 

coating of the Fe3O4@Au MNPs to form the fluorescent nanocomposites.  The excess 

ethanol was removed by magnetic decantation. The solution was washed with water to 

remove the free-floating water soluble QDs, followed by magnetic decantation to separate 

the nanocomposites. This process was repeated several times to remove all the free QDs 

from the solution, which can be confirmed by absence of fluorescence emission from the 

supernatant obtained from magnetic decantation. The washed nanocomposites are 

resuspended in pure water to obtain the desired concentration. 
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3.3.4. Cell transfection experiment using C6 glioma cells 

To produce a cytotoxic effect in diseased target cells, nanocomposites need to be 

internalized. Therefore, the uptake of fluorescent nanocomposites into rat tumor cells (C6 

glioma cells) was studied in a transfection experiment. Cells were maintained in medium 

containing Dubelcco’s Modified Eagle Medium and 10% fetal bovine serum with 1% 

antibiotics. Various concentrations of the nanocomposites were prepared using the cell 

growth medium as diluent. 1mL of this nanocomposite solution was applied to cells 

cultured in a 12-well plate. After incubation for 5 hours, cells were fixed with a 4% 

paraformaldehyde solution, while protecting it from light exposure to avoid unwanted loss 

of fluorescence. Phalloidin-CruzFlour488 conjugate (Santa Cruz Biotechnology, 1:1000 

solution in phosphate buffer solution (PBS)) was applied onto the fixed sample for 60 min 

to stain the cells’ actin cytoskeleton. After rinsing phalloidin completely, DAPI (Biotium, 

1:4000 solution in PBS) was applied for 5 min to stain chromatin in the nuclei of the cells. 

Cells were imaged using a normal Zeiss Axioskope fluorescence microscope.  

The cellular uptake of the nanocomposites was quantified using Image J 

software[115]. The quantification was performed by compiling three fluorescence images 

corresponding to the DAPI, nanocomposite and phalliodin stains (Figure 25 A1,A2,A3).  

Phalloidin stains the actin cytoskeleton, marking the cell boundaries, and appears green; 

DAPI stains the nucleus, assisting in cell counting, and appears blue; and the 

nanocomposites appear red due to the QDs. Using the compiled image, only the portion of 

the image containing cells is selected, and Image J was used to quantify the average amount 

of red intensity per pixel. The average red intensity per pixel in the background of the 
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composite image is subtracted from the average within the cell boundary.  This final value 

provides a relative estimate of the nanocomposite uptake. 

3.3.5. Delivery of the nanocomposites into the intrathecal space of a rat 

12-week old Sprague Dawley rats were used for this procedure. All animal 

experiments were approved by the Animal Care and Use Committee at UIC. The animals 

were anesthetized by inhalation of isoflurane. The surgical table was equipped with 

stereotaxis equipment and a nose cone to allow for administration of gaseous isoflurane 

during surgery. Once anesthetized, the hair on the back of the animal was shaved using hair 

trimmers. This allowed for obtain better signal acquisition during the FMT procedure. An 

L3 laminectomy was performed and the bone was thinned down till it could be penetrated 

using a 30G needle. A small volume of 0.17 mg/mL nanocomposite solution was injected 

into the spinal SAS using a syringe pump.  The imaging procedure described below was 

performed, after which rats were euthanized. 

3.3.6. In vivo imaging procedure 

FMT was performed using a Xenogen (Caliper Life Sciences) IVIS System equipped 

with anesthetic isoflurane system. The nanocomposites have an excitation wavelength of 

550 nm and emission wavelength filter was set to 590 nm. Other settings used for image 

acquisition were: binning level = medium, fvalue = f/2 and acquisition time = 10 seconds.  

3.3.7. Intrathecal magnetic drug targeting procedure 

To test the magnetic targeting capability of the nanocomposites, we developed a 

simple in vitro infusion system, in which amplitude and frequency of fluid pulsations can 

easily be adjusted. The model, as shown in Figure 27, consists of a cylindrical polystyrene 

tube (49.0 cm length; 0.75 cm inner diameter) which encloses the fluid, which could be 
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artificial CSF or water. A latex deformable membrane was tightly fixed to the mouth of the 

distal neck which expands and contracts to permit pulsatile motion of the fluid. 

Nanoparticle distribution inside the fluid varies depending on different patient 

specific parameters such as the frequency and magnitude of the pulsations, the velocity and 

stroke volume of fluid, and heart rate. In our lab, we are interested in the intrathecal 

delivery of the nanocomposites for treatment of CNS diseases. We therefore, imposed a 

fluid velocity of 1.5 cm/s and a stroke volume of 2 mL, which are within the average ranges 

for CSF movement, as cited in prior literature ([116], [117]). Initially, we used water as the 

fluid in our system, because it has similar density to CSF [118].  

To produce pulsatile fluid motion equal in amplitude and frequency to that of a 

typical resting human’s CSF pulsations, the proximal end of the model was connected to a 

masterflex peristaltic pump and two of the three metal cylinders that drive the pump were 

removed to create a ramping pulse function. Since CSF pulsates at a frequency of the heart 

beats, the pump was set at 70 bpm which, according to the American Heart Association, is 

within the 60-80 bpm range of normal resting heart rate in humans. 

A predetermined volume of the nanocomposite solution (0.17 g/mL) was injected 

into the model. A targeting magnet of 35 lb pull force strength was placed at a distance of 

10 cm from the injection site to collect the injected nanocomposites. This region represents 

the targeting region. The experiment lasted for 10 min during which the accumulation at 

the target magnet site was imaged. No observable increase in the CE of nanocomposites at 

the targeting magnet site was observed beyond 10 min.  
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3.4. Results 

3.4.1. Synthesis and Characterization results 

Gold-Coated Magnetite Nanoparticles: The Fe3O4@Au MNPs were characterized using TEM, 

EDS, selected area electron diffraction (SAED) and SQUID magnetometry (Figure 43,12). 

The Fe3O4@Au MNPs used in our experiments had a Fe3O4 core with diameter between 

8-12 nm with a uniform gold shell thickness of 12 nm, making the total diameter of the 

particle to be around 20-25 nm. Fe3O4 cores of this size exhibit superparamagnetic 

property retaining no net magnetization when removed from an external magnetic field 

[119]. They can be dispersed without agglomeration until an external magnetic field 

attracts the MNPs, allowing for magnetic guidance and localization at the target site.  

The gold coating on the Fe3O4 core serves two purposes: (i) It prevents the oxidation 

of the Fe3O4 core into maghemite (Fe2O3) by forming a protective coating layer. Fe2O3 has 

weaker magnetic susceptibility than Fe3O4 ([120], [121]) (ii) It also forms a convenient 

platform for loading drugs to the MNP surface, since gold has a natural affinity for sulfur-

containing functional groups and thiol bonds. 

 

Figure 20. TEM image showing multiple Fe3O4@Au MNPs along with a histogram 
of their size distribution 
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EDS was used to confirm the chemical composition of the nanoparticles (Figure 43D). The 

spectra obtained indicated the presence of the elements gold (Au) and iron (Fe). The SAED 

patterns shown in Figure 21 A, B of the Fe3O4 cores and Fe3O4@Au MNPs indicate ring 

patterns confirming the face centered cubic structure of both Fe3O4 and Au respectively. In 

Figure 21A, the spacings measured in the diffraction patterns of 0.30 nm, 0.265 nm, 0.218  

nm and 0.150 nm agree with 

the following standard 

reflections for Fe3O4: 0.297 

nm (220); 0.253 (311); 0.210 

nm (400); 0.148 nm (440). 

From the diffraction pattern 

shown in Figure 21B, the d-

spacing is 0.236 nm. This is 

close to the closed packed Au 

(111) spacing of 0.2355 nm. 

These diffraction patterns 

confirm the Fe3O4 core and 

Au surface of our MNPs. The 

magnetic properties of these 

MNPs has also been 

described in detail elsewhere 

(section 2.4.1). 

 

 

 

 

 

 

 

Figure 21. Characterization of Fe3O4@Au MNPs (A) SAED 
pattern of the Fe3O4 core (B) SAED pattern of the Fe3O4@Au 
MNPs (C) M-H loop (magnetization versus applied magnetic 
field) obtained by SQUID magnetometry at 265 K. 
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CdTe Quantum Dots: A microwave irradiation procedure produced fluorescent, 

stable, water soluble CdTe QDs. Red QDs (2-3 nm) were synthesized using the procedure 

described in the methods section. QDs of varying colors can by synthesized by this 

technique. The colors arise from the quantum confinement effect since different QD radii 

produce different emission wavelengths ([109], [122], [123]). Size tunability was observed 

and confirmed through TEM analysis (Figure 22 A,B).  

  

Fluorescence emission of the red QDs was confirmed using a fluorescence 

spectroscopy (NanoDrop 3300 fluorimeter). The absorption and fluorescence emission 

spectra of the QDs, shown in Figure 22 C,D indicate that the QDs have absorption and 

 
Figure 22. Characterization of CdTe QDs (A) TEM image of red QDs measuring about 2-3 
nm. Some of the QDs have been circled for better visibility (B) Histogram showing the size 
distribution of the red QDs (C) Absorption spectra of the CdTe QDs with a peak at 550 nm 
(D) Emission spectra of the CdTe QDs showing a peak at 590 nm. An inset has been 
included which shows FMT image of QDs injected into a 6% agarose gel. 
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emission maxima peaks at 550 nm and 590 nm respectively. Red CdTe QDs were chosen for 

the synthesis of the nanocomposites because they have an emission peak of 590 nm, which 

is better-suited for in vivo imaging.  

QD-Fe3O4@Au fluorescent nanocomposites: The nanocomposites had a total 

diameter of around 30-45 nm, which consisted of a Fe3O4@Au nanoparticle core 

conjugated to QDs on its surface (Figure 23A). These nanocomposites are 

superparamagnetic, because the  

Fe3O4@Au nanoparticle s that 

form the core are  

superparamagnetic. This 

property prevents 

agglomeration during delivery. 

The stability of QDs after 

loading on the surface of the 

nanocomposites was studied 

with fluorescence and UV-Vis 

spectroscopy. When red QDs 

were loaded onto the MNP 

surface, the nanocomposites 

showed similar absorption and 

emission peaks as the plain 

red CdTe QDs, with the emission peak at 590 nm. No change in the fluorescence spectral 

profile of the QD-Fe3O4@Au nanocomposites was observed when compared to the plain 

 

 

 

 

 

 

 

 

 

 

 

Figure 23. Characterization of QD-Fe3O4@Au 
nanocomposites (A) Schematic of QD-Fe3O4@Au 
nanocomposite (B) TEM image of the nanocomposite that 
shows both the nanocomposite core (white circle) as well 
as the conjugated QDs (smaller pink circles) (C) Enlarged 
view of the nanocomposite surface showing the individual 
QDs (pink circles) (D) FMT images of the QD-Fe3O4@Au 
nanocomposites injected in a 6% agarose gel (E) Normal 
and FMT images of the nanocomposite solution 
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QDs (Figure 16A). FMT was also used to confirm the fluorescence emission of the 

conjugated structure in several environments, as shown in Table 4 and Figure 23D,E.  

To determine the fluorescence emission stability of the nanocomposites over an 

extended period, the nanocomposite solution was kept in the dark at room temperature 

and small samples were withdrawn at regular intervals to examine the fluorescence 

emission. A negligible loss of fluorescence was observed over a period of three weeks. After 

that time, fluorescence decayed exponentially (Figure 24B), due to gradual oxidation of the 

CdTe QDs. Complete loss of fluorescence was observed after two months. 

 

3.4.2. Cellular Uptake Experiment 

Confocal microscopy images (Figure 25B) indicate the presence of the QD-

Fe3O4@Au nanocomposites inside a C6 glioma cell. Insets B1 and B2 show z-stack images 

(x-z and y-z respectively) of the cell confirming the presence of the nanocomposites inside 

 

Figure 24. Fluorescence characterization of QD-Fe3O4@Au nanocomposites (A) Emission spectra 
of the QD-Fe3O4@Au nanocomposites (orange) and plain CdTe QDs (blue). Maximum emission 
wavelengths for both were determined to be 590 nm (B) Graph showing the loss of fluorescence 
of the QD-Fe3O4@Au nanocomposites over time. 
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it. Figure 25A shows fluorescence images of the nanocomposites transfected into rat 

astrocyte cells.  

 

 

 

 

 

 

 

Figure 25. Fluorescence microscopy results showing uptake by rat cortical astrocytes and C6 
glioma cells on incubation in a 0.034 mg/mL nanocomposite solution for 30 min. All cells have 
been stained labeled using DAPI, which stains the nucleus blue, and phalloidin, which stains the 
actin cytoskeleton green. The nanocomposites appear red corresponding to the emission 
wavelength of 590 nm. (A) Image showing nanocomposite localization within rat astrocyte cells. 
Insets contain images of separate stains: DAPI, QD-Fe3O4@Au MNPs and phalloidin (B) Confocal 
microscopy images of QD-Fe3O4@Au MNPs transfected into C6 glioma cells. Insets B1 and B2 
show the z-stack images (x-z and y-z) indicating the presence of nanocomposites inside the cell. 

 

 

 

 

 

 

 

 

Figure 26. Results of cell uptake and cytotoxicity studies using C6 glioma and rat cortical 
astrocyte cells (A) Fluorescence quantification of nanocomposite uptake in C6 glioma cells. A 
spike in nanocomposite uptake is observed at a lower concentration of nanocomposite solution 
(2.5 mg/mL). (B) Uptake of nanocomposites (0.3125 mg/mL) in C6 glioma cells under the 
influence of a magnetic field. Increased transfection occurs under the influence of a 3.23 lb pull 
force magnetic field. 
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The cell uptake experiment results (Figure 26A) show that these nanocomposites 

are readily taken up by the cells. The C6 glioma cell uptake was quantified by using 

fluorescence measurements to understand the transfection of nanocomposites into the 

cells. A trend of increasing cellular uptake was observed as the incubation concentration of 

nanocomposites was increased (Figure 26A). 

Enhancement of cellular uptake using magnetic fields: Cell uptake of the 

nanocomposites in the presence of magnetic fields was studied. C6 glioma cells were 

incubated with a 0.3125 mg/mL solution of nanocomposites for 1 hour in the presence of a 

magnetic field generated by a 3.23 lb pull force permanent magnet. Figure 26B shows a 

5-fold increase in the nanocomposite uptake by the cells in presence of magnetic field 

(N=5). Similarly, a 300-400% increase in transfection was observed when solutions of 

0.625 mg/mL, 1.25 mg/mL, and 2.5 mg/mL concentrations were used in the presence of 

magnetic fields. 

3.4.3. Magnetic drug targeting 

MDT of our nanocomposites can be achieved by administration via the blood or CSF, 

both fluids move in a pulsatile manner in the body. To prove magnetic localization, an MDT 

experiment was conducted to demonstrate magnetic targeting of our nanocomposites. It 

was repeated twice, with injection volumes of 1mL and 0.5 mL of 0.17 g/mL 

nanocomposite solution, as shown in Figures 27B and 27C respectively. Digital images 

were acquired every 2 min to observe the nanocomposite localization at the targeting 

magnet site. The nanocomposite solution can be observed with normal light due to its dark 

brown color.  
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Both experiments indicate an increase in the accumulation of the nanocomposites 

with time, despite the mixing effect of the pulsatile motion of the fluid. The experiment was 

stopped at the 10 min time point, because no further increase in nanocomposite CE was 

observed. Maximum accumulation occurred at the edges of the magnet, as the field strength 

is the greatest at this region. Almost no nanocomposites were found to cross the magnet 

and move towards the peristaltic pump, as can be seen in frame 6 of Figure 27B. 
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Figure 27. In vitro magnetic drug targeting experiment (A) Schematic 
of the experimental setup containing the injection site, targeting 
magnet and peristaltic pump to create the pulsatile motion of the 
fluid (B-C) Images of the MDT experiment showing localization of the 
nanocomposites at the target site for an injection volume of (B) 1 mL 
and (C) 0.5 mL. 

 

Such a barrier created by the magnetic field is very useful for drug delivery 

treatments where a cytotoxic drug should be confined to a target zone, such as a spinal 

tumor, without spreading to other regions. During both experiments, at least 80% of the 

nanocomposites were collected at the target magnet site, with larger accumulation 

observed for the smaller injection volume. Magnet size, shape and field strength can be 

modulated depending on required drug dosage for therapeutic efficacy. 

3.4.4. In vivo imaging results to prove feasibility of IT-MDT technique 

To demonstrate live imaging capability, the fluorescence emission of these 

nanocomposites was measured through both rat muscle and bone tissue. 200 µL of the 

nanocomposite solution (2.5 mg/mL) was injected into the abdominal muscle of a Sprague 

Dawley rat at a depth of 1 cm from the skin surface. FMT images were generated using the 

IVIS® system. Figure 28 A,B shows that the nanocomposites are clearly visible, 

demonstrating that deep tissue imaging is feasible using this drug delivery vehicle.  

Proving feasibility of IT-MDT technique: We also conducted IT-MDT experiments 

using these nanocomposites to show the targeting and localization capability of the IT-MDT 

technique. The nanocomposites intrathecally injected at the lumbar region of the Sprague 

Dawley rat were localized at the targeting site along the spine corresponding to the 

placement of the external magnetic field within 20 minutes (Figure 29).  The confinement 
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of the nanocomposites at a specific site along the spine can be observed in these IVIS 

images, which proves IT-MDT’s feasibility. 

 
 
 
 
 
 
 
 
 
 
 

 
 

 

Figure 28. In vivo imaging of our nanocomposites using IVIS® system in a Sprague Dawley rat. 
(A) FMT image of the QD-Fe3O4@Au nanocomposites (200 µL) injected into the abdominal 
muscle of a rat at a depth of 1 cm; FMT image of the nanocomposites injected into the intrathecal 
space of a Sprague Dawley rat (B) Injection volume= 200 µL (C) Injection volume= 50 µL. 

 

 

 
Figure 29. FMT imaging of nanocomposites to prove feasibility of IT-MDT in a Sprague Dawley 
rat. 20µl of QD-Fe3O4@Au nanocomposites was intrathecally injected in Sprague Dawley rat. (A) 
FMT image taken immediately after IT injection at L5/L6 region (B) FMT image taken 20 minutes 
post IT injection showing movement of the nanocomposites to the thoracic region under 
influence of an external magnet over the spine of the animal.  

A B C 
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The fluorescence maps shown in Figures 28 and 29 indicate that visualization is 

possible through bone and tissue of the spine.  The fluorescence emission of the 

nanocomposites in all environments, especially in in vivo environments is significant, 

indicating its applicability for in vivo drug delivery purposes, as shown in Table 4. 

Sample Environment 
(QD-Fe3O4@Au nanocomposites at a concentration of 2.5 mg mL-1 

used) 

Epifluorescence generated 
(p sec-1cm-2sr-1)/(µW cm-2) 

6% agarose gel (depth= 0.25 cm) 7.68 x108 
6% agarose gel (depth= 0.5 cm) 6.02 x108 
In vivo (depth = 1 cm): rat flesh 5.82 x108 

In vivo (depth = 0.3 cm): intrathecal space 2.5 x107 
Table 4: Epifluorescence measurements made from nanocomposites in different environments 

 

3.5. Discussion  

Our results show the successful synthesis and characterization of a novel drug 

delivery vehicle for MDT that can be visualized in vivo during delivery to the targeted 

disease site. The magnetic core of the nanocomposite is superparamagnetic, therefore, 

targeting drugs using this vehicle via MDT is possible. External magnetic fields can arrest 

the nanocomposites within any targeted region, despite the convective transport and 

mixing effect caused by the pulsatile motion of CSF as shown by the in vitro MDT 

experiment. Moreover, the cellular uptake experiments demonstrated internalization of 

nanocomposites in tumor cells. The vehicle was successfully visualized various 

environments (cellular, in vitro and in vivo) using FMT techniques, offered by commercial 

imaging equipment such as the IVIS® system (Caliper Life Sciences). 

All the necessary attributes for an MDT drug delivery vehicle have been attained in 

our nanocomposites, such as magnetic guidability and in vivo imageability. Drug 

functionalization can also be achieved due to the affinity that gold has for sulfur-containing 
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functional groups and bonds (e.g. thiol and mercapto bonds), which are found in many 

proteins, pharmaceutical and biopharmaceutical drugs. Unlike previous studies which 

suffered fluorescence quenching after gold surfaces conjugation ([124], [125]), our QD 

conjugation retained strong fluorescence emission even after conjugation to the gold-

coated MNP. Fluorescence emission from our nanocomposite structure was stable over a 

three-week period, demonstrating its suitability for longer term experiments. The gold and 

Fe3O4 of our nanocomposites are biocompatible. Fe3O4 degrades into its components and 

can be integrated in normal iron homeostasis, without posing a threat ([126], [127]).  

A disadvantage of our system is that the CdTe QDs are not biocompatible. It was 

observed that concentrations of upto 20 mg/mL of our nanocomposites containing CdTe 

QDs were taken up by cells over a period of 5 hours. However, higher concentrations would 

lead to toxic effects. One of the key steps in our future work will be to synthesize CdTe QDs 

with a shell of another compound such as ZnS to prevent release of Cd2+ ions, which has a 

detrimental effect on cells [128]. Our CdTe QDs capped with thiol bonds are synthesized 

using 3 mercaptopropionic acid. Another possibility would be to use a different stabilizer 

during the synthesis process, such as tripeptide glutathione (GSH) instead of the 3 

mercaptopropionic acid. This would result in biocompatible CdTe QDs capped with GSH 

group [129]. The GSH group contains a sulfur atom, and QDs capped with GSH can be 

loaded on the gold surface of our nanocomposite using a similar technique as mentioned in 

the methods section of this chapter. GSH can be used to detoxify Cd2+ ions in medicine due 

to its chelating capability [130]. 

We believe that for IT-MDT, the drug dosages used would be much lower compared 

to systemic delivery, as the therapeutic molecules can be specifically delivered at target 
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sites. Therefore, a very high concentration of our nanocomposites would not be used for 

drug delivery. Also, in vivo studies suggest that, regardless of the nature of the QDs, 

vertebrate systems tend to recognize them as foreign, with rapid elimination of the 

materials through the primary excretory-organs/systems: the liver, spleen, and lymphatic 

systems[131]. Once inside the target cell, gold-thiol bonds are rapidly broken due to the 

reducing environment of the cell cytoplasm, and the QDs will be released from the 

Fe3O4@Au nanoparticle core. QDs of sizes similar to the ones that we use can be easily and 

efficiently cleared from the body[131]. Specific biocompatibility studies would be needed 

for the definite concentration ranges that are safe for therapeutic application. 

A possible future work relating to these experiments would be to understand the 

effect of size and shape of the QD-gold nanocomposites on their cellular uptake. Several 

papers, such as Chitrani (2006) [132] mention that rod shaped gold nanoparticles are 

taken up more easily when compared to the spherical particles. The same paper also 

demonstrated that gold nanoparticles of a specific diameter range (50 nm) showed 

significant increase in cellular uptake. Based on such observations, we can optimize the 

parameters of our synthesis process to generate nanocomposites of a specific size range for 

better cell internalization.  
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4.MAGNETIC FIELD-ENHANCED CELLULAR UPTAKE OF DOXORUBICIN LOADED 
MAGNETIC NANOPARTICLES FOR TUMOR TREATMENT 

 
(Previously published as Venugopal, I., Pernal, S., Duproz, A., Bentley, J., Engelhard, H., and 

Linninger, A. (2016) Magnetic field-enhanced cellular uptake of doxorubicin loaded 

magnetic nanoparticles for tumor treatment, Materials Research Express 3(9), 095010) 

4.1. Summary  

Cancer remains the second most common cause of death in the US, accounting for 

nearly 1 out of every 4 deaths. In recent years, several varieties of nanoparticles have been 

synthesized with the intent of being utilized as tumor drug delivery vehicles.  In this 

chapter, synthesis and characterization of superparamagnetic, gold-coated magnetite 

nanoparticles and loaded them with the chemotherapeutic drug doxorubicin (DOX) for 

MDT or IT-MDT of tumors.  The synthetic strategy uses the food thickening agent gellan 

gum (Phytagel) as a negatively charged shell around the Fe3O4@Au nanoparticle onto 

which the positively charged DOX molecules are loaded via electrostatic attraction. The 

resulting DOX-loaded magnetic nanoparticles (DOX-MNPs) were characterized using 

transmission electron microscopy, energy dispersive x-ray spectroscopy, superconducting 

quantum interference device magnetometry, surface area electron diffraction, zeta 

potential (ZP) measurements, fourier transform infrared spectroscopy (FTIR) as well as 

UV/Vis and fluorescence spectroscopy. Cytotoxicity of DOX-MNPs was demonstrated using 

MTT assay on C6 glioma cells. Cellular uptake of DOX-MNPs was enhanced with magnetic 

fields, which was quantitatively determined using flow cytometry. This improved uptake 

also led to greater tumor cell death, which was measured using MTT assay. These results, 

detailed in this chapter, are promising for a new IT-MDT therapy for cancer. 
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4.2. Introduction 

Cancer research has been successful as in decreasing in overall death rates between 

1991 and 2010, by about 20% in both men and women[133].  The cancer treatment 

protocol for most cancers requires chemotherapy.  Unfortunately, most chemotherapeutic 

agents exhibit poor specificity in reaching tumor tissue in addition to dose-limiting toxicity. 

Thus, many patients experience adverse side effects due to the administered chemotherapy 

treatments.   

New drug delivery strategies are being developed to improve efficacy of cancer 

patient treatments, while minimizing systemic toxicity.  One promising treatment involves 

using nanoparticles as a means of targeting cytotoxic drugs to specific tumor cells and 

tissue, thereby limiting systemic exposure. In the use of nanoparticles for drug therapy, the 

drug is dissolved, entrapped, encapsulated, or attached to the nanoparticles. The major 

goals in the design of nanoparticles for drug delivery include: (i) control of particle size, 

(ii) variation of surface properties, and (iii) ability to release of pharmacologically active 

agents to achieve the site-specification of the drug at the therapeutically optimal rate and 

dose regimen. Novel nanoparticle -based applications for cancer treatments are being 

explored because of their ability to (i) decrease toxicity and the occurrence of adverse 

reactions, (ii) utilize drug more effectively, (iii) control the rate and site of drug release, 

(iv) provide a more predictable drug delivery system ([87], [134], [135]). 

Currently, there are two different types of targeting utilized by scientists studying 

nanoparticles drug delivery systems for cancer.  Passive targeting exploits the enhanced 

permeability and retention effect that is defined by leaky vasculature around tumors 

caused by tumor-induced angiogenesis with incomplete endothelial cell junctions, resulting 
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in the accumulation of the nanoparticles at the tumor site [136].  This passive targeting 

strategy has been shown to be an efficient method to reduce the toxic side effects and 

increase the therapeutic index of drug molecules ([137], [138]).  Active targeting usually 

involves attaching ligands on the surface of nanoparticles, which bind to over-expressed 

receptors on tumor cells. Targeting specific surface receptor causes selective uptake of 

nanoparticles by the cancer cells [139].  Active targeting may also involve utilizing physical 

stimuli for actively localizing nanoparticles to the target site, including temperature, pH, 

electric charge, light, sound and magnetism ([140], [141]). The IT-MDT method, is an active 

targeting technique, which aims at utilizing magnetism as a physical stimulus, for efficient 

targeting of specific cells. 

Synthesis of magnetic microparticles and MNPs for the delivery of 

chemotherapeutics has evolved since the 1970s. Zimmerman and Pilwat in 1976 studied 

the delivery of cytotoxic drugs using magnetic erythrocytes [142].  The targeting of 

magnetic albumin microspheres encapsulating the anticancer drug DOX in animals was 

studied by Widder [143].  Engelhard and Petruska studied the movement of magnetic 

microparticles in rat CSF and brain in 1992 [144]. Hafeli synthesized biodegradable 

polylactide microspheres that incorporated magnetite and the beta radiation-emitter Y-90 

for radiotherapy targeting in 1994 [145], and successfully applied it to subcutaneous 

tumors [146].  However, these studies employed micrometer-sized magnetic particles.  Use 

of MNPs was described for the first time by Lubbe and colleagues  in 1999 [147].  MNPs 

loaded with epirubicin were administered intra-arterially in a phase-1 clinical trial for 

patients with advanced cancers. Several groups and start-up companies have synthesized 

magnetic vectors and shown potential applications of MNPs.  These include MNPs used in 
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MRI [98], magnetic fluid hyperthermia ([97], [148]), cell sorting and targeting ([149], 

[150]), bioseparation [151], enzyme immobilization [152], immunoassays ([153], [154]), 

and gene transfection and detection systems ([155], [156]).   

Different varieties of MNPs have been coated with a “shell” of either organic or 

inorganic nature [157] to exploit specific properties. Nanoparticle coatings often regulate 

the solubility, hydrophilic or hydrophobic properties, stability, and the targeting ability of 

the particles.  For example, Yang synthesized a poly [N-(1-one-butyric acid]) aniline shells 

around Fe3O4 cores that have been further conjugated with 1,3-bis(2-chloroethyl)-1-

nitrosourea [158].  Ito and colleagues have synthesized antibody-conjugated 

magnetoliposomes which can used as carriers to introduce magnetite nanoparticles into 

target cells, since the negatively-charged cell surface interacts with the positively-charged 

surface of the nanoparticles [112]. Inorganic shells have also been incorporated in MNP 

synthesis, most notably silver, gold or titanium ([110], [159], [160]).  

DOX is a chemotherapeutic drug, and its mechanism of action involves intercalating 

into the DNA of cancer cells and preventing cell replication.  It is widely used to treat 

various cancers including leukemias, Hodgkin’s lymphoma, and cancers of the bladder, 

breast, stomach, lung, ovaries, thyroid, soft tissue sarcoma, multiple myeloma, and others. 

It is an FDA approved drug, currently being marketed under the names Adriamycin, RUBEX 

and DOXIL. Various research groups have loaded DOX on organic or inorganic nanoparticle 

shells for better drug delivery ([161]–[166]). 

In this chapter, we demonstrate (i) a new technique of loading DOX on SPIONs and 

(ii) enhancement of their uptake into tumor cells in the presence of magnetic fields. The 

resulting DOX-MNP particles is a promising vehicle for tumor treatment applications via 
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MDT. The magnetite core of the DOX-MNP, which was synthesized via a co-precipitation 

method (as described in previous chapters), was coated with a gold shell to form the 

Fe3O4@Au nanoparticles. The polymer gellan gum was coated on the surface of the 

Fe3O4@Au nanoparticle which resulted in a negatively charged nanoparticle (Fe3O4@Au-

GG) due to the carboxylate groups of the gellan gum ([167], [168]).  The positively-charged 

amine groups of DOX molecules are electrostatically attracted to the negatively-charged 

gellan gum surface, which resulted in the final DOX-MNPs.   

The efficacy of DOX-MNPs to kill glioma cells has also been described, as well as the 

enhancement in their cellular uptake in the presence of a static magnetic field. Increased 

endocytosis of plain MNPs via magnetic fields has been previously observed, especially to 

overcome the hurdle of gene delivery across cell membranes ([169]–[173]). In this paper, 

we show an elevated level of cellular uptake of the tumor drug loaded MNPs and 

consequently, increased drug efficacy and cell death caused by the presence of magnetic 

fields. This enhancement makes our drug vehicle an ideal candidate for IT-MDT. The 

targeting and augmented cellular uptake using magnetic fields via our DOX-MNPs can be 

used to target DOX to specific tumor sites, and thus improve efficacy in vivo. 

4.3. Materials and Methods 

Equipment utilized for synthesis and characterization include a 40 Watt DC Motor 

with variable electric stirrer, IEC Centra MP4R Centrifuge, Fisher Vortex Genie 2, TH20 

Sonicator, Axioskop Fluorescent Microscope with Axiocam (Zeiss), Zetasizer (Malvern), 

Fourier Transform Infrared spectrophotometer (Bruker Tensor 27 FT-IR & OPUS Data 

Collection Program), Transmission electron microscope (JEOL JEM-1220), Confocal 

microscope (Zeiss LSM 510 META), NanoDrop 1000 UV-Vis spectrophotometer and 
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NanoDrop 3300 Fluorimeter. All chemicals were purchased from Sigma-Aldrich® except 

for DOX (LC Laboratories®) and hydrogen tetrachloroaurate (III) hydrate (Alfa Aesar ®). 

4.3.1. Synthesis of Gold-Coated Magnetite Nanoparticles (Fe3O4@Au nanoparticle) 

The Fe3O4@Au nanoparticles were synthesized by a coprecipitation technique, 

described in various articles ([42], [110]) using ferrous and ferric salts to form Fe3O4. These 

Fe3O4 cores were then coated with a layer of gold by a surface adsorption technique. The 

detailed procedure is described in the previous publications as well as in the Appendix 

Section A. 

4.3.2. Conjugation of DOX to Fe3O4@Au nanoparticle via Gellan Gum 

An aqueous solution of gellan gum (PhytagelTM) was prepared by slow addition of 5 

mg of PhytagelTM to 90 mL of water while heating using a magnetic stirring hotplate. Water 

was added till the solution volume reached 100 mL. The pH of the solution was adjusted to 

10 by dropwise addition of 0.16 M NaOH solution. The solution was heated to 70oC while 

being stirred.  After removing from heat, 1.6 mL of 40 mg/mL Fe3O4@Au nanoparticle 

solution was added dropwise to the gellan gum solution while it was being non-

magnetically stirred.  The solution was cooled to room temperature and stirred for 1 hour.  

The Fe3O4@Au nanoparticles were recovered using magnetic decantation and washed 3-4 

times with distilled water. In a dark room, 3.0 mg of DOX was dissolved in 1 mL of 

nanopure water, which was then added dropwise to the solution, while it was being stirred 

slowly.  The solution was stirred non-magnetically for 24 hours.  The resulting DOX-MNPs 

were magnetically decanted and washed several times with water. The DOX-MNPs were 

then resuspended in water to a concentration of 40 mg/mL.   
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Estimation of loading of DOX on the Fe3O4@Au-GG nanoparticles: A known weight of DOX 

was added to an aqueous dispersion of Fe3O4@Au-GG nanoparticles of known volume and 

concentration. This was then stirred for 24 hours in the dark. The DOX-MNPs formed were 

magnetically decanted and the supernatant was collected. Weight of DOX in the 

supernatant was determined by both UV-Vis and well as drying/weighing it.  

The % loading of DOX was calculated by using the formula shown in equation:  

% loading =
(Total weight of Dox –  Weight of Dox in supernatant)

Total weight of Dox
∗ 100 

4.3.3. Confocal Microscopy and Flow Cytometry 

DOX-MNPs of various concentrations were incubated with C6 glioma cells grown on 

(i) confocal dishes with coverglass bottoms for the confocal microscopy experiment and 

(ii) cell culture multiwall plates for the flow cytometry experiment. After treatment with 

DOX-MNPs, the cells were thoroughly washed with PBS and fixed by incubation in a 4% 

paraformaldehyde solution for 20 minutes at 37oC. 0.25mL of a 1:2000 concentration 

solution of phalloidin (Santa Cruz Biotechnology Phalloidin CruzFluor™ 488 Conjugate) 

was then added to each well and incubated for 2 hours at 4oC. After the phalloidin was 

removed, 0.25 mL of 2.5 µg/mL concentration of DAPI solution was added to each well for 

5 minutes at 4oC. After washing with PBS to remove the DAPI, the cells were analyzed using 

a confocal microscope. For the flow cytometry experiment, the cells were removed from 

the multiwall plates using trypsin and suspended in PBS, before analysis. 

4.3.4. Cell TEM 

DOX-MNP treated cells were scraped from the culture flask and centrifuged at 2000 

rpm for 20 min, then fixed with 2.5% glutaraldehyde. The cell samples were dehydrated by 

an ethanol series, and embedded in epon. Ultra-thin sections of 83 nm were double 
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contrasted with Reynolds lead citrate and 2% uranyl acetate, and imaged in a JEOL JEM-

1220 (fitted with a Gatan digital camera) at an accelerating voltage of 80 kV. 

4.3.5. MTT assay 

DOX-MNPs of various concentrations were incubated with C6 glioma cells grown on 

a 96 well plates. For the cellular uptake experiment involving magnetic fields, a small 

circular permanent magnet of 0.33 T was placed directly below specific well during the 

incubation period. The cells were thoroughly washed with PBS to remove DOX-MNPs that 

were not taken up by the cells. 50µL of MTT stock solution (10% v/v solution of MTT and 

cell growth media) was added to each well. After incubation for one hour, the MTT solution 

was removed and 200µL of DMSO was added to each well. The plate was then incubated for 

20 minutes before measuring the absorbance from each well using an optical plate reader, 

at a wavelength of 570 nm.  

4.4. Results 

4.4.1. Synthesis and Characterization  

TEM, EDS and SQUID magnetometry results of Fe3O4@Au nanoparticles: The 

characterization results of the Fe3O4@Au nanoparticles have been described in detail 

previously in Chapters 2&3 (please refer Figures 43, 7, 12 and 13). Figure 30A shows a 

TEM image of DOX-MNPs, in which the gellan gum polymer coating on the Fe3O4@Au 

nanoparticles can be seen clearly. A histogram showing the size distribution of the 

DOX-MNPs is given in Figure 30B, which indicates that most nanoparticles have a diameter 

of 95-105 nm (Figure 30). The sizes of the DOX-MNPs varied between 75 nm and 150 nm. 

Due to the variability in the size of the DOX-MNPs, there is a possibility that they are multi-

core particles rather than single core particles, or a mixture of both types. Encapsulation of 
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magnetic cores using a polymer matrix can result in multi-core particles [174], which is 

similar to our synthesis procedure. 

 
Figure 30. (A) TEM image showing multiple DOX-MNPs. Inset shows HRTEM images of 
DOX-MNPs; (B) Histogram of the size distribution of DOX-MNPs. 

 

Zeta potential measurements: Measurement of ZP was one of the techniques used to 

confirm loading of DOX molecules on the surface of the Fe3O4@Au MNPs. These MNPs were 

coated with the biocompatible polymer gellan gum, a food thickening agent. The 

carboxylate groups of the gellan gum lend a negative charge to the MNP surface, which 

electrostatically attracts DOX’s positively charged amine groups. The positive ZP of the 

Fe3O4@Au MNPs, 

+11.6, decreases to -

27.3 after coating 

with the negatively 

charged gellan gum. 

After loading the 

positively charged 

DOX molecules, the 

ZP increases to -15.4, confirming DOX loading. The conjugation of DOX to MNP was also 

   

  

Figure 31. Characterization of DOX-MNPs (A) Schematic of the synthesis 
of DOX-MNPs; (B) Fluorescence microscope images of Fe3O4@Au 
nanoparticles and the fluorescent DOX-MNPs. 
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confirmed by using fluorescence microscopy. As DOX is fluorescent, DOX-MNPs fluoresce, 

emitting a red color (at 590 nm) when compared to Fe3O4@Au nanoparticles (Figure 31B). 

Fourier Transform Infrared Spectroscopy results: Loading of the DOX molecules to 

the MNP was also confirmed using FTIR spectroscopy. Figure 32A shows the FTIR spectra 

of the Fe3O4@Au-GG nanoparticles. The presence of the gellan gum polymer on its surface 

is indicated by the presence of a broad O-H peak at 3400 cm-1, glycosidic bonds are 

indicated by the peak at 1640 cm-1, C-H bending peak at 1409 cm-1 and C=C bond at 1500 

cm-1. Figure 32B shows the FTIR spectra of the DOX-MNPs (blue) superimposed on the free 

DOX solution spectra (red). Both spectra were found to have regions with similar peaks, 

circled in pink in Figure 32B, with the same x-axis (cm-1) values. This confirms the presence 

of DOX on the DOX-MNP surface. 

 

Figure 32. FTIR spectra of (A) Fe3O4@Au-GG nanoparticles; (B) Free DOX (red) and DOX-MNPs 
(blue). The pink circles indicate the common peaks present in both FTIR spectra, which confirms 
the presence of the DOX molecules on the DOX-MNP surface.   

Absorption and Fluorescence Emission Spectra: The stability of DOX molecules after 

loading on Fe3O4@Au-GG nanoparticles were studied by using fluorescence and UV-Vis 

spectroscopy. The absorption/excitation spectra of free DOX and DOX-MNPs (green and 

brown lines respectively in Figure 33A) indicate that both have an absorption maximum at 

480 nm.  The emission spectra of DOX in solution and DOX-MNPs were recorded from 500 
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to 700 nm at a fixed excitation wavelength of 480 nm; the spectra recorded are shown in 

Figure 33B. There was no change in the spectral profile of DOX-MNPs when compared to 

DOX molecules, and the emission peak at 597 nm was retained.  

   
Figure 33. Spectral characterization of DOX-MNPs (A) Excitation spectra of free DOX and 
DOX-MNPs showing a peak at 480 nm; (B) Fluorescence emission spectra of free DOX and 
DOX-MNPs showing a peak at 590 nm. Similar emission spectra indicate that the DOX structure 
has been retained after being loaded on the Fe3O4@Au-GG nanoparticle surface. 

DOX loading efficiency: The DOX 

loading efficiency on the Fe3O4@Au-GG 

nanoparticles was determined to be 70% 

using the procedure mentioned in the 

methods section of this chapter. Our 

measurements showed that 1mg of 

Fe3O4@Au-GG nanoparticles contain 0.31 

mg of DOX loaded on its surface.  

4.4.2. Confocal microscopy results  

Confocal microscopy was used to 

observe the cellular uptake of DOX-MNPs 

in C6 glioma cells. The actin cytoskeleton and nuclei of the cells were stained using 

 

Figure 34. Confocal microscopy image of C6 glioma 

cells that have endocytosed DOX-MNPs (red). Actin 

stained by phalloidin is green, and the nucleus 

stained by DAPI is blue. (A) Z-stack images are 

acquired to visualize the depth of the cell and 

confirm MNP uptake. The orthogonal plane borders 

the main image (B) DOX-MNPs localize into the 

nucleus (C) Phalloidin highlights the cell boundary 

showing the drug is present only inside cells (D) 

From top to bottom all three fluorescent markers are 

shown to confirm colocalization with the cell. 

B A 
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phalloidin (green) and DAPI (blue) respectively; the DOX-MNPs are naturally fluorescent. 

Peak emission wavelengths for phalloidin, DAPI, and DOX-MNPs are 460 nm, 518 nm, and 

597 nm respectively. Figure 34 shows the confocal microscopy images that confirm 

DOX-MNPs were taken up into the cells. 

4.4.3. DOX-MNP efficacy studies  

MTT assay results: Cytotoxicity of DOX-MNPs for killing tumor cells was tested using 

MTT assay. The assay is dependent on the ability of viable cells to metabolize a water-

soluble tetrazolium salt into a water-insoluble purple colored formazan product. The 

intensity of the purple color obtained from the resulting absorbance spectrum, is a direct 

indicator of the cell viability [175]. Various concentrations of the DOX-MNPs (4 -0.125 

mg/mL) were incubated with C6 glioma cells cultured in 96 well plates. MTT assay was 

performed to determine the percentage of non-viable cells, which is an indicator of the 

efficacy of the DOX-MNPs. The experiment was also repeated by placing small permanent 

magnets of 1.47 lbs pull force strength (0.33 T) beneath the wells of the cell plate during 

the incubation period with the DOX-MNPs (Figure 36A). Confocal microscopy images 

(Figure 35) showed that the 

presence of magnetic field 

significantly increased the 

DOX-MNP uptake, as indicated by 

the higher emission of 

fluorescence from within the 

cells.  

   
Figure 35: Uptake of 1mg/mL DOX-MNPs by C6 glioma 
cells in 30 minutes (A) without magnetic field; (B) in the 
presence of 0.33 T magnetic field. Cellular uptake is 
increased in the presence of the magnetic field. 
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The MTT assay results show a reduction in C6 glioma cell viability with increasing 

concentration and treatment duration using DOX-MNPs, in both the magnetic and no 

magnetic field exposure (control) groups. Also, the glioma cell viability was reduced with 

exposure to the magnetic field when compared to the no magnetic field exposure (control) 

group, for the same duration of DOX-MNP treatment.  

TEM results: TEM images of the C6 glioma cells were taken after incubation with 2 

mg/mL DOX-MNP solution for 30 minutes. The first and second row of images in Figure 37 

show TEM images of cells that were incubated with and without the influence of a 0.33 T 

magnetic field respectively. 

 
Figure 36. MTT assay results (A) Permanent magnet placed below the cell well enhances DOX-
MNP uptake. The arrow indicates the direction of movement of DOX-MNPs towards the 
magnet; MTT assay results showing the decrease in cell viability in the presence of magnetic 
field (0.33 T) after incubation periods of (B) 1.5 hours (C) 3 hours and (D) 4.5 hours using 
various concentrations of DOX-MNPs. The difference in the % reductions of cell viability 
between the control and the magnet experiment have been given in red, above the bars of the 
corresponding experiment.  



 74 

    

    

Figure 37. TEM images of cells post incubation with DOX-MNPs (A)(B)(C)(D) Cells were incubated 
with 2mg/mL of DOX-MNPs for half hour. (E)(F)(G)(H) Cells were incubated with 2mg/mL of DOX-
MNPs for half hour under the influence of a 0.33T permanent magnet field. 

The images in the first row show relatively intact tumor cells with less DOX-MNPs 

uptake. The images in the second-row exhibit higher DOX-MNP uptake. These cells also 

have a reduced cytoplasm volume (Figure 37 H,I) and show more autophagic vacuoles 

indicative of waste expulsion (Figure 37 G).  Reduced cytoplasm and presence of 

autophagic vacuoles have been generally taken as indicators of dying cells ([176]–[178]).  

Flow cytometry results: Flow cytometry was used to determine the cellular uptake 

ratio of DOX-MNPs in the absence (M-) and presence (M+) of a magnetic field. Figure 38 

shows the relative fluorescence in the C6 glioma cells after incubation with DOX-MNP 

solutions (concentrations ranging from 0.25 mg/mL to 2 mg/mL). The results shown 

suggested an enhancement in the cellular uptake of DOX-MNPs in the presence of the 

magnetic field. Presence of the magnetic field also increased the total number of cells that 

showed fluorescence at the end of the treatment, when compared to  
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the control group (M-). For example, 

when the cells were incubated with a 

1 mg/mL DOX-MNP solution, 

fluorescence was detected in 93% of 

all M+ treated cells, compared to only 

78% in the case of M- treated cells. 

Similar increase of 10-15% was 

observed in cell uptake ratio between 

M+ and M- treated cells for all 

incubation concentrations of 

DOX-MNPs.  

4.5. Discussion 

In this chapter, we described detailed synthesis of a tumor drug delivery platform 

for magnetic targeting. The individual components of the delivery vehicle are not toxic: 

gold, Fe3O4 and the gellan gum polymer are biocompatible. Fe3O4 degrades into its 

components which are integrated in normal iron homeostasis in the body ([126], [127]). 

Gold is a stable unreactive metal, which has been used in several nanoparticle based drug 

formulations ([179], [180]). Gellan gum is a bacterial anionic deacetylated sugar 

polysaccharide secreted by Pseudomonas elodea that has been found to be biodegradable 

and biocompatible [181]. 

Due to the variability in the size of the DOX-MNPs, there is a possibility that they are 

multi-core particles rather than single core particles, or a mixture of both types. Both 

hydrogen bonding and Vanderwall’s forces are involved in formation of gellan gum matrix 

 

Figure 38. Flow cytometry evaluation of the magnetic 
enhancement of DOX-MNP uptake. The relative 
fluorescence in the C6 glioma cells at different DOX-
MNP concentrations after incubating for 45 min. For 
all concentrations, cellular uptake is higher in the 
presence of magnetic fields (M+), compared to the 
control group (M-).  

0.25 0.5 1 2

R
el

at
iv

e 
fl

u
o

re
sc

e
n

ce

DOX-MNP concentration (mg/ml)

Avg M+

Avg M-



 76 

structure that encapsulates the magnetic core(s) [182]. Due to the superparamagnetic 

nature of the individual Fe3O4@Au cores, the multi-core particles are also 

superparamagnetic, and this does not affect the particle’s ability to deliver therapeutic 

molecules. Similar experiments conducted by other researchers have also concluded no 

loss of in the fast relaxation time of SPIONs after being entrapped as multi-core particles in 

a polymer shell [174]. Therefore, these particles can be successfully used for magnetic drug 

targeting in tumor treatment. 

Synthesis parameters such as temperature, reagent concentrations, surfactant 

concentrations and stirring speed can affect the sizes of multi-core particles. Production of 

multi-core particles with good control of the number of magnetic cores per particle, and of 

the degree of polydispersity of the core sizes, remains a difficult task [183]. One of the main 

factors that we have attempted to optimize is the amount of gellan gum added to the 

system. Other papers, such as Dhar and colleagues  used smaller quantity of gellan gum 

(0.02% w/v) to reduce and cap their gold nanoparticles ([181], [184]). In our gellan gum 

coating protocol, we used a 5% w/v solution to accommodate for the larger size of our 

Fe3O4@Au nanoparticles.  The amount of gellan gum added to the system was adjusted to 

obtain maximum DOX conjugation on the surface of the nanoparticle, while maintaining an 

adequate particle size for drug delivery purposes. 81% of our DOX-MNPs have a mean 

diameter of around 100 nm, which is is suitable for both systemic and intrathecal delivery.  

Confocal microscopy was used to confirm cellular uptake and nuclear localization of 

DOX-MNPs. The DOX-MNPs were successfully endocytosed into the C6 glioma cells, and the 

z-stack image of the nucleus clearly shows co-localization with the DOX molecules, which is 

also the site of therapeutic action for DOX. 
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FTIR spectroscopy was also used to confirm DOX loading. From the emission 

spectra, we inferred that the fluorescence signature of DOX is preserved after conjugation 

on the Fe3O4@Au-GG nanoparticle surface. Therefore, the DOX molecular structure is 

retained following loading on MNPs, which is important for its biological activity.  

The efficacy of DOX-MNPs to kill tumor cells was determined by using MTT assay. 

Cell viability graphs showed that DOX-MNPs killed tumor cells, even over short incubation 

periods (1.5 hours), when a magnetic field is present. The efficacy to kill cells under the 

influence of a magnetic field, was more pronounced in greater DOX-MNP concentration 

experiments, which indicates that this effect is due to increased endocytosis of DOX-MNPs 

into the C6 glioma cells. Any aggregation of the DOX-MNPs, which might have been caused 

by application of the external magnetic field, did not adversely affect its endocytosis and 

more importantly, the tumor drug efficacy.  

The enhanced DOX-MNP uptake in the presence of magnetic field was also 

qualitatively and quantitatively determined using TEM and flow cytometry respectively. 

The TEM images indicated increased destruction of C6 glioma cells in the presence of a 

magnetic field. Flow cytometry clearly quantified the enhancement in both the cellular 

uptake ratio and the DOX-MNP uptake due to the magnetic field. 

We believe that the increased transfection in the presence of magnetic fields can be 

attributed to the magnetization of the MNPs as well as an additional attractive force 

(direction of arrow in Figure 36A) generated by the magnetic field, which enhances their 

translocation through the cell membrane. This force augments the transport velocity of 

MNPs, in addition to the gravitational force. The velocity of the particle in the magnetic 
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field (Umag) depends on the volume of the magnetic material (Vmag), the hydrodynamic 

radius (r), and the magnetic field gradient (dB/dz) as shown in equation below. 

𝑈𝑚𝑎𝑔 =
𝑉𝑚𝑎𝑔𝑀

12𝑟
∗
𝑑𝐵

𝑑𝑧
   

Here, M is the magnetic field strength and  is the viscosity of the cell growth medium.   

It has been shown that larger MNPs are more easily taken up by cells ([185]–[188]). 

However, for efficient steering of MNPs in MDT, they need to be superparamagnetic 

without possessing remnant magnetization on removal of the steering field [189]. This 

property requires very small MNPs with a magnetic core diameter of around 20 nm [190]. 

When using smaller MNPs that need to deliver the payload before being cleared from the 

body, an additional force can be deployed to enhance transfection into the target cells. This 

work shows that magnetic fields that are used for guidance in the MDT process have the 

additional beneficial effect of enhancing cellular uptake of drug conjugated SPIONs.  

Although we can clearly observe the cell destruction capability of DOX-MNPs (which 

implies that DOX molecules are being released from the MNP core which then enter the 

nucleus, intercalate with the cell DNA, and kill the cell), we have yet to understand the 

exact mechanism of cellular uptake and drug release mechanism of the DOX-MNPs. The 

future work with regard to this chapter would definitely include understanding these 

mechanisms, as well as developing better strategies to improve the release kinetics of the 

DOX molecules from its nanoparticle form.  
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5. IN VIVO STUDIES USING MAGNETIC RESONANCE IMAGING AND HISTOLOGY FOR 
ASSESSING TISSUE UPTAKE OF MAGNETIC NANOPARTICLES DURING INTRATHECAL 

MAGNETIC DRUG TARGETING 
 

 
5.1. Summary 

The greatest challenge for CNS disease treatment via systemic delivery is not 

insufficient drug potency, but lack of an effective targeting technique along with the high 

risk of side effects. The presence of the BBB makes delivery of therapeutic molecules to 

the brain and spinal cord especially difficult. Our proposed drug delivery technique, 

termed intrathecal magnetic drug targeting can precisely localize drug molecules to 

specific sites, while drastically reducing side effects compared to existing therapies. Local 

drug confinement achieved with intrathecal magnetic drug targeting will greatly decrease 

systemic toxicity, while delivering high drug concentrations to the desired target location 

within the CNS. In this chapter, feasibility of the intrathecal magnetic drug targeting 

technique has been proved using in vivo studies conducted in Sprague Dawley rats. In our 

experiments, we successfully localize intrathecally administered MNPs, synthesized of 

iron-oxide, at specific levels in the spinal column of the rats. Intrathecal magnetic 

guidance of therapeutics has substantial advantages for treatment of neurological 

diseases: (1) It offers the critical advantage of strong magnetic forces being able to steer, 

concentrate and lock therapeutic agents at the target site, and (2) Because our MNP 

vehicle utilizes the intrathecal delivery route, therapeutic agents need not cross the blood 

brain barrier. In addition, virtually no toxic agents can leak back into the systemic 

circulation. 
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5.2. Introduction 

The multicellular architecture of the CNS makes disease treatment challenging due 

to heterogeneous cellular sensitivity to drug-targeted therapy ([191], [192]). For effective 

treatments of neurological disorders, it is paramount to target cells only in specific 

locations. Targeted delivery of drugs to specific areas of the CNS is currently a formidable 

challenge for effective treatment of diseases such as glioblastomas, spinal cord tumors and 

SCI. Dr. Begley from Kings College London states, “Many potential drugs, which are effective 

at their site of action, have failed and have been discarded during their development for 

clinical use due to a failure to deliver them in sufficient quantity to the CNS” [193].  

The main obstacle for CNS drug delivery is the BBB, which consists of a cellular 

sheath that enclose capillaries restricting passage of therapeutics from the bloodstream to 

the brain and spinal cord tissue ([194], [195]). Currently, the worldwide interest in 

nanomedicine research underscores the promise of using nanoparticles for more selective 

delivery of therapeutics across the BBB to precise locations in the CNS. Novel drug-loaded 

nanoparticles have been employed to penetrate the BBB, for example, unique nanoparticles 

coated with specific proteins such as transferrin ([196], [197]), and polymers such as PLGA 

([198], [199]), have been synthesized especially for this purpose. However, many such 

nanoparticle formulations require complex chemical modifications to facilitate loading of 

drugs and targeting ligands, which may affect drug potency and its pharmacokinetics.  

Recently, a more robust approach has been developed with the use of MNPs for 

targeted delivery of therapeutics ([200], [201]). Lübbe pioneered the use of MNPs for 

delivering drugs in patients with advanced solid tumors. In a phase-1 clinical trials, 

epirubicin loaded MNPs were administered systemically and successfully directed to target 
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tumor tissues. However, organ toxicity was observed at higher administered doses [202]. 

The potency of utilizing MNP vehicles has also been recognized by industry. For example, 

Chemicell GmbH commercializes TargetMag-doxorubicin nanoparticles with a multidomain 

magnetite core and cross-linked starch matrix with terminal cations that can be reversibly 

exchanged with the positively charged chemotherapeutic - doxorubicin [158]. However, 

none of the current MNP formulations can successfully pinpoint large therapeutic 

molecules to precise locations in the CNS. Therefore, there is an urgent need for an 

innovative drug delivery method to confine high drug concentrations at specific target 

regions without dispersing them throughout the entire CNS.  

Intrathecal drug delivery is a drug administration technique that bypasses the BBB, 

and is indicated for conditions such as leptomeningeal metastases ([203], [204]), spasticity 

[205], pain management [206] and spinal anesthesia [207]. During intrathecal delivery, 

drugs are administered directly into the CSF contained in the SAS of the CNS. CSF flow 

pulsations induce micromixing of CSF and intrathecally injected therapeutics, leading to 

their rapid dispersion. Intrathecal administration circumvents the blood brain barrier, but 

once injected, drugs often disperse indiscriminately away from the target site. To maximize 

the therapeutic effect without excessive risk of toxicity in non-targeted zones, intrathecally 

injected drugs should be concentrated at specific target locations. For example, precise 

targeting of tumor-infiltrated spinal tissue with chemotherapeutic agents could 

significantly improve the prognosis of patients with intramedullary spinal cord tumors 

without harmful side effects to the spinal cord, brain or other vital organs ([22], [23]). The 

spread of cytotoxic drugs such as chemotherapeutics into non-targeted regions can cause 

considerable and often intolerable side effects. The lack of focused drug targeting in IT 
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administration is currently overcome by using very high drug doses to ensure therapeutic 

concentrations at target regions. Unfortunately, this method to ensure therapeutic effect 

also causes higher systemic concentrations and toxicity. 

Our group has specialized on magnetic guidance of MNPs in the CNS ([42], [43], 

[45]). To localize drug molecules in specific target sites within the CNS, we propose a novel 

magnetic nanoparticle-based delivery technique that we term Intrathecal Magnetic Drug 

Targeting. It combines traditional intrathecal drug administration with magnetic guidance 

of therapeutics to target tissues. In this technique, MNPs loaded with drug molecules are 

directly administered into the CSF and pinpointed at a desired target site using an external 

magnetic field. Drug-loaded MNPs are rapidly transported throughout the CNS via the 

pulsatile motion of the CSF while externally placed magnets confine them at specific sites. 

In our formulation, MNP cores are made of iron and iron-oxide, which are biocompatible 

and biodegradable. The iron ions are absorbed into the body’s iron stores during 

metabolism and are eventually used for hemoglobin synthesis [208]. Previous uses of 

MNPs deployed systemic distribution via the bloodstream and were therefore limited in 

crossing the BBB ([147], [157]). MNPs circulating in the bloodstream may also easily be 

sequestered in fenestrated capillaries of vital organs of the body; this undesirable diversion 

diminishes therapeutic efficacy at the target site in addition to causing systemic toxicity. 

The benefits of the proposed technique are illustrated in Figure 2. 

We have used Sprague Dawley rats to demonstrate that MNPs delivered 

intrathecally can be successfully targeted to specific locations in the spinal column via an 

external magnetic field.  
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Our group has previously presented in vitro experiments on maximizing collection 

efficiency of MNPs for IT MDT by testing different placement, field strength and orientation 

of external magnets (Chapter 2). For this purpose, we created a human surrogate spine 

model in which we reproduced natural CSF pulsations and performed IT injections with 

clinically-used catheters [42]. The optimal settings obtained from the in vitro experiments 

for magnet placement, field strength and injection dynamics were used for in vivo 

validation of IT-MDT in rats. In this paper, we use techniques such as MRI and 

histopathological analysis to demonstrate that MNPs injected into the intrathecal space are 

capable of precisely localizing at a specific spinal level via an external surface magnet. Our 

data demonstrates that we can effectively deliver a significant portion of the MNPs to any 

specific level of the spinal cord. In this chapter, we demonstrate that targeted delivery of 

nanoparticles to a spinal level is possible in an in vivo model.  

5.3. Materials and Methods 

5.3.1. Synthesis of Gold Coated Magnetite Nanoparticles (Fe3O4@Au nanoparticle) 

The drug delivery platform we used was gold coated magnetite nanoparticles which 

were synthesized by a simple co-precipitation technique as described in Mandal and 

colleagues  in 2005 [110]. Our group has also previously published our modified technique 

in Lueshen and colleagues (2014) [42], and a description has been provided in Appendix 

Section A. 

5.3.2. IT-MDT experiments in Sprague Dawley rats  

8-week old Sprague Dawley rats were used for the intrathecal MNP infusion 

experiments. All animal experiments were approved by the Animal Care and Use 

Committee at the UIC. Animals were anesthetized by inhalation of isoflurane. The surgical 
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table was equipped with stereotaxis equipment and a nose cone to allow for administration 

of gaseous isoflurane during surgery. Once anesthetized, the hair on the back of the animal 

was shaved using hair trimmers. A 30G needle was advanced between the L4 and L5 

vertebrae, and 20 L of 17 mg/mL solution of the MNPs was injected into the CSF of the 

spinal SAS. From the initial injection position, the needle is retracted slightly so that the 

MNP injection does not occur directly into the spinal tissue but within the CSF-filled spaces. 

The initial pial position from which we retract can be observed by the tail flick. After the IT 

injection, a small neodymium-iron-boron magnet (0.01 Tesla) was placed externally on the 

back of the rat in the mid-upper thoracic region (T9-T1). The target magnet served the 

purpose of arresting the MNPs at the desired spinal level and remained in position on the 

animal’s back for various time intervals – 1 hour, 3 hours and 6 hours. Rats were kept 

under the influence of anesthesia using a nose cone delivering isoflurane gas for the entire 

duration of the IT-MDT experiment. At the end of the experiment, the animals were 

euthanized via perfusion fixation (details given below). Animals were then imaged using a 

9.4 Tesla MR scanner available at the Nuclear Magnetic Resonance Laboratory at the UIC. 

After imaging, spinal cords of the animals were removed for histological analysis.  

5.3.3. Perfusion fixation of Sprague Dawley rats  

Anesthesia was administered via an intraperitoneal (IP) injection of ketamine 

(100 mg/kg) and xylazine (5 mg/kg). The depth of anesthesia after IP injection of 

ketamine/xylazine (0.2 mL/100 g body weight) was determined using the toe-pinch 

method. Animal was placed ventrodorsal in a shallow tray and its fur was swabbed with 

70% isopropanol. A skin incision was longitudinally from middle of the abdomen up to the 

throat. A 5-6 cm lateral incision was then made through the abdominal wall below the 
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ribcage. The lungs were carefully displaced, and a cut was made on both sides through the 

ribcage to the collarbone. The sternum was lifted, turned upwards towards the animal’s 

head and clamped with a hemostat to keep it in place. A blunt 18G needle connected to a 

perfusion apparatus was inserted into the left ventricle, and slowly pushed into the aorta. A 

large outlet was made by incision in the right atrium. The animal was first perfused with 

200 mL of phosphate buffered saline (pH 7.4, 37ºC) at a pressure of 80mmHg, after which 

400 mL of the fixative (4% paraformaldehyde solution) was perfused.  

5.3.4. MR imaging of the Sprague Dawley rats 

After euthanasia, the animals were immediately taken to the MR scanner for 

T2-weighted imaging to assess localization of MNPs in the rat intrathecal space. The 

parameters used for imaging were as follows: fast spin echo images were obtained with a 

time of echo (TE) of 102 milliseconds, a time of repetition of 5300 milliseconds, echo train 

length of 8, receiver bandwidth of 31.25 kHz, image field of view of 12 cm, slice thickness of 

5 mm, matrix size 512 by 512, and number of excitation of 2. An MRI fiducial was placed at 

the position of external magnet placement for imaging, as the magnet had to be removed 

before the animal could go into the MR scanner.  

5.3.5. Removal of spinal cord and histological analysis of spinal cord tissue 

The spinal cords were excised for histological analysis of the MNPs in the tissue. The 

rat spinal cord was removed using a whole-spine laminectomy. The lamina of every 

vertebra along the animal spine was removed using a sharp pair of scissors, after which the 

bone was thinned down until slight CSF leakage was observed. The dura was removed 

using tweezers, and the spine was gently extracted and fixed in paraffin. Regions of the 

spinal cord corresponding to the injection site, targeting magnet, cervical spine and brain 
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parenchyma were selected from which sequential tissue slices (axial sections of thickness = 

1mm) were obtained. The slices were stained using prussian blue solution (20% 

hydrochloric acid and 10% potassium ferrocyanide) for 20 minutes, after which they were 

washed 3 times using distilled water. The slices were then counter stained using 0.1% 

nuclear fast red solution for 5 minutes after which they were washed twice in distilled 

water. After staining, the slices were dehydrated, washed twice with alcohol, and placed in 

xylene. They were then mounted on a microscope slide in mounting medium dissolved in 

xylene, for imaging using a light microscope. A coverslip was placed on top of the slice on 

the microscope slide and evaporation of xylene around the edges of the coverslip dries up 

the mounting medium, bonding it firmly to the slide. 

5.3.6. Quantification of MNP localization and tissue penetration  

MNP distribution in spinal pia and parenchyma in various regions of the spinal cord 

were analyzed semi-quantitatively using ImageJ software (NIH). Prussian Blue stain 

delineated areas containing MNPs in the tissue slices, which were effectively measured 

using ImageJ software. 

5.4. Results 

5.4.1. Synthesis and Characterization  

The gold-coated magnetite nanoparticles were synthesized and characterized as 

mentioned in the Appendix Section A, as well as in previous chapters of this dissertation. 

5.4.2. MRI to confirm MNP localization in IT-MDT experiments 

We performed intrathecal injection of MNPs under magnetic guidance. MR Imaging 

was used to visualize MNP distribution in the CSF throughout the spinal cord. Because iron 

core enhance proton relaxation of specific tissues, regions covered by MNPs are visible in 
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MR images [74], [209]. Our iron oxide nanoparticles provide a negative contrast in 

T2-weighted images, decreasing MR signal intensity. They consequently produce 

hypointense signals, making the affected regions appear darker compared to rest of the 

image. Therefore, we could detect MNP accumulation at a specific spinal level within the 

intrathecal space.  

A total of 12 animals (N=12) were used for the MRI experiments. 3 animals served 

as control (intrathecal saline injection), 3 animals each were subjected to 1 hour, 3 hours 

and 6 hours of IT-MDT experiments. A T2-MR image of a control animal (Rat A) is shown 

for reference. MR images of Rat B-Rat D demonstrate MNP localization near the magnet as 

depicted in sagittal views in Figure 39a, and corresponding axial views in Figure 39b. As 

time progressed, MNPs accumulated in the target site. The amount and progression of the 

MNP accumulation was determined semi-quantitatively with image analysis. 

ImageJ software was used to measure pixel intensity in a region of interest (yellow 

ellipse). The hypointense signal in the target site, X, was compared to the area-integrated 

pixel intensity in the original control image, Y. MNP localization was quantified by using the 

following equation – 

MNP pixel intensity (%) =
𝑋 − 𝑌

𝑌
×  100 

where, X = Pixel intensity in target magnet region (1 hour, 3 hours, 6 hours after infusion) 

               Y = Pixel intensity at target magnet region in control image 

The MNP pixel intensity change after 1 hour, 3 hours and 6 hours is shown in the bar graph 

of Figure 39c.  
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5.4.3. Histological analysis of the rat spinal cord to confirm localization and 

penetration of MNPs in IT-MDT experiments 

We varied the time 

duration of placement of the 

external magnet on the back of 

the animal (1, 3 and 6 hours) 

before euthanasia, to observe 

any differences in the spinal 

tissue MNP uptake. 12 animals 

were used in total for these 

experiments - 3 animals were 

used as control (saline 

injection), and 3 animals each 

were used for 1 hour, 3 hours 

and 6 hours of IT-MDT 

experiments. As can be seen in 

Figure 40, localization of MNPs 

in our IT-MDT experiments can 

be visually observed in the 

spinal cords after they have 

been removed from the rats 

post-euthanasia. Sequential 

serial axial sections were 

 
Figure 40. Histological assessment of magnetically guided 
nanoparticle localization in two rat experiments after IT injection for 
6 hours. (top) Tissue sections were obtained from the injection site, 
thoracic spine (where target magnet was placed), cervical spine, and 
brain parenchyma. Prussian blue showed MNP localization in the 
thoracic target site. (bottom) Entire spinal cords excised after IT 
infusion with saline, and MNPs with and without magnetic guidance, 
show successful localization only when a magnet is used. IT infusion 
of MNPs under magnetic guidance localizes them at a desired site. 
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obtained at the sites of the targeting magnet (thoracic spine), cervical spine, brain tissue, 

and MNP injection site. The sections were then analyzed using histology to confirm 

localization and penetration of MNPs along the spine.  

To quantify the tissue MNP uptake, the prussian blue stained regions in the 

processed 2D tissue slices were quantified using ImageJ as mentioned in the methods 

section. This quantification helped differentiate between the distribution of MNPs in the 

spine pia and parenchyma at the injection and targeting sites of the spine (Figure 41c1 and 

 
Figure 41. Histological analysis of the spinal cord tissue to assess MNP penetration across the 
spinal pia and parenchyma (a) Prussian blue staining results of rat spinal cord tissue sections 
obtained from IT-MDT experiments (duration = 1h, 3h and 6h). The tissue slices were taken at the 
region corresponding to external magnetic field placement. Deeper MNP tissue penetration was 
achieved by prolonging magnet application. (b) Image showing how the pia and parenchyma were 
distinguished (red line) a spinal cord tissue slice. (c) ImageJ analysis quantifies MNP localization in 
the pia and parenchyma, and confirms almost three-fold increase in tissue uptake after 6h 
compared to 1h of magnet application. (c1) Tabulated ImageJ analysis indicating % of pixels in the 
image with MNPs (corresponding to Prussian blue stained regions) in the pia and parenchyma 
regions of the tissue slices at the index level (external magnet localization) in the 1,3 and 6h IT-
MDT experiments. (c2) ImageJ analysis indicating % of pixels in the image with MNPs (Prussian 
blue stained regions) in the pia region of the tissue slices from the MNP injection site in the 1,3 
and 6h IT-MDT experiments. At the injection site, our analysis consistently shows only small MNP 
amounts compared to the target site.  
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34c2). A relatively small amount of pial MNP uptake was observed at the injection site in all 

the IT-MDT experiments (Figure 41c2). Both pial and parenchymal penetration of MNPs 

was observed in tissue slices corresponding to the targeting magnet region, whereas only 

pia uptake was observed in the tissue slices corresponding to the injection site in all the 

IT-MDT experiments. No MNP uptake was observed in the spinal cord tissue sections 

proximal to the targeting magnet.  

 

 
Figure 42. MNP penetration was tracked along perivascular spaces with H&E staining (cell bodies 
pink, MNPs-dark blue). (a) The processed tissue slice shows presence of blood vessels in the 
regions of deeper MNP tissue penetration. View with magnification elucidates that the observed 
MNP penetration into the spinal tissue occurs along perivascular spaces of penetrating blood 
vessels.  Schematic-redrawn from the magnified image for clarity- traces conceptually the 
boundaries of the blood vessels and MNP perivascular colocalization (blood vessels are marked 
in red). (b)(c) Other tissue sections showing presence of blood vessels (marked in red) in the 
regions of MNP penetration. 
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Further histological analysis using Hematoxylin and Eosin (H&E) stain, along with 

Prussian blue staining, clearly indicated presence of blood vessels close to the region of 

deeper MNP penetration as shown in Figure 42. Eosin is a negatively-charged acidic dye, 

which stains basic (or acidophilic) structures – such as cytoplasmic proteins – red or pink. 

Hematoxylin is used to stain acidic (or basophilic) structures – such as the cell nucleus – a 

purplish blue. During the histological analysis of our spinal cord tissue sections, the H&E 

stain helped distinguish between endothelial cells (that contain a nucleus) and red blood 

cells (which do not contain a nucleus). The blood vessels in our tissue sections could be 

clearly identified - as the blood vessel wall contains endothelial cells, whereas the interior 

of the vessel contains red blood cells (Figure 42a).  

5.5. Discussion 

We propose a novel administration technique harnessing strong magnetic fields to 

precisely localize therapeutics at targeted regions in the spinal cord. The ability to localize 

therapeutics at target tissues without further distribution away from the target site make it 

an appealing technique for novel, site-specific targeted drug delivery for many neurological 

disorders. The proposed IT-MDT technique is a novel strategy with the following 

advantages: 

• The MNP drug conjugates do not have to traverse the BBB. 

• The MNPs can be administered in high doses directly into the CSF and localized in any 

focal region of interest by externally placed magnets. 

• Concentration of cytotoxic agents, such as chemotherapeutics, can be raised to 

effective levels in the CNS without systemic recirculation by conjugating them to an 
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MNP platform. This allows for high local chemotherapeutic dosages without significant 

dispersion into susceptible organs such as the heart or the kidney. 

• The MNP concentrated in focal regions are visible using MRI, so that the extent of the 

MNP distribution and accumulation can be assessed. 

Our laboratory has developed a superparamagnetic drug delivery platform, which 

can be used to steer pharmacologically active drugs to specific locations in the CNS. The 

gold-coated magnetite nanoparticle platform that we have developed has three carefully 

optimized properties for magnetic steering: (i) a superparamagnetic iron-oxide core for 

high magnetic susceptibility, (ii) a gold shell enabling conjugation of drug molecules via 

thiol bonding, and (iii) ability to track particle biodistribution in vivo. As mentioned in 

previous chapters, drug molecules can easily be loaded on the surface of the outer gold 

shell of our nanoparticles using thiol bonds or chemisorption. In our drug delivery 

platform, the active agents do not have to be chemically altered to cross the BBB.  

We have demonstrated that we can successfully guide and localize MNPs at a 

specific site along the spinal cord using an external magnetic field. Iron oxide nanoparticles 

are already Federal Drug Administration (FDA) -approved for clinical use as MRI tracers to 

identify CSF leakage through the dura or other injuries ([210], [211]). We therefore take 

advantage of our iron oxide nanoparticles for exploiting this property to track MNPs and 

measure their localization at the target magnet site. ImageJ was also used to semi 

quantitatively confirmed the MNP localization in our MR experiments. The analysis 

indicated an increase in MNP localization with increased duration of magnet placement.  

Our histology results confirmed our observations from the MRI experiments, showing 

effective localization of MNPs near the target tissue (thoracic region), and virtually no 
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particle dispersion beyond the magnet into the cervical spine and brain. Axial slices of the 

spinal cord stained using Prussian blue stain were analyzed with ImageJ software to 

quantify MNP uptake within the tissue (area covered by the MNPs compared to the area of 

whole tissue slice). ImageJ was used to delineate MNP distribution in specific regions of 

tissue - spinal pia and parenchyma. In our 3 and 6-hour IT-MDT experiments, MNPs 

crossed the pial layer and entered the spinal parenchyma at the site of magnet placement. 

Our preliminary histology results are not conclusive but indicate that longer application of 

an external magnetic field may produce deep tissue penetration as a large local 

concentration of MNPs enhance penetration into the spinal tissue when compared to dilute 

MNP solutions. Treatment of diseases such as intramedullary spinal cord tumors require 

parenchymal penetration of drug molecules, and our results are promising for developing 

treatments for such diseases. We have not performed any surface modification of our MNPs 

to enhance spinal tissue penetration. A future step could include adding a layer of 

poly(ethylene glycol) or PEG to the MNP surface to increase penetration of the drug vehicle 

into deeper tissue regions. PEGylation has shown to increase tissue penetration of 

nanoparticles in the CNS [212]. 

An interesting finding which was observed during histological analysis using H&E 

stains was the path taken by the MNPs to travel deeper into the tissue. We followed deep 

penetration paths and found that MNPs colocalized with perivascular spaces (Figure 42). 

Taken together, our preliminary results demonstrate that the MNPs can penetrate into the 

tissue by two routes, diffusion through the extracellular matrix, and preferred access 

through perivascular spaces of the penetrating arteries (Virchow Robinson spaces). The 

Nedergaard lab has also recently showed preferred transport of tracers via the 
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perivascular routes after cisternal injection [213]. Our results are encouraging because 

they demonstrate that our MNPs can penetrate the spinal parenchyma via an interstitial as 

well as a separate perivascular route for carrying drugs into spinal tissue. 
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6. CONCLUSIONS AND FUTURE WORK 

6.1. Summary 

 Delivering therapeutics to specific targeted sites in the CNS is currently a formidable 

challenge in the treatment of neurological disorders. This dissertation focused on a novel 

drug delivery technique called intrathecal magnetic drug targeting, or IT-MDT, which 

overcomes some of the severe limitations in current delivery techniques for the CNS. In 

brief, drug-loaded magnetic nanoparticles are administerd intrathecally into the CSF, and 

localized at specific CNS locations using an external magnetic field. In vitro bench-top and 

cell-based experiments, as well as in vivo experiments on rats were conducted to prove the 

feasibility of this technique. Computational simulations of permanent magnets were 

performed using COMSOL® and MATLAB® programs to assess the strength of magnetic 

field required at targeted regions of the CNS for adequate MNP collection to produce 

therapeutic efficacy. A mathematical model was developed to determine MNP accumulation 

at specific target sites in the CNS while under the influence of a magnetic field. The IT-MDT 

method was also improved by testing the use of magnetizable implants to build steeper 

magnetic gradients at target sites for increasing efficacy of the technique. 

 The overall goal of this research was to engineer a new treatment method for 

patients suffering from neurodegenerative disorders such as brain tumors, spasticity, 

chronic pain, and many others. In this final chapter, the significance and contributions of 

this IT-MDT research are outlined followed by a description of future work. 

6.2 Contributions of this dissertation 

Building off of the concept of magnetic drug targeting, the technique of IT-MDT was 

developed to maximize therapeutic effect of CNS drugs without causing systemic toxicity.  
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In vitro IT-MDT experiments. The in vitro work has been described in detail in the 

Appendix Section A. Superparamagnetic nanoparticles, composed of a magnetite core and a 

gold shell, were synthesized. An in vitro model was built which was anatomically and 

physiologically consistent with the human spine. IT-MDT expeiments were conducted on 

this bench-top model, in which parameters such as magnetic field strength, duration of 

magnetic field exposure, and distance between the target location and injection site, were 

varied. Simulations were performed to study magnetic fields produced by permanent 

magnets. Data from these experiments were used to optimize injection and targeting 

parameters, as well as for designing appropriate magnetic fields for use in IT-MDT 

experiments. Our experimental results showed that external magnets can guide and 

localize intrathecally injected drug-loaded MNPs to specific diseased sites within the CSF 

space throughout the CNS, while achieving large MNP collection efficiencies at target sites. 

The data implied that very high drug concentration levels can be achieved at any specific 

location, which is almost nine-times the therapeutic levels obtained in compared to regular 

intrathecal administration. Using magnetizable implants, further produces a 20% increase 

in collection efficiency of MNPs at specific sites.   

Quantum dot loaded MNPs as a drug deivery vehicle for IT-MDT. Fluorescent 

QD-loaded MNPs were synthesized using thiol-gold chemistry. The gold shell of the 

superparamagnetic nanoparticles is an extremely useful platform for loading drugs 

containing a free sulfur group, due to the matural attraction of the sulfur atoms and gold 

surfaces. Utilizing this unique property, mercaptopropionic acid-coated CdTe QDs were 

loaded on the surface of our gold-coated superparamagnetic nanoparticles. The 

development of these nanocomposites served two purposes– (1) It resulted in a drug 
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delivery platform for MDT, especially for drugs containing a sulfur bond and (2) It was used 

for proving the feasibility of the IT-MDT technique in an in vivo model, for which these 

nanocomposites were intrathecally injected into the CSF space of a rat, and targeted to 

specific locations in the CNS using an external magnet. Fluorescence molecular tomography 

(IVIS® imaging) was the main techique used for the real-time visualization of the 

movement of these nanocomposites.   

 DOX-loaded MNP vehicle for tumor treatment. The tumor drug doxorubicin 

(commercially known as Adriamycin®) was loaded on the surface of the MNPs using a 

biocompatible polymer gellan gum to develop a nanoparticle for IT-MDT based treatment 

of tumors in the CNS. As these nanoparticles will be used for IT-MDT, the influence of 

magnetic fields on the cellular uptake of MNPs was also determined. Confocal microscopy, 

flow cytometry and MTT assays were used to confirm that the magnetic fields enhanced the 

tumor cell uptake of these nanoparticles by about 6-18%, depending on the field strength 

of the magnet used and time of magnet application. Therefore, magnetic fields used for 

IT-MDT treatment of neurological disorders would not only localize the drug-loaded MNPs 

to a taget site resulting in higher theapeutic concentrations and lower administered 

dosages, but would also have an added advantage of increased cellular uptake which, in 

turn, enhances the drug uptake by the diseased cells. 

In vivo studies using MRI and histology for assessing tissue uptake of MNPs 

during IT-MDT. Although our fluorescence molecular tomography studies using 

QD-nanocomposites indicated that external magnetic fields were successful in targeting 

MNPs at specific sites in the CNS after intrathecal administration, it was essential to 

confirm tissue uptake of MNPs after localization. MRI and histology provided 
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semi-quantitative and quantitative analysis of the MNP localization and tissue uptake 

respectively. Analysis of both MRI and histology experiments confirmed the results 

obtained in the in vitro experiments which indicated that increasing duration of magnet 

application increased MNP localization. Semi-quantitative analysis using MRI indicated that 

a 10% increase in collection efficiency of MNPs was achieved when the time of magnet 

application was increased from 3 hours to 6 hours. Quantitative analysis of stained spinal 

cord tissue slices using Image J software at the target site of MNP localization showed a 

3.13% increase in tissue uptake from 3 hours to 6 hours of magnet field placement. The 

difference in results between MRI and histology experiments is due to the fact that 

histology is a far more accurate technique for quantitative analysis, when compared to MRI. 

It also refers to the actual tissue uptake rather than the MNP collection at the site. The two 

major routes of transport of MNPs in the spinal tissue were also established, which were 

via extracellular spaces and perivascular spaces surrounding major arteries in the spinal 

cord tissue.  

Computational modeling of magnetic fields generated from permanent magnets 

and development of a mathematical model for accumulation of MNPs during IT-MDT. 

In this chapter, the theory behind generation of magnetic fields from both electric fields 

and permanent magnets was explained, and related equations were described in detail. 

Based on the equations, MATLAB program codes were written to generate magnetic fields 

in both 2D and 3D spaces. These codes can be included as user-defined functions in 

computational fluid dynamics software such as ANSYS fluent for simulating MNP collection 

in the CNS due to external magnets. A mathematical model for predicting collection of 

MNPs under the influence of pulsating CSF and external magnetic fields was also provided.  
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6.3 Future work 

 The feasibility and efficacy of IT-MDT has been proven using both in vitro and in vivo 

experiments. The positive effect of magetic fields on the cellular uptake of the MNPs was 

also demonstrated. A tumor drug (doxorubicin) loaded MNP was also  synthesized and its 

effectiveness was tested on cancer (glioma) cells. A next step would be to generate a spinal 

cord tumor model in an animal (rat or rabbit) and use the doxorubicin loaded MNPs for its 

IT-MDT-based treatment, showing a clear improvement in life expectancy and quality of 

life when compared to regular systemic or intrathecal administration of doxorubicin. For 

computational purposes, the MATLAB code in this dissertation needs to be incorporated 

into a CFD software for accurate simulation of IT-MDT in the human CNS. A 3D mesh of the 

human CSF space comprising of 0.5 million elements has already been generated by the 

Linninger Research group, which can be used for this purpose. 
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APPENDIX A- INTRATHECAL MAGNETIC DRUG TARGETING USING GOLD COATED 
MAGNETITE NANOPARTICLES IN A HUMAN SPINE MODEL 

 
(Previously published as Lueshen, E., Venugopal, I., Kanikunnel, J., Soni, T., Alaraj, A., and 

Linninger, A.  (2014) Intrathecal magnetic drug targeting using gold-coated magnetite 

nanoparticles in a human spine model, Nanomedicine 9(8), 1155-1169.) 

A.1. Summary 

To test the feasibility of the proposed intrathecal magnetic drug targeting 

technique, our lab developed a physiologically and anatomically consistent in vitro 

human spine model. Gold-coated magnetite nanoparticles are infused into the model and 

targeted to specific regions using external magnetic fields. Experiments and simulations 

aiming to determine the effect of key parameters such as magnet strength, duration of 

magnetic field exposure, magnet location, and ferrous implants on the collection 

efficiency of superparamagnetic nanoparticles in targeted regions were performed. The 

experimental results aid in understanding nanoparticle distribution and retention in 

different intrathecal regions guided by magnetic fields. Our experiments indicate that 

IT-MDT is a promising technique for concentrating and localizing drugs at targeted sites 

within the spinal canal for treating diseases affecting the CNS. 

A.2. Introduction 

Intrathecal drug delivery is a standard technique involving direct injection of drugs 

into the CSF surrounding the brain and the spinal cord. It has been a standard treatment for 

different CNS disorders such as leptomeningeal metastases ([203], [204], [214]) and 

spasticity [215], and has been widely used for pain management [206] and in spinal 

anesthesia ([207], [216]). Recent attempts even aim at using intrathecally delivered siRNA 
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to treat diseases of the CNS ([83], [217]). Once injected, the drugs are rapidly dispersed 

within the spinal canal by both molecular diffusion and by pulsatile motion of CSF [83].  

To maximize the therapeutic effect without excessive risk of toxicity in non-targeted 

zones, the intrathecally injected drugs should be concentrated at specific locations within 

the spinal canal. For example, in pain management therapies morphine needs to reach 

specific receptor sites located on the dorsal horns of the spinal cord to elicit an analgesic 

effect ([215], [218], [219]). In the case of IT morphine administration, the drug molecules 

need to transport across the pia mater and then diffuse through spinal cord tissue to reach 

the dorsal horns. Intrathecally administered therapeutics for chemotherapy also have small 

local targets in which similar transport processes are necessary to cross the ependymal 

surfaces in the spinal canal and then diffuse to the desired site of action. Such issues are 

currently overcome by using high drug doses so that the required concentration reaches 

the target region to aid diffusion into the spinal cord and produce a therapeutic effect. Due 

to CSF pulsations, as well as the presence of nerve roots and trabeculae which enhance 

mixing, these high drug concentrations are rapidly spread throughout the entire CNS. At 

this point, there is no way to deliver the drug locally, where it is needed in high 

concentrations, without having large amounts of drug spread throughout the entire brain 

and spinal canal, which may cause side effects. 

We have recently shown that pulsatile CSF motion causes intense mixing of 

intrathecally delivered drugs [83]. Even though CSF flow within the spinal canal has a small 

Reynolds number, there is still vivid fluid exchange because the fluid laminae are 

intertwined due to CSF pulsations. In this chapter, we present a novel approach of using 

magnetically guided nanoparticles, which are capable of being functionalized with different 
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types of drugs, for localizing and concentrating the particles at specific locations in an in 

vitro model of the human spine. Our results indicate that superparamagnetic gold coated 

magnetite nanoparticles can be preferentially confined within an area of interest by 

guiding the particles with an external magnetic field. We have also provided computational 

results which aided in determining the optimal magnetic field for efficient IT-MDT. If this 

novel technique can be successfully utilized with the required drug conjugated to the 

nanoparticles, the drugs can be locally delivered within the spinal canal at high 

concentrations, minimizing unwanted side effects of the drug away from the target region.  

Our approach builds on the methods of magnetic drug targeting. MDT is a type of 

active drug targeting method in which drug-functionalized MNPs are injected into the body 

and then localized to the target region by use of an external magnetic field. The drug will 

then desorb from the MNPs and begin its therapeutic mechanism of action. The most 

notable benefits of MDT reside in local drug action and minimization of systemic side 

effects. Until now, MDT methods have been mainly used to target drugs delivered 

systemically through blood vessels and have shown great promise ([21], [220], [221]). The 

novelty of our approach lies in applying the methods of MDT within the CSF filled spinal 

canal, not in blood vessels, to achieve a localized therapeutic effect using much smaller 

drug doses and reducing systemic toxicity for novel treatments of CNS diseases. 

This chapter is organized as follows. Nanoparticle synthesis is presented first, 

followed by a description of our in vitro human spine model and experimental setup. 

Computer simulations to determine the optimal magnetic field for IT-MDT are then 

discussed, as well as a description of our experimental procedure used to measure the MNP 

collection efficiency. The results section presents the MNP characterization and the 
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outcomes from our three different sets of experiments which were performed to determine 

MNP collection efficiency within each spinal zone as a function of either the strength of the 

applied external magnet, the duration of magnetic field exposure, or the distance between 

the target location and the site of nanoparticle injection. Preliminary results from 

experiments in which the targeting magnet was placed at a physiological distance away 

from the spinal canal on top of the epidermis, as well as some implant assisted IT-MDT 

experiments, are also presented. The chapter closes with a discussion of our experimental 

results and conclusions. 

A.3. Materials and Methods  

In all our experiments, we used externally placed permanent magnets to target 

superparamagnetic gold coated magnetite nanoparticles at specific locations within an in 

vitro model of the human spine. The main aim of these experiments was to systematically 

study the spatial distribution of the MNPs in the presence of static magnetic fields within 

the intrathecal space, and to investigate the possibility of localizing and concentrating the 

nanoparticles at different regions within the human spine model. In this section, we explain 

(i) the materials and methods used for nanoparticle synthesis, (ii) our in vitro human spine 

model, (iii) the simulations used to determine optimal magnetic fields, and (iv) our 

experimental procedure to determine MNP collection efficiency. 

A.3.1. Synthesis of Gold Coated Magnetite Nanoparticles (Fe3O4@Au MNPs) 

The nanoparticles utilized for all our experiments had a magnetite core with 

diameter varying between 8-12 nm as shown in Figure 43A. Magnetite cores within this 

diameter range are beneficial because they display the property of superparamagnetism, 

which means they exhibit net magnetization only in the presence of an external magnetic 
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field. Superparamagnetism allows MNPs to transport freely throughout the spine model 

until they are in the presence of the externally applied magnetic field, which then acts to 

trap the MNPs at that defined location. Once the applied magnetic field is removed, these 

superparamagnetic nanoparticles lose their previously induced magnetization and 

re-disperse in the fluid. The nanoparticle cores were synthesized by a coprecipitation 

technique, described in Mandal and colleagues (2005) and various other articles, using 

ferrous and ferric salts to form magnetite [222]. These superparamagnetic magnetite cores 

were then coated by a gold layer of thickness varying between 8-15 nm by a surface 

adsorption technique. The overall hydrodynamic diameter of the particles was found to be 

between 20-25 nm as shown in Figure 43B. The gold coating on the magnetite served two 

purposes. (i) It prevented oxidation of the magnetite core into maghemite by forming an 

inert biocompatible protective coating. (ii) It also forms an excellent platform for 

conjugating drugs to the nanoparticle surface since gold has a natural affinity for thiol 

bonds [223]. These particles were suspended in a TX-100 surfactant solution to introduce 

micelles and help prevent agglomeration. The nanoparticles were characterized by using 

transmission electron microscopy (TEM), energy dispersive x-ray spectroscopy (EDS) and 

superconducting quantum interference device (SQUID) magnetometry.  

A.3.2. In Vitro Human Spine Model 

An in vitro model of the human spine was built to conduct MDT experiments to help 

determine the feasibility of IT-MDT. It was important that the model possessed 

physiologically and anatomically consistent dimensions to conserve the main 

hydrodynamic properties of CSF which are crucial to intrathecal drug delivery in humans. 
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These essential components include the spinal canal, spinal cord, nerve roots, filum 

terminale, as well as the ability of the CSF to pulsate.  

 

The model, as shown in Figure 44, consisted of a cylindrical polystyrene tube (49 cm 

length; 1.52 cm inner diameter) which represented the spinal canal and a cylindrical 

section of pressure-treated hard wood at the center of the tube which served as a surrogate 

for the spinal cord. Black rubber pieces (2 mm in diameter) were used to represent spinal 

nerve roots located above the cauda equina which are important in enhancing the mixing of 

intrathecally injected nanoparticles [224]. A latex deformable membrane was tightly fixed 

to the mouth of the distal neck and served as the filum terminale which expands and 

 
Figure 43. (A) Schematic of Fe3O4@Au nanoparticle (B) TEM image of nanoparticles showing 
hydrodynamic diameter to be between 20-25 nm (C) TEM image showing a partially gold coated 
Fe3O4 core which confirms the core diameter to be around 8-12 nm (D) The energy density 
spectrum of Fe3O4@Au nanoparticles determined using EDS indicates the presence of elements 
Au, Fe and O. 
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contracts during the pulsatile motion of fluid inside the model. The void volume, which 

served as the subarachnoid space (SAS), was filled with artificial CSF.  

 
Figure 44. Schematic of entire experimental setup with the in vitro human spine model which 
clearly shows the three different zones (injection, targeting, and barrier zones). 

 

IT drug distribution varies depending on different patient specific parameters such 

as the frequency and magnitude of CSF pulsations, the velocity and stroke volume of CSF, 

and heart rate [225]. Previous research has shown CSF flow velocities varying from 

0.3-5.1 cm/s and CSF stroke volumes varying from 0.1-3.0 mL/s depending on a patient’s 

health, spinal anatomy, heart rate, and blood pressure ([116], [226]). In our experiments a 

CSF velocity of 1.5 cm/s and a stroke volume of 2 mL were imposed, which are within the 

ranges cited previously. To produce pulsatile fluid motion equal in amplitude and 

frequency to that of a typical resting human’s CSF pulsations, the proximal end of the model 

was connected to a peristaltic pump and two of the three metal cylinders that drive the 

pump were removed. This created a ramping pulse function. Since CSF pulsates at a 

frequency of the heart beat [227], the pump was set at 72 beats per minute (bpm) which, 

according to the American Heart Association, is within the 60-80 bpm range of normal 

resting heart rate in humans. The inclusion of pulsatile fluid motion and spinal nerve roots 

in our model was important because of the large effects these two parameters have on CSF 

fluid mechanics as seen in vivo. 
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For controlled nanoparticle injection into the model, a programmable syringe pump 

was used. The BD 15 mL syringe was connected to the model via a plastic catheter which 

allowed for controlled infusion of nanoparticles into the spinal canal. Nanoparticle 

injections always occurred in the lumbar region of our model. 

Nanoparticles were targeted to a specific site in the spine model by using an 

external magnetic field (targeting magnet) placed exactly below the region of interest. This 

field was produced in our system by using Neodynium-Iron-Boron (NdFeB) rare earth 

magnets (K&J Magnetics, Inc.) of various dimensions, lbs pull force values, and surface field 

strengths – 0.396 T (3960 gauss), 0.507 T (5070 gauss), 0.528 T (5280 gauss) and 1.05 T 

(10,500 gauss). As depicted in Figure 44, magnetic fields were applied along the spinal 

canal at two specific locations: target site (middle of apparatus) and barrier site (right end 

of apparatus). The target site was located at the treatment area where nanoparticles should 

by concentrated. The barrier site magnet was placed to prevent the small fraction of 

nanoparticles escaping the target site from exiting the model. Ball valves were used to 

separate the spine model and its contained fluid into three different zones: injection, 

targeting, and barrier zones (Figure 44). To determine the mass fraction of nanoparticles 

retained by the magnet within the target region and the remaining nanoparticles in the 

other two zones, the ball valves were closed and the fluid contained within each zone was 

eluted through individual draining valves, dried, and weighed. 

A.3.3. Multiphysics Simulation-Based Determination of Optimum Magnetic Field  

COMSOL 4.2a, an engineering, design, and finite element analysis software 

environment for the modeling and simulation of any physics-based system, was used to 

study the magnetic fields produced by different permanent magnets and to design 
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appropriate fields with these magnets for use in our experiments. Figure 45 and 46 display 

the magnetic fields produced by the simulations, which match the fields produced by the 

magnets used for the in vitro IT-MDT experiments. Specifically, Figure 45A shows the 

magnetic field lines of our in vitro spine model with the exact magnets used experimentally, 

while Figure 45B displays the magnetic field lines when both the targeting and barrier 

magnets have the same dimensions and strength. Figure 46 shows the magnetic fields 

present around both the targeting magnet and barrier magnet in our model. From the 

inserts displayed in Figure 46, one can see that the strength of the magnetic field in the 

CSF‐filled SAS opposite the targeting magnet is in the range of 0.051‐0.098 T, while the 

strength of B‐field in the SAS opposite the barrier magnet is in the range of 0.092‐0.167 T. 

Both magnetic field strength ranges were shown to be strong enough to capture MNPs 

while overcoming the pulsatile motion and mixing of the CSF.  

A.3.4. Experimental Procedure to Determine MNP Collection Efficiency 

All experiments were conducted by injecting 1 mL of 0.017 g/mL Fe3O4@Au 

nanoparticle solution into the in vitro human spine model in the lumbar region using a 

programmable syringe pump over 1 minute. The surface field strength of the barrier 

magnet used was 1.05 T. The strength of the target magnet varied depending on the 

experiment under consideration. Once the experiments were completed, each 

compartment — corresponding to a particular zone — was rinsed separately and 

magnetically decanted. The solutions collected were placed in a convection oven and 

heated for 1 hour at (175°C) until completely dry to determine the dry weight of these 

fractions. The fraction of nanoparticles collected within each zone was used to determine 

the overall collection efficiency (CE) of each experiment trial.  
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Three sets of experiments were 

performed to determine the 

nanoparticle CE in each zone 

depending on either the strength 

of the applied external magnet, 

time duration of magnetic field 

exposure, or distance between 

target location and site of 

nanoparticle solution injection. 

Additional preliminary 

experiments to determine the 

effect of a 4 cm physiological distance between the spinal canal and the magnet located on 

the skin surface, as well as the effect of ferrous implants, on the nanoparticle CE were also 

performed. 

 

Figure 45. Magnetic field lines produced by (A) in vitro human spine model with the 0.528 T 
targeting magnet and the 1.05 T barrier magnet and by (B) spine model in which both magnets 
are of 1.05 T surface field strength. 

 

Figure 46. Magnetic field produced by targeting magnet 
and barrier magnet (shown in xz-plane).  Subarachnoid 
space opposite the targeting magnet experiences a 
magnetic field in the range of 0.051-0.098 T , while the 
subarachnoid space opposite the barrier magnet 

experiences a B field in the range of 0.092-0.167 T.  
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A.4. RESULTS  

A.4.1. Nanoparticle Characterization 

 The nanoparticles were characterized by TEM and EDS at the University of Illinois at 

Chicago (UIC) Research Resources Center, as well as by SQUID magnetometry at 

Northwestern University. The TEM images confirmed the size of both our magnetite core to 

be about 8-12 nm and the entire gold-coated magnetite nanoparticle to be between 

20-25 nm. These TEM results, along  

with the SQUID 

magnetometer results 

shown in Figure 7, 

confirmed that our 

nanoparticles were 

superparamagnetic which 

helped prevent 

agglomeration in the 

absence of an external 

magnetic field. From the plot 

of magnetization vs. applied 

magnetic field  

 (M-H loop) at 265 K (Figure 47), the saturation magnetization (Ms), remnant 

magnetization (Mr), and coercivity (Hc) were determined for our Fe3O4@Au nanoparticles 

to be as follows: Ms = 29.5 emu/g; Mr = 0.52 emu/g; Hc = 21.1 Oe at 265 K. The EDS results 

indicated the presence of gold (Au), iron (Fe) and oxygen (O) in our nanoparticle sample. 

 
Figure 47. Plot of magnetization vs. magnetic field, obtained by 
SQUID magnetometry, for the Fe3O4@Au magnetic nanoparticles 
used in our in vitro intrathecal magnetic drug targeting 
experiments. 
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Disregarding the other elements present from in EDS sample grid (C and Cu), we validated 

the presence of both Au and Fe3O4 in our nanoparticle samples. 

A.4.2.  Collection Efficiency as a Function of Magnet Strength  

To prove the hypothesis that stronger magnets achieve more efficient MNP 

retention, we performed experiments in which the magnet strength in the targeting zone 

was varied. Based on the results from our simulations of magnetic field gradients and field 

strengths produced by magnets of differing size and composition, NdFeB magnets with 

surface field strengths of 0.396 T, 0.507 T, and 0.528 T were selected for use in the 

targeting zone. These magnets were shown to have magnetic field gradients and strengths 

within the SAS of our human spine model capable of confining the bulk of the nanoparticle 

transport within the target region. Experimental run times (duration for which the 

pulsations were produced after injection) remained fixed at 15 minutes for all the trials. 

Two different 0.528 T surface field strength magnets, but with differing pull force strengths 

(35 lb pull force and 1045 lb pull force), were tested as well. 

MNP CE within the targeting zone increased as the surface field strength and lb pull 

force strength of the magnet increased, while the MNP retention simultaneously decreased 

in both the injection and barrier zones, as can be seen in Figure 48. Percentage retentions 

of 48%, 62%, 73%, and 98% were observed for the surface magnetic field strengths of 

0.396 T, 0.507 T, 0.528 T (35 lb pull force), and 0.528 T (1045 lb pull force) respectively. 

Note that stronger lbs pull force magnet out of the two 0.528 T surface field strength 

magnets was able to capture nearly all of the MNPs and showed a 98% CE. Statistical 

analysis revealed significant differences between the nanoparticle collection efficiencies 

obtained when any of the different magnet strengths were applied; all p-values were much  
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smaller than the 

0.05 significance 

level. These MNP 

CEs within the 

targeting zone 

when a magnetic 

field was applied 

were greater than 

the average CE in 

the targeting zone 

of control 

experiments in 

which no 

magnetic field was applied. For example, the 35 lb pull force, 0.528 T surface field strength 

magnet exhibited a 664% increase in nanoparticle CE within the targeting zone as 

compared to the control, and the 1045 lb pull force, 0.528 T surface field strength magnet 

exhibited an astonishing 891% increase in CE. 

The CE vs. magnet strength experiments showed that the nanoparticle CE depended 

on magnitude of the applied external magnetic field, as well as the pull force strength of the 

magnet, within the targeting zone of the spine model. Although the strongest magnet with 

1045 lb pull force strength gave the highest nanoparticle CE of 98% within the targeting 

zone (Figure 48), its bulky size (4” x 2”) may be a disadvantage in future clinical trials. 

Therefore, the much smaller 35 lb pull force magnet (3/4” x 1/2”) was selected as our 

 
Figure 48. Graph showing the nanoparticle collection efficiency (CE) as a 
function of magnet strength at the targeting zone. Error bars represent the 
standard deviation in nanoparticle CE within each zone for the different 
experiments. With magnetic targeting, the nanoparticle CE increased 
almost 9-fold when compared to the control experiments. 
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target magnet of choice for the remainder of our experiments in which magnet placement 

was within the epidural space of our model. In future clinical trials of IT-MDT, magnets 

with different strength, size, and shape may be optimized to fit the needs of patients or the 

disease being treated.  

A.4.3. Collection Efficiency as a Function of Time 

The variation in MNP CE with time at a specific target site within the in vitro human 

spine model was investigated. In these experiments a target magnet of 0.528 T surface field 

strength and 35 lb pull force strength was used within the targeting zone and experimental 

times were varied before MNP collection from each zone. Different trials were run for each 

of these experimental times:  0.5 min, 1 min, 2 min, 5 min, 10 min, 15 min, and 60 min.  

The time dependent variations in nanoparticle CE are shown in Figure 49. During 

the first five minutes of each experiment, a significant portion of the nanoparticles still 

resided in the injection zone. As each experiment progressed, the nanoparticle recovery 

from the targeting zone increased due to the transport of nanoparticles into this zone by 

the pulsatile CSF fluid flow and their subsequent capture by the magnetic field.  

It was observed that the CE in the targeting zone increased significantly during the first 

15 minutes of these experiments, reaching 73.0% CE. After 15 minutes, MNP capture in the 

targeting zone was practically completed with a mean CE of 74.1% at 60 minutes 

(p-value = 0.4085). No significant change in the magnetic retention value was observed 

beyond 60 minutes. The CE vs. time experiments showed that the nanoparticle collection 

efficiency at the target site in the spine model increased with time and reached a final 

steady value around 74%. 
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Figure 49. Graph showing the nanoparticle collection efficiency (CE) as a 
function of time. Error bars represent the standard deviation in nanoparticle 
CE within each zone at the different measurement times. As CE within the 
targeting zone increases, CE within both the injection and barrier zones 
simultaneously decrease. 

 

A.4.4. Collection Efficiency as a Function of Magnet Location along Spine Model 

To test whether any desired region could be effectively targeted with high 

nanoparticle CE, we performed experiments in which we varied the location of the applied 

external magnetic field along the spine model. In other words, we varied the physical 

location of the target zone. While it was expected that only the hydrodynamic drag force 

and the magnetic force affect nanoparticle collection, it was essential to prove that 

targeting was possible in any zone with the same level of efficiency for the same magnet. 

These experiments were also important to demonstrate that surface effects or surface 

friction from the model acting on the nanoparticles did not significantly impact 
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nanoparticle collection and that gravity effects could be assumed negligible. A target 

magnet with 0.528 T surface field strength and 35 lb pull force was placed in the injection  

zone (at 3.0 cm from the injection site), targeting zone (at 16.0 cm from the injection 

site) and barrier zone (at 26.0 cm from the injection site) during three separate sets of 

experiments and experimental run time was maintained at 15 minutes.  

In these experiments, maximum retention values between 73% and 75% were 

observed at each targeting location within the three different zones. High collection 

efficiencies were achieved for nanoparticle localization in the lumbar region (“injection 

zone”) with 75% CE, 

thoracic region 

(“targeting zone”) 

with 73% CE, as well 

as the cervical region 

(“barrier zone”) with 

74% CE. It is 

important to note that 

the maximum 

retention at every 

zone had little 

variance (73% - 75%) 

as shown in Figure 50. 

Statistical analysis 

revealed no significant differences between the MNP collection efficiencies obtained at any 

 
Figure 50. Graph showing the variation of nanoparticle collection efficiency 
(CE) at different target zones in the in vitro human spine model as a 
function of the distance of the targeting magnetic field from the injection 
site. No matter which zone was chosen as the treatment site where the 
magnet was to be placed (region targeted; displayed in red), CE reached 
between 73% - 75%. Green and blue colored bars correspond to the 
non-targeted regions. Note, the different patterns correspond to the three 
zones; diagonal brick pattern = “injection zone”; square 
pattern = “targeting zone”; horizontal wave pattern = “barrier zone”. 



 133 

of the target magnet locations along the spine model: 3 cm vs. 16 cm (p = 0.3429), 16 cm vs. 

26 cm (p-value = 0.4128), and 3 cm vs. 26 cm (p = 0.6985). 

The CE vs. distance of targeting magnet field from injection site experiments showed 

that the position of the applied magnetic field always yielded high nanoparticle retention 

irrespective of its distance from the injection site. To determine if the MNPs leaving the 

spine model from the barrier zone due to pulsations was significant, Prussian blue staining 

(used for indicating the presence of iron) was performed on the solution leaving the model. 

The test showed that MNPs that escaped the magnetic barrier was negligible. 

A.4.5. Magnetic Guidance at Physiological Distance & Implant-Assisted Guidance 

The previous experiments used permanent magnets placed in the epidural space of 

the in vitro human spine model. To test whether effective IT-MDT could be achieved at 

physiological distances, meaning the distance between spinal canal and the epidermis (as 

shown in Figure 51A), we conducted additional experiments with a 4 cm void space 

between the targeting magnet and the in vitro human spine model. This distance is 

equivalent to placing magnets non-invasively on the surface of a patient’s back when 

performing IT-MDT clinically. Two different sets of experiments were conducted; one set 

with only the 4 cm physiological separation; the other set with the 4 cm separation and 

inclusion of two ferrous implants within the epidural space of the model. Both sets of 

experiments used 0.528 T surface field strength, 1045 lb pull force strength magnet in 

order to achieve a strong magnetic field at a physiological distance from the magnet. 

In the first set of experiments with only 4 cm physiological separation, an average 

nanoparticle CE of 52% was obtained within the targeting zone during both 15- and 

60-minute trials. These results are a 473% increase (nearly 5-fold increase) in MNP 
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collection efficiency when compared to the control where no magnetic field was applied. 

The magnetic field simulations indicated that the field within the spinal canal dropped to a 

range of 0.116-0.160 T (Figure 51C) from the previous range of 0.068-0.332 T (Figure 51B) 

obtained during experiments in which the smaller 0.528 T surface field strength, 35 lb pull 

force strength magnet was placed within the epidural space of the spine model. Along with 

this reduction in field strength, simulations also showed that the magnetic field within the 

spinal canal had smaller gradients when the magnet was placed at a 4 cm physiological 

distance away from the model compared to when the targeting magnet was placed within 

the epidural space. This computed drop in magnetic field strength and magnetic field 

gradient is consistent with the experimental results of a 52% MNP CE compared to the 

73% CE obtained in previous experiments with magnet placement within the epidural 

space. 

In the second set of experiments, two cylindrical ferrous implants (1/8” diameter x 

3” length) were placed within the epidural space of the model, one dorsal implant and one 

ventral implant, while maintaining the magnet placement at a physiological 4 cm distance. 

This preliminary test mimics the effect of implant-assisted MDT, which aims to create a 

high gradient magnetic field to obtain larger nanoparticle retention values. 

The results from these implant-assisted IT-MDT experiments showed an average 

nanoparticle CE of around 76% within the targeting zone during both 15- and 60-minute 

experiments. The implant-assisted IT-MDT results produced a 146% increase in MNP CE 

over the IT-MDT experiments which only had the physiological separation and no implant; 

a highly efficient 691% increase over the control experiments. 
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Figure 51 (A) Patient MRI showing the 4 cm physiological distance between intrathecal space 

and epidermis (B) Simulated magnetic field B  produced by the 0.528 T surface field, 1045 lb 
pull force strength magnet placed at a 4 cm distance away from the spinal canal; magnetic 

field within the spinal canal is within a 0.116-0.160 T range (C) Simulated B  field when two 
ferrous implants were placed within epidural space; high gradient magnetic field created 
within the spinal canal is within a 0.067-0.626 T range. 

 

As shown in Figure 51C, the ferrous implants concentrated the magnetic flux density 

( B  field) around the spinal canal, which created a high gradient field (0.067-0.626 T) 

within the SAS. Due to the high gradient field, large nanoparticle collection efficiencies 

were obtained, like those obtained when 35 lb pull force targeting magnet was placed 

within the epidural space and no implants were present. 

A.5. Discussion 

Our experiments confirm that IT-MDT can be controlled using three critical 

parameters: targeting magnet strength, magnet placement along the spinal canal, and 
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magnetic field gradient. The experiments with varying targeting magnet strength showed 

that an increase in the surface field enhanced MNP retention within the targeting zone with 

collection efficiencies up to 9-times greater than control. During these experiments, we 

observed that the MNPs preferentially collected towards the edges of the magnet surface 

(regions with largest field gradients). This preference emphasizes the importance of 

generating high gradient magnetic fields in MDT applications ([228], [229]). Our 

implant-assisted IT-MDT experiments confirm that a high gradient magnetic field is 

desirable within the targeting region to achieve the highest concentration of 

drug-functionalized MNPs.  

When the targeting magnet location was varied along the in vitro spine model, 

position of the applied magnetic field always yielded high MNP retention regardless of its 

distance from the injection site. Therefore, very high MNP concentrations can be attained at 

any desired targeting location within the spinal canal. This is a significant point to consider 

when developing personalized treatment therapies for future patients. Our CE vs. time 

experiments established that MNP targeting and settlement reached final values within 15 

minutes when experiments were conducted using the spinal canal dimensions and CSF 

pulsation parameters. For different dimensions and pulsation parameters, the duration of 

magnetic targeting and nanoparticle settlement is expected to vary. Our recent studies 

quantify how the frequency and magnitude of a patient’s CSF pulsations influence 

intrathecal drug distribution [225]. Accordingly, slight deviations from the suggested 15 

minute MNP targeting and settlement time can be expected for different parameters. 

However, the relatively short duration of magnetic targeting may be advantageous for 

future clinical applications of IT-MDT.  
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Also, another result crucial for developing personalized therapies is that high CE can 

be achieved when placing a strong magnet at a distance equal to the physiological 

separation between a patient’s spinal canal and epidermis, either with or without a ferrous 

spinal implant. 

Our envisioned therapy for CNS disorders consists of delivering and localizing 

MNPs, which would be conjugated to the required drugs, to specific regions within the 

spinal canal using an external magnetic field, followed by controlled release of the drug for 

desired treatment. For example, while treating leptomeningeal metastases or other CNS 

tumors where the chemotherapeutic drug needs to be concentrated near the site of 

cancerous cell proliferation, we could conjugate the nanoparticles to a drug such as 

methotrexate and then guide them to the required treatment location using an external 

magnetic field [220]. IT-MDT may also be a treatment option for IT gene therapies where 

only a localized effect is desired.  

In regards to personalized therapies, IT-MDT shows great promise since large MNP 

collection efficiencies are possible within a short duration (only 15 minutes) regardless of 

the targeting location. The specific site within the spinal canal, as well as the amount of 

drug to be delivered to the site, would determine the placement of the external magnetic 

field and its strength for personalized treatment. IT-MDT has clear advantages for targeted 

drug delivery in very high concentrations with the potential to greatly diminish systemic 

toxicity while using much smaller drug doses as compared to standard IT drug infusion 

protocols in which continuous infusion is required for maintaining a sufficiently high drug 

concentration at the target site despite dispersion throughout the entire CNS.  
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For example, during standard IT baclofen infusions, the drug is continuously 

administered at rates of 100-900 μg/day ([230], [231]). We hypothesize that a much 

smaller dose of baclofen would be required using our magnetically targeted intrathecal 

treatment since most of the infused drug-functionalized MNPs would be confined to the 

desired treatment area. Although continuous intrathecal baclofen infusion has 

demonstrated benefits such as >80% and >65% of patients showing improvement in tone 

and spasticity, respectively, severe side effects due to high baclofen dosages commonly 

occur. Overdose due to pump and spinal catheter system malfunction, which has occurred 

in 40% of patients receiving IT baclofen therapy [232], produces symptoms such as 

respiratory arrest, hypotension, hyporeflexia, quadriplegia, apnea, seizures, autonomic 

instability, hallucinations, hypothermia, cardiac abnormalities and absence of all reflexes 

([233], [234]). Severe withdrawal symptoms such as hallucinations, tachycardia, hyper or 

hypotension, seizures, rebound spasticity, rhabdomyolysis ([232], [235]) and life 

threatening complications like coma, may arise due to baclofen overdose [236]. Such 

problems may be resolved using our proposed magnetically targeted IT treatment where 

the quantity of drug injected would be minimal as compared to the continuous IT infusion 

method. 

In our in vitro model, the barrier magnet prevented escape of MNPs from the spinal 

canal to the brain region. Such a barrier function that seals the brain from IT delivered 

drugs could have an important clinical significance. For example, in cases with toxic drugs 

like baclofen, this barrier magnetic field could serve as a valuable safety net to block drug 

from reaching the brain. The small amount of MNPs at the barrier magnet could then be 

guided back down to the target thoracic region by physical translocation. Once within the 



 139 

target region, the magnet would remain in place until the drug has desorbed from the 

MNPs and produced a therapeutic effect. The magnets would then be removed, and the 

bare gold-coated MNPs would become dispersed in the pulsatile CSF due to their 

superparamagnetic nature and continue transportation into the brain where they would be 

cleared by the body’s natural processes and excreted by the kidneys. 

While performing IT-MDT in vivo, biological surfactants such as lecithin [237] or 

surfactin [238] may enhance biocompatibility and prevent side effects. Even though iron 

oxide nanoparticles appear to be biologically safe [239], any possible adverse reaction to 

the magnetite core of the MNPs would be prevented by the gold coating since gold is inert 

and well tolerated by the human body. Similarly, before implanting a magnet in vivo, it 

should be coated with a thin layer of biocompatible silicone to reduce the possibility of 

magnet corrosion and degradation from exposure to physiological conditions. Toxicological 

studies during subcutaneous and vascular delivery of gold nanoparticles in vivo have also 

shown no cytotoxic effects [240]. Once the nanoparticles are cleared from the CNS, and if 

the gold coating happens to desorb from the nanoparticles, magnetite can be metabolized 

into elemental iron by hydrolytic enzymes and the generated reactive oxygen species 

regulated by ferritin and transferrin receptors [241]. The iron will then be integrated into 

the normal body stores and later incorporated into hemoglobin [208]. 
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APPENDIX C – MATLAB CODES FOR COMPUTATIONS IN CHAPTER 2 
 
MATLAB CODE FOR GENERATING THE A and B fields 
%Generating A field 
clear 
close all 
clc 
  
mSize = 21; 
MPI= zeros(mSize,mSize); 
MPO= zeros(mSize,mSize); 
  
dx =1; 
dy =1; 
  
e = 9e10; 
thr = 10; 
  
while (e>thr)  
        for i= 2:mSize-1 
        for j= 2:mSize-1  
        if(i==11 && j==11); MPO(i,j)=1e4;  
        else 
             
        [a1 a2 a3 a4 a5 a6]=computecoefficients(i,j);   
        MPO (i,j) = ((a4*(dx/dy)*MPI(i,j-1))+(a2*(dx/dy)*MPI(i,j+1))+(a1*(dy/dx)*MPI(i-   

1,j))+(a3*(dy/dx)*MPI(i+1,j)))/a5 ; 
        end 
        end 
        end 
         e=max(max((MPI-MPO).^2)) 
        MPI = MPO;      
end 
  
%Plotting A field 
W = MPO; 
U = zeros(mSize,mSize); 
V = zeros(mSize,mSize);  
[X,Y] = meshgrid(0:100,0:100); 
Z = zeros(mSize,mSize); 
quiver3(X,Y,Z,U,V,W,2); 
hold on 
surf(U,V); 
hold off 
  
% Plotting the gradient of A field 
[FX,FY] = gradient(W); 
figure() 
quiver(FX,FY) 
  
%Plotting the curl of A field 
[X,Z] = meshgrid(0:10,0:10); 
cav = curl(X,Z,U,W); 
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[FcavX,FcavY] = gradient(cav); 
figure() 
quiver(FcavX,FcavY) 
  
 pcolor(X,Z,cav);  
hold on; 
quiver(X,Z,U,W,0.5) 
   
[X,Z] = meshgrid(0:100,0:100); 
[curlx,curlz,cav] = curl(X,Z,U,W); 
pcolor(X,Z,cav);  
hold on; 
quiver(X,Z,U,W,0.5) 
   
[X,Z] = meshgrid(0:10,0:10); 
[curlx,curlz,cav] = curl(X,Z,U,W) 
pcolor(X,Z,cav); shading interp 
hold on; 
 
% Function used for computing coefficients 
function [a1,a2,a3,a4,a5,a6]= computecoefficients(i,j) 
  
a1 = 1/(1.25*10^-6); %N  
a2 = 1/(1.25*10^-6); %E 
a3 = 1/(1.25*10^-6); %S 
a4 = 1/(1.25*10^-6); %W  
  
if i == 2; a1= a1*2; end 
if i == 10; a3= a3*2; end 
if j == 2; a4= a4*2; end 
if j == 10; a2= a2*2; end 
  
a5 = a1+a2+a3+a4;  
a6=0; 
% if(i==50 && j==50); a6=1000; end 
 
MATLAB CODE FOR GENERATING THE Vm, H and B fields 
 
%Generating H field 
clear 
close all 
clc 
 
mSize = 101; 
VmI= zeros(mSize,mSize); 
VmO= zeros(mSize,mSize); 
 
dx =1; 
dy =1; 
e = 9e10; 
thr = 1; 
 
while (e>thr) 
for i= 2:mSize-1 
for j= 2:mSize-1 



 146 

 
[a1 a2 a3 a4 a5]=computecoefficientsthree(i,j); 
 
if(i==50 && j==50); 
VmO (i,j) = ((a4*(dx/dy)*VmI(i,j-1))+(a2*(dx/dy)*VmI(i,j+1))+(+400000)+(a3*(dy/dx)*VmI(i+1,j)))/a5 ; 
elseif (i==50 && j==51); 
VmO (i,j) = ((a4*(dx/dy)*VmI(i,j-1))+(a2*(dx/dy)*VmI(i,j+1))+(+400000)+(a3*(dy/dx)*VmI(i+1,j)))/a5 ; 
elseif (i==51 && j==50); 
VmO (i,j) = ((a4*(dx/dy)*VmI(i,j-1))+(a2*(dx/dy)*VmI(i,j+1))+(a1*(dy/dx)*VmI(i-1,j))+(-400000))/a5 ; 
elseif (i==51 && j==51); 
VmO (i,j) = ((a4*(dx/dy)*VmI(i,j-1))+(a2*(dx/dy)*VmI(i,j+1))+(a1*(dy/dx)*VmI(i-1,j))+(-400000))/a5 ; 
else 
VmO (i,j) = ((a4*(dx/dy)*VmI(i,j-1))+(a2*(dx/dy)*VmI(i,j+1))+(a1*(dy/dx)*VmI(i-
1,j))+(a3*(dy/dx)*VmI(i+1,j)))/a5 ; 
end 
end 
end 
e= max(max((VmI-VmO).^2)) 
VmI = VmO; 
end 
 
%Plotting the H field 
W = VmO; 
U = zeros(mSize,mSize); 
V = zeros(mSize,mSize); 
Z = zeros(mSize,mSize); 
[X,Y] = meshgrid(0:100,0:100); 
quiver3(X,Y,Z,U,V,W,2); 
hold on 
surf(U,V); 
hold off 
 
%Plotting the H field 
[FX,FY] = gradient(VmO); 
figure() 
quiver(FX,FY,0.5) 
surf(FX,FY) 
 
 
%Plotting the B field 
figure() 
quiver(1.25*10^-6*FX,1.25*10^-6*FY,0.5) 
surf(1.25*10^-6*FX,1.25*10^-6*FY) 
 
figure() 
[startx,starty] = meshgrid(0:100,0:100); 
h= streamline(X,Y,1.25*10^-6*FX,1.25*10^-6*FY,startx,starty) 
set(h,'Color','red') 
view(3) 
 
% Function used for computing coefficients 
function [a1,a2,a3,a4,a5]= computecoefficientsthree(i,j) 
  
a1 = 1.25*10^-6; %N  
a2 = 1.25*10^-6; %E 
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a3 = 1.25*10^-6; %S 
a4 = 1.25*10^-6; %W  
  
if i == 2; a1= a1*2; end 
if i == 100; a3= a3*2; end 
if j == 2; a4= a4*2; end 
if j == 100; a2= a2*2; end 
if (i == 50 && j==50); a4= 0; a1=0; a2 = 1.05*1.25*10^-3; a3 = 1.05*1.25*10^-3; end 
if (i == 50 && j==51); a2= 0; a1=0; a3 = 1.05*1.25*10^-3; a4 = 1.05*1.25*10^-3; end 
if (i == 51 && j==50); a4= 0; a3=0; a2 = 1.05*1.25*10^-3; a1 = 1.05*1.25*10^-3; end 
if (i == 51 && j==51); a2= 0; a3=0; a1 = 1.05*1.25*10^-3; a4 = 1.05*1.25*10^-3; end 
a5 = a1+a2+a3+a4;  
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APPENDIX D – Other MRI images for IT-MDT experiments showing localization of MNPs 
at target site  
1 hour  
IT-MDT 

   
3 hour  
IT-MDT 

   

6 hour 
IT-MDT 

   

Rat 1 Rat 2 Rat 3 

Rat 4 Rat 5 Rat 6 

Rat 7 Rat 8 Rat 9 



 149 

VITA 

NAME:                  Indu Venugopal 

EDUCATION:      B.E., Biotechnology, Manipal University, Karnataka, India, 2009 

                                M.S., Biochemical Engineering, University College London, 2010 

                                Ph.D., Bioengineering, University of Illinois at Chicago, 2016   

HONORS:              Best Masters Research Project award, University College London, 2010 

W.C. and May Preble Deiss Award for graduate research, University of 

Illinois at Chicago, Illinois, 2013 

UIC Graduate Student Council Travel Award, University of Illinois at 

Chicago, Illinois, 2013 

UIC Student Travel Presenter Award, University of Illinois at Chicago, 

Illinois, 2013 

PUBLICATIONS: Lueshen, E., Venugopal, I., Kanikunnel, J., Soni, T., Alaraj, A. and Linninger, 

A.: Intrathecal magnetic drug targeting using gold-coated magnetite 

nanoparticles in a human spine model. Nanomedicine. 9: 1155-1169, 

2014. 

Lueshen, E., Venugopal, I., Soni, T., Alaraj, A. and Linninger, A.: Implant-

assisted intrathecal magnetic drug targeting to aid in therapeutic 

nanoparticle localization for potential treatment of central nervous system 

disorders. Journal of biomedical nanotechnology, 11: 253-261, 2015. 

Venugopal, I., Sirhan, R., Basati, S. and Linninger, A. A.: Prototype 

Biosensor for Detection of Myelin Basic Protein Biomarker in 

Hydrocephalus Diagnosis. Sensor Letters, 14: 84-92, 2016. 

Venugopal, I., Pernal, S., Fusinatto, T., Ashkenaz, D. and Linninger, A.: 

Quantum Dot Conjugated Magnetic Nanoparticles for Targeted Drug 

Delivery and Imaging. Nano Biomedicine & Engineering, 8: 24-38, 2016. 

Venugopal, I., Pernal, S., Duproz, A., Bentley, J., Engelhard, H., and 
Linninger, A.: Magnetic field-enhanced cellular uptake of doxorubicin 


