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Magnetic nanoparticles (MNPs) hold tremendous potential for various biomedical 

applications, including cancer diagnosis and treatment, owing to their unique ability to be 

manipulated by magnetic fields. In particular, cancer applications of MNPs have 

primarily utilized MNPs as MRI contrast agents, drug delivery vehicles, and as agents for 

magnetic hyperthermia. Significant progress has already been made in the advancement 

of MNP-based therapies to the clinic; however, tumor targeting and chemoresistance 

remain significant challenges. Addressing these challenges, this thesis focuses on the 

development of novel multifunctional MNP-based combination therapies. 

In the first half of this thesis, novel MNP and magnetic core-shell nanoparticle 

(MCNP)-based combination therapies are developed to enhance the treatment of cancer 

by sensitizing cancer cells to subsequent therapies. To this end, MNPs are first developed 

for the dual purpose of delivering microRNA and inducing magnetic hyperthermia for the 

treatment of brain cancer. We demonstrate that the combination of lethal-7a microRNA 

(let-7a), which targets a number of survival pathways, can sensitize cancer cells to 
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subsequent magnetic hyperthermia. Moreover, we demonstrate the use of MCNPs that 

are composed of a magnetic core and a mesoporous silica shell for the simultaneous 

delivery of let-7a and doxorubicin, wherein let-7a was found to sensitize breast cancer 

cells to subsequent doxorubicin chemotherapy. 

 In the second half of this thesis, to overcome poor tumor targeting, a stem cell-

based gene therapy is developed. Specifically, MCNPs are reported for the dual purpose 

of delivering and activating a heat-inducible gene vector that encodes TNF-related 

apoptosis-inducing ligand (TRAIL) in adipose-derived mesenchymal stem cells (AD-

MSCs) for the treatment of ovarian cancer. These engineered AD-MSCs retained their 

innate ability to home to tumors, making them ideal cellular carriers for cancer therapy. 

Moreover, mild magnetic hyperthermia resulted in the selective expression of TRAIL in 

the engineered AD-MSCs thereby inducing significant cancer cell death. 

Overall, this thesis has demonstrated two multifunctional MNP-based approaches 

for cancer therapy: 1) combined MNP-based delivery of microRNA and magnetic 

hyperthermia to sensitize cancers to subsequent chemotherapy and 2) MCNP-based 

activation of heat-inducible genes in stem cells for targeted cancer treatment. 
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Chapter 1 :  

Introduction 

 

The text and images used in this chapter have been previously published, at least in part, 

in Advanced Healthcare Materials as an original manuscript (Yin PT, Han E, Lee KB. 

Adv Healthc Mater, 2015 [Epub ahead of print]) and Perry Yin was the first author. 

 

1.1. Nanoparticles for Cancer Therapy 

Nanoparticles are generally defined as particles that are between 1 and 100 

nanometers in diameter.1 Due to their nanometer size, nanoparticles can act as a bridge 

between bulk materials and atoms. For instance, while bulk materials generally have 

physical properties that remain constant regardless of their size, nanoparticles exhibit 

size-dependent properties (e.g. unique optical, catalytic, magnetic, and electrical 

properties) owing to their high surface-to-volume ratio, which dominates over the small 

bulk of the material that exists at the nanoscale.2 As such, several nanoparticle-based 

approaches have been developed, including lipid-based nanoparticles (e.g. liposomes and 

micelles),3 polymeric nanoparticles (e.g. dendrimers, hydrogels, and nanofibers),4 

metallic nanoparticles (e.g. quantum dots, magnetic, gold, silver, and titanium),5 carbon 

nanostructures (e.g. carbon nanotubes, graphene),6 and inorganic nanoparticles (e.g. 

silica),7 for various biomedical applications such as cancer therapy. 

Cancer is currently a leading cause of death worldwide and is the second leading 

cause of death in the United States with the World Health Organization (WHO) 

estimating that, in 2012 alone, there were approximately 14 million new cases and 8.2 
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million cancer-related deaths. In the case of solid tumors, the current gold standard for 

treatment typically consists of aggressive surgical resection to remove as much of the 

tumor mass as possible followed by adjuvant chemotherapy and radiotherapy to 

exterminate the tumor cells that remain. However, despite recent advances in cancer 

therapy such as immunotherapy and other targeted therapies, the front line nonsurgical 

methods that are used to treat solid tumors (e.g. radiation therapy and chemotherapy) still 

rely heavily on agents that aim to just generally kill cells and, as such, do not have good 

specificity for cancer cells. For example, anticancer drugs, such as doxorubicin and 

paclitaxel, typically target cells that are rapidly proliferating by intercalating with the 

DNA and disrupting microtubules, respectively.8 Moreover, despite these aggressive 

therapies, cancers often gain chemoresistance, either through adaptive or acquired 

mechanisms, thereby resulting in recurrence. As such, to improve our ability to treat 

cancers, there are two general issues that must be addressed. First, there is a pressing 

need to improve our understanding of cancer physiopathology in order to discover new, 

potentially more targeted, cancer therapies. Second, there is a desperate need for novel 

treatments to overcome chemoresistance. As such, novel technologies, in the form of 

novel drug delivery platforms and/or novel targeted treatment strategies (e.g. stem cell-

based therapies, hyperthermia), must be developed.9 

Owing to their size and unique properties, nanoparticles are emerging as a highly 

promising class of therapeutics for cancer.1 In fact, several nanoparticle-based drug 

therapies have already moved into the clinic and some are now FDA approved.10 Two of 

the most well-known nanoparticle-based cancer therapies are Doxil (Janssen), which is a 

liposomal nanoparticle that contains doxorubicin, and Abraxane (Celgene), which is a 
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protein nanoparticle composed of albumin-bound paclitaxel. These nanoparticles are both 

FDA approved and the use of these nanotherapeutics has been shown to not only improve 

the solubility of their chemotherapeutic cargos but also allows them to remain in 

circulation longer while ameliorating some of the adverse side-effects that are seen when 

using free doxorubicin or paclitaxel for the treatment of cancer.  

 

Figure 1.1 Major Types of Nanoparticles in Clinical Trials  

A) Polymeric micelles that consist of block copolymers and drugs. B) Polymer–drug 

conjugate nanoparticles. C) Liposomal nanoparticles. Reproduced with permission.1 

2008, Nature. 
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Besides Doxil and Abraxane, the field of nanoparticle-based therapeutics is 

currently focused on developing nanoparticles that are complexed, loaded, or 

functionalized with various types of therapeutic entities, including nucleic acids, small-

molecule drugs (as well as combinations of small-molecule drugs), peptides, and proteins 

for use in the treatment of cancer (Figure 1.1). The benefits that are seen with the 

nanoparticle-based delivery of anticancer agents depend on a number of key properties, 

including nanoparticle size, surface properties, and functionalization.1 Moreover, owing 

to the properties of nanoparticles, depending on the nanoparticle that is used, 

multifunctionalities can exist thereby enabling the simultaneous monitoring of 

nanoparticle/drug delivery or the enhancement of treatment (e.g. magnetic hyperthermia, 

photothermal therapy).  

In terms of nanoparticle delivery to the tumor, there are currently two strategies 

that are being investigated – passive and active targeting. In the case of passive targeting, 

it has been reported that nanoparticle-based cancer therapeutics should be 10–100 nm in 

diameter. This lower boundary is defined by the sieving coefficient of the glomerular 

capillary wall, where the cutoff for kidney elimination is 10 nm.11 On the other hand, the 

upper bound is still being investigated. Passive targeting is based on the well-known fact 

that the tumor vasculature is leaky to macromolecules. For instance, it has been shown 

that the lymph system is poorly operational in mouse tumor models and, as such, 

macromolecules (e.g. on the order of hundreds of nanometers) can leak from tumor blood 

vessels and accumulate at the site of the tumor - a phenomenon that has been dubbed the 

enhanced permeability and retention (EPR) effect.12  While this has primarily been shown 
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in mouse models, evidence suggests that the EPR effect is also applicable to human 

tumors albeit it should be mentioned that this topic is still hotly debated. Studies using 

animal models have suggested that neutral or slightly negatively charged nanoparticles 

that are less than 150 nm in diameter can move through the tumor.13 Moreover, recent 

studies have shown that slightly positive nanoparticles that are between 50-100 nm in 

diameter can penetrate throughout tumors.14 As such, slightly positively or slightly 

negatively charged nanoparticles that are 10–100 nm in diameter should be able to 

penetrate tumors following intravenous injection (i.v.). 

Nanoparticle functionalization is also a critical parameter that must be taken into 

consideration in order to enhance delivery to the tumor both in terms of active targeting 

as well as to enhance the stability and circulation time of the nanoparticles once they 

have been injected into the body. For active targeting, nanoparticles can be functionalized 

with various types of surface ligands (e.g. small molecules, antibodies, peptides, and 

proteins) that allow the nanoparticles to specifically bind to cancer cells. This can not 

only enhance the accumulation of the nanoparticles on the surface of the cancer cells but 

can also enhance tumor cell uptake via receptor-mediated endocytosis and other uptake 

mechanisms.15 For instance, transferrin (Tf) is a 80 kDa glycoprotein that is typically 

responsible for the delivery of iron to cells. In the case of cancer, the transferrin receptor 

(TfR) has been shown to be highly expressed on many cancer cells.16 As such, the 

incorporation of Tf on the surface of the nanoparticles allows for preferential uptake in 

the tumor over normal cells.  Moreover, the ultimate fate of nanoparticles within the body 

is determined by the interactions that occur between the nanoparticles and their local 

environment. To this end, nanoparticles can be sterically stabilized and their surface 
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charge can be modulated to enhance stability and circulation time.  In particular, 

nanoparticles are most commonly functionalized with polyethylene glycol (PEG), which 

is a stealth polymer that has been shown to suppress nonspecific interactions with the 

body (e.g. decreases interactions with blood components (opsonization) that can activate 

the complement system),17 and can be endowed with either a slightly negative or slightly 

positive charge in order to minimize overall nanoparticle–nanoparticle and nanoparticle–

environment interactions and to promote tumor/cell uptake. In particular, it has been 

identified that there are many negatively charged components/molecules on the inner 

surface of blood vessels and on the surface of cells. As such, they repel negatively 

charged nanoparticles. On the other hand, as the surface charge of the nanoparticle 

becomes larger, scavenging by macrophage increases, resulting in a greater risk of 

clearance by the reticuloendothelial system. As such, steric stabilization and careful 

control of the surface charge is needed to minimize nonspecific interactions, which 

minimizes nanoparticle losses, thereby maximizing accumulation at the tumor. However, 

the complete prevention of nonspecific interactions is currently impossible, so the 

strategy is to minimize interactions and, as such, minimize losses as much as possible.1  

Overall, nanotechnology, especially nanoparticles, offers an excellent opportunity 

to enhance our ability to treat cancers. While most work has focused on developing 

nanoparticle-based platforms for drug delivery there is a huge opportunity to improve 

nanoparticle-based therapies owing to the multifunctionalities that nanoparticles possess 

(e.g. imaging and novel treatment modalities). In the following sections, we will focus on 

the use of magnetic nanoparticles for drug delivery as well as the multifunctionalities that 
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they possess, including magnetic field-facilitated delivery, magnetic resonance imaging 

(MRI) contrast, and magnetic hyperthermia. 

 

1.2. Magnetic Nanoparticles for Cancer Therapy 

Magnetic nanoparticles (MNPs) represent a major class of nanoparticle that holds 

great potential for various biomedical applications (Figure 1.2), including cancer, owing 

to their unique ability to interact with and be manipulated by magnetic fields. In 

particular, cancer applications of MNPs have primarily focused on their use as MRI 

contrast agents for cancer diagnosis and treatment monitoring18 as well as the use of 

MNPs as potentially novel cancer therapies such as for the induction of magnetic 

hyperthermia and as a vehicle for controlled drug delivery.19 Owing to its 

multifunctionalities, MNPs can also be designed to combine several therapeutic 

functionalities (e.g. drug delivery with hyperthermia) or therapeutic and diagnostic 

functions (e.g. drug delivery or hyperthermia with MRI).20 In this section, we will begin 

by giving a brief overview of the current methods used to synthesize and characterize 

MNPs. Following, the use of MNPs as hyperthermia agents as well as drug delivery 

vehicles will be discussed in detail. Finally, the use of MNPs for other applications such 

as MRI contrast will be briefly mentioned.  
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Figure 1.2 Magnetic Nanoparticles for Biomedical Applications  

MNPs represent a versatile platform that can be used for targeted imaging, therapy (E.g. 

drug release and hyperthermia), and cell control. Reproduced with permission.21 2011, 

American Chemistry Society. 

 

1.2.1. Synthesis and Characterization of Magnetic Nanoparticles 

Various types of MNPs have been evaluated for use in biomedical applications in 

order to exploit their advantageous properties, which include their enhanced magnetic 

moments and their superparamagnetic characteristics. MNPs that are used for biomedical 

applications are typically superparamagnetic and are composed of a MNP core with a 

biocompatible shell or surface coating that provides stabilization under physiological 

conditions as well as additional functionalities (e.g. to enhance cell uptake/cell targeting 

or drug loading). In particular, superparamagnetism is a type of magnetism that is found 

in ferromagnetic or ferrimagnetic nanoparticles. For biomedical applications, 

superparamagnetic nanoparticles are preferred over ferri- and ferromagnetic nanoparticles 
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because they lose their magnetization once the magnetic field is removed (Figure 1.3).20 

Moreover, the modular design of these MNPs allows for multifunctionalities, which can 

be used for simultaneous drug delivery, magnetic hyperthermia, and imaging. To this 

end, as with other nanomaterial-based systems, the composition, size, and surface 

functionalization plays a critical role in not only optimizing and tuning the magnetic 

properties of the MNPs but also in determining their potential for different biomedical 

applications.  

 

1.2.1.1. Synthesis of Magnetic Nanoparticles 

MNPs are typically composed of magnetic elements, which include iron, cobalt, 

nickel, and their oxides (e.g. iron oxide), and can be synthesized using various processes 

that range from wet chemistry-based methods to more advanced techniques such as laser 

pyrolysis and chemical vapor deposition.22 In particular, the most common methods that 

are used to synthesize MNPs, include co-precipitation, thermal decomposition, and 

hydrothermal synthesis.23  

Co-precipitation is a simple and convenient method that can be used to synthesize 

Fe3O4 or Fe2O3 iron oxide nanoparticles from Fe2+/Fe3+ salt solutions. In particular, this 

can be accomplished in the presence of a base at room temperature or higher that is under 

an inert atmosphere. The morphology (e.g. size and shape) and composition of the 

resulting MNPs depends significantly on the salt that is used (e.g. chlorides, nitrates, and 

sulfates), the ionic strength of the solution, the ratio of Fe2+/Fe3+, and the pH and reaction 

temperature used. However, once the synthetic conditions are optimized, the quality of 

the MNPs that are produced using this method is highly reproducible. Moreover, the 
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magnetic saturation values of the MNPs that are synthesized using co-precipitation are 

typically 30–50 emu g-1.23 

 

 

Figure 1.3 Superparamagnetic Behavior of MNPs 

Reproduced with permission.20 2014, The Royal Society of Chemistry. 

 

 Monodisperse magnetic nanocrystals that have a smaller size than what can be 

obtained using co-precipitation can be synthesized using thermal decomposition. To this 

end, organometallic compounds are decomposed using high-boiling organic solvents that 

contain stabilizing surfactants.24 In terms of the size and morphology of the MNPs that 

are synthesized, the ratio of the starting reagents (e.g. organometallic compounds, 

solvent, and surfactant) as well as the reaction temperature and time that is used play a 

crucial role achieving precise control over size and morphology of the resulting MNPs. 



11 
 

 
 

 Finally, hydrothermal conditions can be used to form MNPs. This method utilizes 

a mixture of metal solids, an ethanol–linoleic acid liquid phase, and a water–ethanol 

solution.25 Although the underlying mechanism of hydrothermal synthesis is not fully 

understood at this time, this multicomponent approach provides a powerful method that 

can be used to direct the formation of the desired MNPs. Overall, co-precipitation is the 

preferred route for MNP synthesis owing to its simplicity. However, on the other hand, 

thermo decomposition provides precise control over size and morphology.23 

 

Metal-Doped Magnetic Nanoparticles 

Fe3O4 MNPs are one of the most important and commonly used MNPs for 

biomedical applications.26  However, Fe3O4 MNPs are constrained by their low 

magnetization as well as their poor dispersibility and stability.  

The magnetization and dispersibility of these MNPs can be improved through 

metal element doping and surface modification, respectively. This is especially important 

for biomedical applications. Metal-doped iron oxides (MFe2O4), where the doping metal 

(M) consists of +2 cations of Co, Fe, Mn or Ni, can be fabricated by various methods and 

can be used to tune and improve the magnetic properties of the doped iron oxide MNPs.27 

For instance, the synthesis and characterization of MFe2O4, MNPs (e.g. CoFe2O4, 

FeFe2O4, and NiFe2O4 MNPs) was recently reported. In this case, the authors used a high-

temperature reaction that occurred between metal chlorides and iron tris-2,4-

pentadioate.28 By comparing the various metal-doped MNPs that were prepared, it was 

reported that the MFe2O4 nanoparticles are highly biocompatible in vitro and that they 

possess significantly higher magnetic susceptibilities than conventional magnetite 
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nanoparticles. As such, this suggests that they may be used for subsequent biomedical 

applications such as for ultrasensitive MR imaging.  

Similarly, Zn is also one of the most commonly used elements to dope into Fe3O4 

MNPs. In particular, it has been found that doping MNPs with other metals such as Zn2+ 

or Mn2+ can greatly enhance the magnetization of the resulting MNPs, which is critical 

for downstream applications (e.g. a 4- to 14-fold increase in MRI contrast, which can be 

used to monitor stem cell migration, and a 4-fold enhancement in hyperthermic effect for 

the treatment of cancer).29 

  

Magnetic Core-Shell Nanoparticles 

Shells can be added to MNPs to form magnetic core-shell nanoparticles 

(MCNPs). This is primarily used to maintain the long-term stability of these particles 

while preventing agglomeration or precipitation. However, the use of different shells can 

also provide additional multifunctionalities (e.g. imaging or drug loading). In particular, a 

number of shells have been investigated over the years, including surfactants and 

polymers, precious metals, silica, and carbon.23   

The surface of MNPs can be passivated using surfactants or polymers in order to 

avoid agglomeration. To this end, electrostatic repulsion and steric repulsion are typically 

used and can act as a means to not only disperse the MNPs but also to stably maintain 

them in a colloidal state. Moreover, a single or double layer of surfactants or polymers 

can be chemically bonded or physically adsorbed onto the surface of the MNPs,30 

resulting in the presence of repulsive forces that help balance the van der Waals and 

magnetic attractive forces. As such, the MNPs are stabilized in suspension via steric 
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repulsion. Disadvantages that exist with the use of surfactants or polymers include the 

fact that these surfactant or polymer-stabilized MNPs are not stable in air and can easily 

be leached by acids.31 This can ultimately result in the loss of magnetization. Moreover, 

polymer coatings are unstable at high temperatures and, therefore, do not provide a high 

degree of protection for the underlying MNPs.  

Precious metals can also be deposited on MNP cores using various methods, 

including microemulsion and redox transmetalation, which act to protect the MNP cores 

against oxidation.32 These precious metal-coated MNPs are stable in air and can be 

redispersed in traditional organic solvents. Moreover, the use of a gold outer shell allows 

for facile subsequent surface functionalization via the use of thiol groups, improves 

stability owing to its low reactivity, and provides a high level of biocompatibility as well 

as the ability to be used for dark-field imaging.33  However, it has also been reported that 

it is very difficult to directly coat MNPs with gold because the two surfaces are 

fundamentally dissimilar.34 

On the other hand, a silica shell not only protects the MNP core, but can also help 

avoid unwanted interactions by preventing the MNP core from coming into direct contact 

with agents that are linked to the silica surface. For instance, the direct attachment of dye 

molecules to the surface of MNPs often results in quenching. As such the addition of a 

silica shell can prevent this quenching from occurring. Silica shells also provide several 

advantages because their surface is easy to modify, they are stable under aqueous 

conditions (e.g. at low pHs), and because, by varying the thickness of the silica shell, its 

interparticle interactions can be controlled. Moreover, if the MNP is coated with a 

mesoporous silica shell, this can allow for drug loading and release of the drug over 



14 
 

 
 

time.35 However, silica is unstable when exposed to basic conditions. In addition, pores 

may allow oxygen or other species to diffuse. 

Finally, there has been increasing interest in the use of carbon shells (e.g. carbon 

or graphene). This is true because carbon-based nanomaterials can provide a significantly 

higher degree of chemical and thermal stability as well as biocompatibility when 

compared to other more traditional shell materials (e.g. polymer and silica).6 As such, 

carbon-coated MNPs are more thermally stable and offer additional protection against 

acid leaching and oxidation. In addition, carbon-coated MNPs usually remain in a 

metallic state, which results in a higher magnetic moment. However, despite the many 

advantages of carbon-coated MNPs, aggregation is a significant issue that must be 

overcome.23 

 

1.2.1.2. Magnetic Properties of Magnetic Nanoparticles 

The magnetic properties of MNPs are traditionally quantified by measuring their 

magnetization (M), coercivity (Hc), and magnetocrystalline anisotropy (K).21 In 

particular, saturation magnetization (Ms) is defined as the maximum magnetization value 

of a MNP following its exposure to a magnetic field. The coercivity (Hc) is the magnetic 

field strength that causes the magnetization of a MNP to become zero. The coercivity of a 

MNP is especially important for biomedical applications where preventing aggregation 

and prolonging circulation is especially important. Finally, the magnetocrystalline 

anisotropy of a MNP is the tendency of its magnetization to align along a preferred 

direction of the easy axis. Specifically, the magnetocrystalline anisotropy constant (K) 
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correlates with the amount of energy needed to change the magnetization direction of a 

MNP from its easy axis to its hard axis.  

Figure 1.4 summarizes the functional properties of MNPs focusing on the 

relationship that exists between the magnetic parameters of MNPs and their use for 

various applications such as their MRI, hyperthermia, and magnetofection or magnetic 

targeting.21 

 

Figure 1.4 Functional Properties of Magnetic Nanoparticles 

Reproduced with permission. 2011,21 American Chemistry Society. 

 

1.2.2. Magnetic Nanoparticle-Based Magnetic Hyperthermia 

Owing to the magnetic properties of MNPs, when a solution of MNPs is exposed 

to an alternating magnetic field (AMF), magnetic hyperthermia can be induced. In the 

most general sense, hyperthermia is a therapeutic procedure in which tissues are heated to 

temperatures above what is considered the normal physiological range.36 

Thermotherapies can be divided into two general categories based on the temperature that 
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is achieved: 1) moderate increases in temperature (41-46ºC) result in a hyperthermic 

effect that may alter/disrupt the structure of cellular components as well as the 

functionality of intercellular proteins leading to cellular degradation and the induction of 

apoptosis;37 2) hyperthermia treatments above 46ºC (usually 46-48ºC but can go up to 

56ºC) results in thermal ablation, wherein cell carbonization occurs as well as necrosis-

based death of the cells. As such, hyperthermia has been successfully applied to a number 

of cancer types both preclinically and clinically. These include, breast,38 brain,39 prostate 

cancers,40 and melanoma.41  

 

1.2.2.1. Mechanism of Heating 

When MNPs are subjected to an AMF, the conversion of magnetic energy to 

thermal energy can occur following several mechanisms. In the case of 

superparamagnetic MNPs, these MNPs dissipate heat through relaxation losses. These 

losses can be devided into two categories: Néel relaxation and Brownian relaxation 

(Figure 1.5). The type of relaxation that the MNPs experience depends on the size of the 

MNPs as well as on the magnetic materials that are used (e.g. this affects the anisotropy 

constant of the MNPs).42 
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Figure 1.5 Magnetic Nanoparticle-Based Hyperthermia 

A) Néel relaxation and Brownian relaxation. B) Apparatus for magnetic hyperthermia. 

Reproduced with permission.21 2011, American Chemistry Society. 

 

Néel relaxation is highly size-dependent and occurs when the magnetic moment 

of a MNP reorients itself in the direction of an alternating magnetic field.43 For instance, 

a smaller MNP needs less input energy to change the orietnation of its magnetic moment. 

As such, Néel relaxation plays a significant role in this case. On the other hand, Brownian 

relaxation results from friction that is caused by the rotation of the nanoparticle itself in 

the solution.43 Brownian relaxation is also size-dependent and depends strongly on the 

viscosity of the solution that the MNPs are in, wherein MNPs rotate slower the higher the 

viscosity. Generally, Néel relaxation dominates in small MNPs while Brownian 

relaxation prevails as the MNPs increase in size.43-44 For magnetic hyperthermia 

applications, it is better to utilize MNPs that are small enough that Néel relaxation 

dominates as the viscosity of the solution can change when the MNPs are internalized 
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into the cells. Moreover, internalization into the cell may prevent rotation of the MNPs 

thereby denigrating the effect of Brownian relaxation.  

Quantification of the power that is dissipated when MNPs are exposed to an AMF 

is usually accomplished by measuring the specific absorption rate (SAR), which is 

expressed as W g-1 (also known as the specific loss power). The SAR depends on a 

number of parameters, including the chemical composition of the MNPs, size of the 

MNPs, size distribution, morphology (e.g. shape), surface functionalization, and 

magnetization. Moreover, the frequency and amplitude of the AMF also plays a 

significant role in the resulting SAR. Obtaining a high SAR and high heating potential is 

especially important for the clinical application of magnetic hyperthermia. This is true 

because the higher the SAR, the less MNP would need to be injected to obtain the same 

therapeutic heating effect. As such, engineering/optimizing MNPs by controlling the 

parameters stated above and thereby obtaining the highest SAR value possible is highly 

desirable.45 Although SAR increases with increasing AMF frequency, to safely apply 

magnetic hyperthermia to patients, it has been found that the amplitude of the AMF 

should not exceed a threshold of 5 x 109 A m-1 s-1.46 

 

1.2.2.2. Magnetic Hyperthermia for Cancer 

Recent studies have demonstrated that hyperthermia, which involves the localized 

heating of cancerous tissues to temperatures between 41-45°C, can be used as an adjuvant 

that enhances the effectiveness of subsequent chemotherapy or radiotherapy as 

demonstrated by phase III clinical trials for head and neck cancer,47 melanoma, cervical 

cancer,48 and gliomas.49 In addition, it has been demonstrated that hyperthermia can, 
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itself, induce apoptosis. Though the mechanisms through which hyperthermia sensitizes 

tumor cells and induces apoptosis is still under investigation, it is currently attributed to a 

combination of four factors: i) increased blood flow to the tumor increases the effect of 

radiotherapy and chemotherapy (e.g. increases O2 and drug bioavailability, 

respectively);50 ii) inhibition of cellular repair mechanisms including DNA repair;51 iii) 

increased permeability of the cell membrane, which helps reverse drug resistance;52 and 

iv) the modulation of gene expression and key signaling pathways that result in apoptosis. 

For example, Vertrees et al. have reported that in lung cancer cells, hyperthermia results 

in the activation of TRAIL and FAS-L and that apoptosis mainly occurs through the up-

regulation of caspase-3.53 Hyperthermia (~42°C) has also been shown to stimulate an 

innate immune response via the activation of natural killer cells thereby enhancing the 

antitumor effect.54, 55  For instance, Kubes et al. showed that, after mild local microwave 

hyperthermia, a large number of activated monocytes are recruited into the tumor of 

melanoma-bearing mice.56 In particular, the process through which the host immune 

system recognizes tumor cell antigens involves the release of heat shock proteins (HSPs) 

from dying tumor cells, which are responsible for activating nearby monocytes and 

recruiting antigen-presenting cells.57 In a typical setting, when using hyperthermia, the 

target region is sustained at an elevated temperature (e.g. 41-45°C) for a predetermined 

period of time (1-3 hours). However, these temperatures are difficult to achieve and 

maintain in vivo. Thermometry data from patients has revealed that much of the tumor 

only reaches a temperature of 40-41°C or less as a result of vascular drainage.58 

Moreover, it is critical to selectively heat the tumor region in order to prevent damage to 

normal tissues. 
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To this end, one of the most effective methods with which to achieve a localized 

hyperthermal effect is to deliver MNPs to the tumor and subsequently apply an AMF. 

This approach has a number of advantages over conventional hyperthermia methods such 

as the use of lasers, microwave radiation, radiofrequency fields, ultrasound, including: i) 

MNPs can readily be tuned in terms of size, structure, and surface characteristics and as a 

result, provide the opportunity to control the magnetic properties and to target tumors 

through the blood circulation,59 ii) an AMF is a non-invasive method to generate a very 

localized heating, iii) MNPs offer the possibility of self-limiting the maximum achievable 

temperature by synthesizing MNPs with a suitable Curie temperature, iv) MNPs can 

afford imaging capabilities through MRI and other modalities, and v) MNPs with the 

proper surface modifications can be utilized as drug/gene delivery vehicles. Most of the 

work to date has focused on preclinical studies. For instance, Jordan and co-workers have 

reported that the use of dextran- or aminosilane-coated iron-oxide nanoparticles in an 

AMF (field strength = 0-18 kA/m and frequency = 100 kHz) could prolong the survival 

of a rat model of GBM 4.5-fold over controls. Histological and immunohistochemical 

analysis revealed that magnetic hyperthermia resulted in necrosis and a decrease in 

proliferation around the tumor but did not affect normal healthy cells60. Similarly, Zhao 

et al. demonstrated that hyperthermia induced by the exposure of magnetic iron oxide 

nanoparticles to an AMF could be used to treat a mouse xenograft model of human head 

and neck cancer.61 Finally, Ivkov and co-workers have demonstrated the antibody-

targeted application of magnetic hyperthermia.62  

While hyperthermia and magnetic hyperthermia have shown great promise, its use 

in the clinic is still limited. In the case of magnetic hyperthermia, thermoseed-based 
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magnetic hyperthermia was first reported in 1990 for the treatment of brain tumors.63 In 

this case, thermoseeds composed of a Fe-Pt alloy with a length of 15–20 mm, diameter of 

1.8 mm, and Curie temperature of 68–69°C was used for seven cases of metastatic brain 

cancer including six cases, where hyperthermia was combined with radiation therapy 

(treatment time of 30–60 min, 2– 3 times a week). The treatment temperatures of the 

tumors were found to reach temperatures as high as 44°C–46°C during the treatment and 

a complete response was observed in two of the cases while a partial response was 

confirmed in one of the patients following treatment. Following, a larger clinical trial was 

conducted using thermoseeds with a Curie temperature of 68°C for the treatment of 23 

cases of brain cancer, where the overall response rate was determined to be 34.8%.64 

Lastly, the only magnetic hyperthermia setup that has been developed utilizing iron oxide 

nanoparticles can be found in Berlin (Figure 1.6). This system was developed at the 

Charité Medical School, Clinic of Radiation Therapy, and was initially used for the 

treatment of prostate cancers. Moreover, in 2011, clinical trials were conducted in Berlin, 

where 12 nm iron oxide nanoparticles were used to treat 66 patients with recurrent brain 

cancers.65  The clinical trial determined that magnetic hyperthermia followed by 

radiotherapy was able to provide a median survival time of 13.4 months in 59 patients 

with glioblastoma, which was significantly better than the 6.2 month survival time of the 

control group.  
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Figure 1.6 Prototype of a Magnetic Hyperthermia Therapy System 

Consists of a patient couch (1) with a ferrite-core applicator (2) and an adjustable 

aperture (3). The system is air cooled (4). All parameters are monitored and controlled at 

the control unit (5). The temperature is measured invasively with temperature probes 

(6). Reproduced with permission.65a 2001, Elsevier. 
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1.2.3. Magnetic Nanoparticles for Drug Delivery 

For MNP-based drug delivery, therapeutic molecules are usually linked to the 

MNP surface or encapsulated/complexed with polymer-coated MNPs. Alternatively, the 

MNPs can possess a mesoporous silica shell, which can be used to load hydrophobic 

small molecule drugs as well as other therapeutic moieties. These drug loaded MNPs can 

then be delivered to the tumor via passive targeting, active targeting, as well as magnetic 

field-facilitated delivery/targeting, wherein an exterior magnetic is used to target the 

MNPs.  

 

1.2.3.1. Targeting Magnetic Nanoparticles to the Tumor 

As mentioned previously, nanoparticles are typically targeted to tumors using two 

mechanisms: 1) passive targeting via the EPR effect or 2) active targeting. Briefly, solid 

tumors are characterized by an abnormal vascular architecture and poor lymphatic 

clearance.66 As such, this enhances vascular permeability to macromolecules (e.g. 

correctly-sized nanoparticles). This greatly depends not only on the size of the MNPs 

(e.g. should be between 50 and 200 nm) but also on the coating/functionalization that is 

used. On the other hand, MNPs can also be functionalized with a variety of targeting 

ligands (e.g. small molecules, antibodies, peptides, and proteins) that allow the MNPs to 

specifically bind to cancer cells just as with any other type of nanoparticle. This can not 

only enhance accumulation of the nanoparticles on the surface of the cancer cells but can 

also enhance tumor cell uptake of the MNPs via receptor-mediated endocytosis and other 

cell uptake mechanisms.15 
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 In addition to the EPR effect and active targeting strategies, MNPs offer the 

possibility of magnetic field-facilitated delivery/targeting. In vitro, magnetic field-

facilitated delivery, which is also known as magnetofection, has been shown to greatly 

facilitate the uptake of MNPs that are complexed with a variety of cargoes (e.g. siRNA, 

DNA, small molecule drugs).67 More importantly, in vivo, magnetic field-facilitated 

delivery can allow for the systemic administration of MNPs that are then directed 

towards a specific location in the human body using an applied magnetic field (e.g. static 

magnet). For this procedure, the drug-loaded MNPs can be injected in vivo and then 

specifically targeted to the correct site using static external magnets, where the gradient 

helps capture MNPs at the targeted site. This strategy is effective strategy when the target 

is close to the surface of the body. However, the magnetic field strength decreases rapidly 

with distance. To circumvent this limitation, some studies have demonstrated the 

implantation of magnetic within the body near the target site.68 Although MNP 

applications have advance considerably, to date, there are still minimal clinical studies 

utilizing MNPs for other applications besides MRI contrast. In particular, a number of 

issues remain to be resolved, including the large-scale synthesis of stable MNPs, MNP 

biocompatibility, drug loading, and etc.23,69 

 

1.2.3.2. Magnetic Nanoparticle-Based Cancer Drug Delivery 

Despite the great promise that MNPs hold for cancer drug delivery, their primary 

use in the clinic has been as MRI contrast agents. For cancer drug delivery, a few clinical 

trials have utilized MNPs and magnetic targeting to date. In particular, the first Phase I 

clinical trial was performed in 1996 by Lubbe et al.70 In this study, epirubicin was 
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complexed to MNPs via electrostatic interaction. In particular, of the 14 patients that 

were enrolled in the study, epirubicin was found to be effectively targeted to the tumor 

using magnetic targeting in 6 patients while the remaining MNPs were found to 

accumulate in the liver. Koda et al. performed a second MNP clinical trial in 2002,71 

wherein 32 hepatocellular carcinoma patients were treated with MNPs coupled with 

doxorubicin hydrochloride. These MNP-drug complexes were targeted via an external 

magnetic field and particle localization was monitored using MRI. Of these 32 patients, 

the tumor was effectively targeted in 30 patients. More importantly, of the 20 patients 

that were followed, the size of 15 of the tumors remained the same or became smaller and 

only 5 increased in size. Finally, in 2004, a third clinical trial also focused on 

hepatocellular carcinomas and found that MNPs coupled with doxorubicin could be 

magnetically targeted to the tumor sites with a 64 and 91% decrease in tumor volume.72 
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Figure 1.7. Magnetically Triggered Drug Release from MNPs  

A) Chemical structure of the capping molecule. B) Schematic demonstrating remote-

controlled drug release from MNPs. C) TEM image of ZnFe2O4 MNPs encapsulated in a 

mesoporous silica shell. D) Drug release profile during AMF (applied at red arrows). E) 

MDA-MB-231 cells treated with MNPs only and drug-loaded MNP. Reproduced with 

permission.21 2011, American Chemical Society. 

 

More recently, research has focused on utilizing the advantageous magnetic 

properties of MNPs to further enhance cancer drug delivery. For instance, the magnetic 
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hyperthermia can be used as a remote-controlled trigger for drug release. Specifically, 15 

nm (Zn0.4Fe0.6)Fe2O4 nanoparticles with a high SLP value were coated with a mesoporous 

silica shell whose pores were blocked with molecular valves.73 In particular, the 

molecular valve, which consisted of a thread and a capping molecule (cucurbit[6]uril), 

was used to close the silica pores and prevent unwanted drug release (Figure 1.7). When 

an external AMF was applied, heat was generated resulting in pressure in the porous 

nanoparticles, which causes molecular valves to be removed and the release of the drug 

(Figure 1.7). 

 Lastly, MNPs can also be used for gene delivery. For example, Lee et al. 

developed MnFe2O4 MNPs that were complexed with siRNA, a fluorescent dye, PEG, 

and RGD targeting peptide.74 Specifically, RGD has been shown to target integrins, 

which are overexpressed in some cancer endothelial cells. siRNA was bound to the 

MNPs using a disulfide bond, which is enzymatically cleaved once uptaken. Moreover, 

the nanoparticles can be monitored via MRI and fluorescence imaging. In contrast, gene 

upregulation can also be achieved using MNP-based delivery. For instance, adenovirus,75 

can be coupled with MNPs to successfully deliver a gene, which was again confirmed 

using MRI and fluorescence imaging. 

 

1.3. Engineering Stem Cells for Cancer Therapy 

Cellular therapies are based on the direct injection of dissociated cells or tissues 

into patients and have shown great potential for use in biomedical applications.76 This 

concept is not fundamentally new, as it has been more than half a century since cellular 

therapies were first introduced in the form of bone marrow (BM) and organ transplants.77 
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However, recent breakthroughs in genetic engineering and gene/drug delivery are now 

allowing for safer and more precise cellular manipulation thereby improving the 

feasibility and potential applicability of cellular therapies in the clinic. 

Currently, various cell types are being investigated for cell-based therapies, 

including differentiated, undifferentiated progenitor, and stem cells, wherein each cell 

type presents its own unique advantages and disadvantages. For instance, significant 

progress has been made in the development of immune cell therapies for the clinical 

treatment of cancer. Immune cell therapies currently come in three forms. In the first 

form, tumor-infiltrating lymphocytes (TILs) are collected from the patient’s tumor.78 

Following laboratory-based selection and expansion, the cells are activated by cytokines 

and introduced back into the patient. This approach is based on the fact that though TILs 

already have the ability to target tumor cells, they are not present at sufficiently high 

numbers to effectively destroy the tumor. As such, clinical trials have demonstrated that 

the introduction of a large number of activated TILs can help overcome these barriers 

resulting in shrinkage or destruction of the tumors. Another form of immune cell therapy 

that is being studied and tested in the clinic is chimeric antigen receptor (CAR) T-cell 

therapy.79 In this case, T cells are harvested from the patient and genetically modified to 

express a CAR, which allows the CAR-modified T cells to target cancer cells. As such, 

the CAR T-cells are able to bind to the surface of the cancer cells, become activated, and 

attack the cancer cells resulting in tumor shrinkage and/or destruction. Finally, most 

recently, efforts have also focused on developing dendritic cell-based therapies for the 

treatment of cancers.80 In this case, dendritic cells are obtained from the patient using 

mononuclear cell collection or a similar technique. The dendritic cells are then 
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treated/exposed to a targeted protein that is overexpressed by the tumor. As such, when 

the dendritic cells are reintroduced in the patient, they can stimulate a T-cell cytotoxic 

response to the targeted protein-overexpressing cancer cells. However, in general, the 

clinical application of differentiated cells is hindered by the practical difficulties that are 

associated with obtaining large cell populations, their lack of self-renewal capability, and 

poor engraftment upon transplantation.81  

Stem cells, on the other hand, can be distinguished from all other cell types by 

their unique ability to continuously self-renew and differentiate into intermediate and 

mature cells of a variety of lineages. In addition, they are relatively easy to isolate when 

compared to mature cells and exhibit the ability to migrate to sites of damage and disease 

in vivo.82 Finally, stem cells can often contribute directly to therapy owing to their 

intrinsic secretion of therapeutic and/or beneficial factors such as anti-inflammatory 

cytokines or angiogenic factors.83 While the transplantation of unadulterated stem cells 

has shown great potential for the treatment of a variety of diseases and disorders,76c,84 

recent efforts have increasingly focused on engineering stem cells to expand and control 

their innate functions. Specifically, the act of engineering stem cells can be defined as the 

modification of stem cells to control their behavior for a particular purpose (Figure 1.8). 

This encompasses the genetic modification of stem cells as well as the use of stem cells 

for gene delivery, nanoparticle delivery/loading, and even small molecule drug delivery. 

Currently, biomedical applications of engineered stem cells have primarily focused on 

regenerative medicine. In particular, studies have concentrated on engineering stem cells 

for the regeneration of cardiac, neural, and orthopedic tissues.76c,85 For instance, 

engineered neural stem cells (NSCs) can be transplanted following central nervous 
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system (CNS) injuries such as spinal cord injury to promote neuronal cell survival and 

recovery or to guide NSC differentiation. Similarly, genetically-modified stem cells are 

being developed for the treatment of more specialized genetic diseases including those 

related to immune deficiencies.86 Finally, there has recently been increasing interest in 

engineering stem cells as potent cancer therapies, where stem cells can be used as the 

vehicle for gene therapy or for targeted chemotherapeutic delivery, owing to the 

demonstrated ability of stem cells to home to and infiltrate the tumor 

microenvironment.87 

In this section, we will briefly discuss the strategies that have been developed to 

engineer stem cells, followed by a review of their application to cancer therapy. The 

images and text used in this section was adapted, at least in part, from a Review paper 

published by the author in Advanced Healthcare Materials.88 
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Figure 1.8. Engineering Stem Cells for Biomedical Applications 

Stem cells can be obtained from various sources, engineered using non-viral and non-

viral methods, and then reintroduced back into the patients’ body. These engineered stem 

cells can take on a number of forms. For instance, engineered stem cells encompass the 

genetic modification of stem cells as well as the use of stem cells for gene delivery, 

nanoparticle delivery and loading, and even small molecule drug delivery. Reproduced 

with permission.88 2015, Wiley. 

 

1.3.1. Stem Cell Sources  

There are currently a number of stem cell sources that are being investigated for 

use in cancer applications, including adult stem cells, embryonic stem cells (ESCs), and 

induced pluripotent stem cells (iPSCs), where each has its own advantages and 

disadvantages. For example, adult stem cells are a readily available source that are free 

from ethical concerns, are less likely to form teratomas than other stem cell sources, and 
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can be collected from the patient, modified, and then reintroduced into the patient. On the 

other hand, ESCs are pluripotent cells that can be extracted from the inner cell mass of 

early embryos. ESCs can give rise to almost all cell lineages and, as such, are the most 

promising cell source for regenerative medicine. However, there are ethical issues related 

to their isolation. As a result, the development of iPSCs, which share many properties 

with ESCs but without the associated ethical concerns, also shows great promise. 

Unfortunately, ESCs and iPSCs have both shown the potential for teratoma formation, 

thereby greatly compromising their current clinical utility.  

In this subsection, we will focus on adult stem cell sources with a discussion of 

their individual advantages and disadvantages and their current unadulterated use (e.g. 

without any modification) in cellular transplantation applications. For a more in-depth 

look at stem cell sources for biomedical applications, there are also various reviews 

available.76a,89 

 

1.3.1.1. Adult Stem Cells 

Most biomedical applications use adult stem cells. To understand the underlying 

reason, here, we will discuss the use of adult stem cells as a source for stem cell therapy 

in greater detail. Adult stem cells, also known as somatic stem cells, have been found in 

numerous tissues and are responsible for the maintenance and repair of the tissue in 

which they originate. Adult stem cell-based therapies have been successful for several 

decades, with the first hematopoietic stem cell (HSC) transplantation occurring over 50 

years ago.90 Adult stem cells are multipotent and have the ability to differentiate into a 

number of lineages depending on their source tissue. For example, adult mesenchymal 
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stem cells (MSCs) can readily differentiate into lineages of the mesoderm including 

muscle, bone, tendons, cartilage, and fat. The three main sources of stem cells that will be 

discussed in this subsection include: 1) NSCs, 2) HSCs, and 3) MSCs.  

 

Neural Stem Cells 

NSCs, or neural stem/precursor cells (NSPCs), are a heterogeneous population of 

self-renewing multipotent cells that can be found in the developing and adult CNS.89c 

NSCs were first identified in the rat brain in the 1960s as proliferating neural cells.91 

Since then, NSCs have been isolated from the embryo as well as from the adult CNS. In 

particular, NSCs can be collected from the ganglionic eminence of embryos as well as 

from both the subventricular zone (SVZ) of the lateral ventricles and the subgranular 

zone (SGZ) of the hippocampal dentate gyrus (DG) in adults.92 In terms of their 

differentiation, NSCs can differentiate into astrocytes, oligodendrocytes, as well as 

various types of neurons (e.g. dopaminergic). In vivo studies have demonstrated that 

transplanted NSCs can become incorporated into various brain regions, where they 

primarily differentiate into neurons and glia.93 This lack of oligodendrocyte 

differentiation in vivo has been attributed to the low oligodendroglial differentiation 

efficiency of NSCs.94 As such, NSCs represent a good source of stem cells for various 

biomedical applications, although concerns do exist owing to their limited availability 

and the difficult nature of their isolation.  

Stem cell therapies using NSCs have primarily focused on the replacement of 

neurons for various nervous system disorders including Parkinson’s disease, 

Huntington’s disease, and spinal cord injury (SCI), which is currently being validated 
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using numerous experimental models and a few clinical trials.89c In terms of the 

experimental models, successes have been reported. However, a number of issues remain 

to be addressed including whether or not the transplanted NSCs can reach the target 

organ as well as whether, once at the target organ, the NSCs can differentiate into the 

appropriate lineage in sufficiently large numbers to give functional benefits. Moreover, 

our understanding of the in vivo differentiation process is still in its infancy. Though, it is 

clear that the disease microenvironment presents a complex combination of signals to the 

NSCs, which significantly differs from normal conditions, and, as such, may not be 

conducive to the survival and differentiation of NSCs into the intended lineage.95 

Furthermore, in the case of oligodendrocyte regeneration, NSC transplantation alone is 

unable to induce sufficient oligodendrocyte differentiation, which further confounds the 

use of NSCs for stem cell therapies. As such, there is significant room for investigation 

and improvement, which may be addressed using an engineered stem cell approach. 

 

Hematopoietic Stem Cells 

HSC transplantation is the most widely used stem cell therapy in the clinic today. 

It was originally developed for two purposes: 1) to treat individuals with inherited anemia 

or immune deficiencies by replacing the abnormal hematopoietic cells with cells from a 

healthy individual, and 2) to allow for the delivery of myeloablative doses of radiation 

and/or chemotherapy to cancer patients.96 While effective, HSC transplantations come 

with a number of risks, with the most common being graft-versus-host disease 

(GVHD).97  
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There are three primary sources of HSCs: 1) BM, which is considered the 

classical source of HSCs, 2) peripheral blood, and 3) cord blood. The main differences 

between these sources are their reconstitutive and immunogenic potential. The first cell-

surface marker that was used to enrich for human HSCs was CD34, a ligand for L-

selectin.98 In particular, in vitro assays have revealed that almost all CD34+ cells have 

multi-potency or oligo-potency, but also that the population is very heterogeneous. In 

terms of the percentage of CD34+ cells that can be collected from the different cell 

sources, typically, the number of circulating CD34+ cells is held at a steady state of 

0.06% while 1.1% of the cells in the BM are CD34+. As such, BM is the best source of 

HSCs and is the primary source used clinically.99 

Besides the applications described above, HSC transplantation is being 

investigated for a number of disorders including immunological and genetic blood 

diseases. For instance, immunosuppression followed by the transplantation of CD34+ 

HSCs has recently been investigated in Phase I/II clinical trials for the treatment of 

multiple sclerosis in order to reconstitute the immune system following the removal of 

active autoreactive T cells.100 Similarly, HSC transplantation has shown promise for 

rheumatoid arthritis as well as Crohn’s Disease.101 Lastly, HSC therapies are in clinical 

trials for sickle cell disease, where it has been demonstrated that curative levels of T cell 

chimerism (>50%) using HLA-matched sibling allogenic CD34+ HSC transplantations 

can be achieved.102  

While HSC therapies have shown promising results in experimental models and 

in clinical trials, autologous HSC transplantation is not possible in every case, especially 

for genetic diseases. In addition, allogenic transplantation comes with significant risks of 
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GVHD. As such, engineered HSCs may provide additional benefits such as genetically 

repairing autologous HSCs, which can then be transplanted to treat diseases such as 

Wiskott-Aldrich syndrome or muscular dystrophy as will be discussed in more detail 

later. 

 

Mesenchymal Stem Cells 

MSCs, which are also referred to as mesenchymal stromal cells, are a subset of 

non-hematopoietic adult stem cells that originate from the mesoderm. Like other adult 

stem cells, they possess self-renewal capabilities and can differentiate into multiple 

lineages. In particular, MSCs can not only differentiate into mesoderm lineages, such as 

chondrocytes, osteocytes and adipocytes, but also ectodermic cells (e.g. neuronal cells) 

and endodermic cells (e.g. pancreatic cells).103 Importantly, MSCs exist in almost all 

tissues. For instance, they can be isolated from the BM, adipose tissue, the umbilical 

cord, liver, muscle, and lung.  

To identify MSCs, there is a general consensus that human MSCs do not express 

the hematopoietic markers CD45, CD34 and CD14 or the co-stimulatory molecules 

CD80, CD86 and CD40. Instead, they express variable levels of CD105 (also known as 

endoglin), CD73 (ecto-5'-nucleotidase), CD44, CD90 (THY1), CD71 (transferrin 

receptor), the ganglioside GD2, and CD271 (low-affinity nerve growth factor receptor). 

Moreover, they are recognized by the monoclonal antibody STRO-1. In particular, it is 

thought that the observed variation in marker expression levels arise from differences in 

tissue source and culture conditions.83a 
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As a result of the ease with which MSCs can be harvested as well as their 

multilineage differentiation capabilities, MSCs are currently the most widely used source 

for stem cell-based research and therapy. Numerous clinical trials using MSCs alone (e.g. 

without genetic manipulation) have been performed, with the primary applications being 

tissue repair and the therapy of immune disorders. In particular, MSCs have demonstrated 

reparative effects, where they are believed to be responsible for growth, wound healing, 

and the replacement of cells from everyday wear as well as from pathological 

conditions.76a For instance, MSC transplantation has been shown to improve numerous 

musculoskeletal injuries and diseases including the regeneration of periodontal tissue 

defects, diabetic critical limb ischemia, bone damage caused by osteonecrosis, and burn-

induced skin defects.104 Besides musculoskeletal tissue repair, preclinical studies have 

also demonstrated that MSCs can effectively treat myocardial infarction as well as brain 

and spinal cord injuries.105 On the other hand, MSCs also exhibit the capacity to regulate 

the immune response for the treatment of immune disorders. For example, MSC 

transplantation can reverse GVHD in patients receiving BM transplantation.106 Similarly, 

the transplantation of both autologous and allogeneic MSCs was able to suppress 

inflammation and reduce damage to the kidneys and bowel in patients with Crohn’s 

disease.107 It has also been reported that MSC transplantation can improve multiple 

sclerosis, amyotrophic lateral sclerosis, and stroke through their immunomodulatory 

effects.108 Most importantly, MSCs for the treatment of GVHD and Crohn’s disease is 

currently the only stem cell-based drug approved by the FDA.109 While already 

promising, similar to NSCs and HSCs, MSCs are great candidates for stem cell 
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engineering, which can improve their survival and differentiation capacity thereby greatly 

enhancing the potential of MSCs for clinical applications. 

 Overall, adult stem cells are currently the most preferred cell type for downstream 

stem cell and engineered stem cell therapies as they are the most readily available and 

well established. Numerous studies and clinical trials have demonstrated that a large stem 

cell population can be obtained and expanded from patients (e.g. allogeneic source) and, 

following reintroduction into the patient, are less likely to form teratomas when 

compared to other stem cell sources upon long-term follow up. Finally, these cells are 

free from the ethical and moral issues associated with ESCs.  

 

1.3.2. Methods to Engineer Stem Cells 

The development of recombinant DNA technology in the 1970s marked the 

beginning of an exciting new era for biology. Molecular biologists gained the ability to 

manipulate DNA molecules, making it possible to study genes and harness them for the 

development of novel medicines and biotechnologies, which include engineering stem 

cells. However, to achieve the desired effects in engineered stem cells, the therapeutic 

genes must be carried by safe and effective vectors that can not only deliver genes 

specifically to the target cells but also sustain their expression thereafter. Other properties 

that these vectors should possess include: 1) high transfection efficiency, 2) long-term 

stability without integration into the host genome, 3) ability to spatiotemporally express 

appropriate levels of the therapeutic gene, and 4) not stimulate the host’s immune system 

or induce cellular transformation.110 
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For this purpose, both viral and non-viral vectors have been developed. Non-viral 

vectors, such as lipid-based and polymer-based vectors as well as other nanoparticles, 

have the advantage of being nonpathogenic and having high loading capacities but are 

generally associated with low transfection efficiencies. On the other hand, viral vectors 

such as retroviruses, lentiviruses, adenoviruses, and adenovirus-associated vectors are 

much more efficient, resulting in numerous preclinical and clinical gene therapy studies. 

Viral vectors differ in their immunogenicity, packaging capacity, ability to transduce 

dividing and nondividing cells, ability to insert into the host genome, and their ease of 

manufacturing.111 However, serious issues arise with their biosafety. As such, careful 

consideration must be taken when deciding which vectors to use for engineered stem cell 

applications. In this section, we will cover the techniques that have been most commonly 

used to genetically engineer stem cells with particular focus on viral and non-viral gene 

delivery methods.  

 

1.3.2.1 Viral Gene Therapy 

Currently, the most efficient and common method of introducing genes into stem 

cells is by means of viral vectors. However, the chief concerns associated with this 

approach involve frequent transgene silencing and the fact that integration of the 

transgene into the host genome can activate nearby oncogenes, leading to the selection of 

subclones with abnormal growth behaviors.112 Moreover, viral vectors are severely 

hampered by their immunogenicity. While a number of excellent reviews covering the 

progress and challenges faced by viral vectors for gene therapy are available,113 in this 

section, we will briefly highlight the various viral vectors that have been applied to 
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engineer stem cells. Specifically, we will focus on: 1) retroviral, 2) lentiviral, 3) 

adenoviral, and 4) adeno-associated viral vectors. 

 

Retroviral Vector 

Retroviral vectors were the first class of viral vector to be developed and have, 

historically, been the most widely used in clinical trials.113b Specifically, they are single-

stranded RNA viruses that replicate in the host cell through reverse transcription, thereby 

producing DNA from its RNA genome.114 Moreover, retroviruses have the ability to 

integrate into the host genome via an integrase enzyme.115 However, it has been found 

that retroviral vectors are produced at relatively low titers, require proviral integration 

into the host chromosome for transduction, and can usually only infect dividing cells. As 

a result, these properties restrict most retroviral vector applications to ex vivo gene 

transfer approaches, which is not necessarily a significant limitation for the purpose of 

engineering stem cells. 

 For the purpose of engineering stem cells, retroviral vectors have traditionally 

been the vector of choice for the ex vivo transduction of HSCs and they offer two main 

advantages. First, they are non-immunogenic in nature. Second, and more importantly, 

they can offer constitutive transgene expression owing to their ability to integrate into the 

host genome. As a result, the genetically engineered stem cells can be used to treat 

various diseases. On the other hand, retroviral vectors are hampered by a number of 

significant limitations. Specifically, the use of retroviral vectors results in arbitrary 

integration of the inserted DNA into the host genome. This could modulate endogenous 

gene expression via insertional mutagenesis of a proto-oncogene or tumor suppressor 
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resulting in carcinogenesis of the engineered stem cells.113b As a result, in recent years, 

there has been a decline in the use of retroviral vectors for clinical trials (currently, only 

19.7% of trials used retroviral vectors compared to 28% and 22.8% in 2004 and 2007, 

respectively).113c 

 

Lentiviral Vectors 

Lentiviral vectors, such as the human immunodeficiency virus (HIV), are 

specialized members of the retroviral family. Like retroviral vectors, lentiviral vectors 

can integrate into the genome of the host cell. However, unlike other retroviruses, 

lentiviral vectors have the advantage of being able to transduce non-dividing cells. As 

such, these vectors are one of the most efficient viral methods for gene delivery. 

In terms of engineering stem cells, one of the key rationales for using lentiviral 

vectors is their ability to transduce stem cells with a high efficiency after only a short ex 

vivo infection, which can favor the maintenance of stem cell properties. For example, this 

has been demonstrated in HSCs.116 Moreover, lentiviruses are known to be less genotoxic 

than other retroviral vectors.117 However, the potential for carcinogenesis, as induced by 

insertional mutation, is still a major hurdle for the clinical application of lentiviral 

vectors. For instance, a clinical trial using a lentiviral vector expressing β-globin to 

transduce hematopoietic progenitor cells was conducted for the treatment of a patient 

with β-thalassemia-based anemia.118 In this patient, following engineered stem cell 

transplantation, 10% of the erythroid cells contained the vector, but in 3% of cells the 

vector had integrated into the high mobility group AT-hook 2 (HMGA2) gene, which has 

previously been linked to cellular de-differentiation and metastasis of solid tumors.119 



42 
 

 
 

Fortunately, at 33 months, this patient had no evidence of malignancy. Lastly, besides the 

potential for carcinogenesis, stem cells display low permissivity to the vector, thereby 

potentially requiring cytokine stimulation in order to increase transduction efficiency.116 

 

Adenoviral Vectors 

Adenoviral vectors are non-enveloped icosahedral viruses that are composed of a 

nucleocapsid and a double-stranded linear DNA genome.120 Adenoviral vectors have a 

number of advantages, which make them attractive for stem cell engineering. 

Specifically, the 36 kb genome of the adenoviral vector provides ample space for the 

insertion of large sequences.113a Moreover, adenoviral vectors have high transduction 

efficiency in both dividing and nondividing cells allowing for the collection of high titers 

with relative ease. Finally, the vector remains episomal and, as such, does not integrate 

into the host genome. As a result, the number of clinical trials using adenoviral vectors is 

growing with 23.3% of clinical trials using adenoviral vectors as of 2012.113c 

 For stem cell applications, these properties may be particularly useful as the 

transient expression of the transduced gene can help prevent overgrowth of the 

transplanted stem cells (e.g. for tissue regeneration). However, there are also significant 

barriers that adenoviral vectors must first overcome before they can be useful in the 

clinic. For example, they are limited by their large size as well as their great 

immunogenicity.121 Moreover, although recombinant adenoviral vectors were the first to 

result in high levels of systemic gene transfer in mammals, when delivered systemically 

they can induce severe toxicity at the dosage levels that are required for efficacy, 

especially in humans. To address this, second- and third-generation vectors contain 
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additional deletions of the viral genes thereby reducing toxicities. However, even when 

all of the viral genes are deleted using a helper-dependent packaging system,122 the 

vectors are not completely devoid of toxicity and transduction with these vectors can 

result in large changes in endogenous gene expression profiles.123 

 

Adeno-Associated Viral Vectors 

Adeno-associated viral vectors are derived from the parvovirus family and are 

small viruses with a single-stranded DNA genome that requires a helper virus for 

replication and completion of their life cycle.124 When compared to adenoviral and other 

viral vectors, adeno-associated vectors are characterized by a number of advantages such 

as the ability to infect both dividing and non-dividing cells. In addition, the vector is 

largely episomal (>99%) and the < 1% that isn’t, predictably integrates into human 

chromosome 19.125 Finally, it is not currently related to any human disease and it has a 

lower immunogenicity. 

As a result of these properties, adeno-associated viral vectors are currently the 

vector of choice for clinical viral transduction (4.9% in 2012, which continues to 

grow).113c Previous studies have demonstrated that these vectors can mediate 10 to 100-

fold higher levels of transgene expression both in vitro and in vivo compared to other 

vectors. However, because of their small size (2.4 - 4 kb), they can only accommodate 

small genes thereby limiting their therapeutic usefulness.126 Moreover, despite their lower 

immunogenicity, one study reported the formation of hepatocellular carcinoma as a result 

of adeno-associated viral vector integration near a miRNA locus that is known to be 

involved in tumorigenesis.127 On the other hand, and more significantly, a clinical trial 
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conducted by Nathwani and colleagues demonstrated that adenovirus-associated viral 

vector-mediated gene transfer in Hemophilia B did not result in any acute or long-lasting 

toxicity but follow-up with a larger number of patients and for longer periods of time is 

necessary before a full evaluation of the usefulness of adeno-associated viral vectors can 

be made.128 

In stem cells, studies have demonstrated that adeno-associated viruses can be used 

to transduce stem cells that originate from the muscle and brain.129 However, the 

efficiency is significantly reduced when compared to the transduction of mature cells. For 

example, in muscle, Arnet et al. found that adeno-associated viral vectors were able to 

transduce proliferating myoblasts in culture with reduced efficiency relative to 

postmitotic myocytes and myotubes.130 In addition, quiescent satellite cells were 

refractory to transduction in vivo in adult mice. On the other hand, for HSCs, some 

investigators have claimed that HSCs were impervious to adeno-associated viral 

transduction while others have reported that these vectors were capable of transducing 

HSCs but only at high vector-to-cell ratios.129 Either way, despite their low transduction 

efficiency, recent efforts have focused on using directed evolution to enhance the utility 

of adeno-associated viruses for stem cell applications. To this end, Asuri and coworkers 

generated an adeno-associated virus variant with high gene delivery efficiencies (~50%) 

to human pluripotent stem cells and a considerable increase in gene-targeting frequencies 

(up to 0.12%).131 
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1.3.2.2 Non-Viral Delivery Vehicles 

Several limitations of viral vectors, such as safety concerns that include 

carcinogenesis, immunogenicity, broad tropism, as well as their relatively small capacity 

for therapeutic DNA, have prompted the development of synthetic non-viral vectors.132 

The ideal non-viral vector should be able to overcome the many barrier involved with 

systemic delivery, including: 1) targeted delivery, 2) efficient cell uptake and endosomal 

escape, and 3) the release of its cargo, all in a biocompatible manner while protecting the 

cargo from degradation. To this end, nanoparticles can provide a promising platform for 

gene delivery to stem cells.  

 Nanoparticles offer a number of advantages over viral vectors, including: 1) a 

lower immunogenicity, 2) the ability to deliver larger payloads, and 3) generally being 

easier to prepare/synthesize.133 In addition, nanoparticles can be used to deliver other 

nucleic acids (DNA, RNA), biomolecules (e.g. peptides, proteins), small molecule drugs, 

and can also provide additional multifunctionalities (e.g. heating, imaging).134 Owing to 

their great potential, a plethora of nanoparticle systems have been developed to overcome 

the physiological barriers faced by non-viral delivery methods. Specifically, these 

nanoparticles can be composed of various materials including metals, noble metals, 

semiconductors, polymers, lipids, and other inorganic materials and can have various 

sizes, shapes, and properties.135 However, few of these vectors have made it through 

clinical trials to become FDA approved.132 In addition, they are generally hampered by 

lower delivery efficiencies relative to viral vectors.136 As such, while these vehicles 

possess great potential, there is still significant room for improvement before they can be 

widely used in the clinic. In this section, we will give a brief overview of some of the 
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most common nanoparticle systems that have been developed for engineering stem cells 

with particular focus on lipid- and polymer-based vectors as well as gold and MNPs. 

 

Lipid-Based Vectors 

Currently, the most widely used non-viral delivery vehicle consists of lipid-based 

vectors. Lipid-based vectors are generally characterized of by three components: a 

cationic head group, a hydrophobic tail, and a linker group.133b The liposomal delivery of 

DNA was first demonstrated in 1980, wherein the phospholipid phosphatidylserine was 

used to deliver SV40 DNA to monkey kidney cells.137 Since then, numerous lipid-based 

vectors with more efficient transfection properties have been developed. Synthetic 

cationic lipids such as DOTMA, DOSPA, DOTAP, DMRIE and DC-cholesterol 

spontaneously form small, uniform liposomes that are capable of efficient encapsulation 

and delivery of DNA to various mammalian cells including stem cells.132,133b,138 On the 

other hand, neutral lipids, such as the fusogenic phospholipid DOPE or the membrane 

component cholesterol, have also been utilized as a component of liposomal formulations 

to enhance transfection activity and nanoparticle stability.3b However, despite being the 

most widely used non-viral delivery vehicle, limitations do exist, including low efficacy 

owing to poor stability and rapid clearance,139 as well as the generation of inflammatory 

or anti-inflammatory responses.140  

 

Polymer-Based Vectors 

An alternative class of non-viral vectors consists of cationic polymers, which are 

attractive owing to their immense chemical diversity and the relative ease with which 
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they can be functionalized. The most widely developed examples of polymeric vectors 

include poly(l-lysine) (PLL) and polyethylenimine (PEI), which have both been 

demonstrated to efficiently transfect stem cells.132 Besides PLL and PEI, a number of 

other polymers, which have shown efficacy for stem cell transfection, are also available. 

For instance, PLGA is a popular choice and can be used to create nanoparticles via 

solvent evaporation. Finally, chitosan is another popular polymer with an intrinsically 

positive charge. 

In particular, PLL is a homopolypeptide of the basic amino acid lysine although 

unmodified PLL shows marked in vitro cytotoxicity.141 Moreover, in the absence of a 

lysosomal disruption agent such as chloroquine, PLL has fairly poor transfection 

ability.133b As a result, numerous copolymer variants of PLL with enhanced gene delivery 

properties have been reported.142 One example includes PLL coated with the hydrophilic 

polymer polyethylene glycol (PEG), which is designed to minimize nonspecific 

interaction with serum components and thereby increase circulation time.143 On the other 

hand, PEI and its variants are among the most studied polymeric materials for gene 

delivery. PEI is a polymer that has a high positive charge density, especially at reduced 

pH values, owing the existence of a nitrogen atom at every third position along the 

polymer. As a result, it has been hypothesized that this can aid in the condensation of 

DNA as well as enhance endosomal escape.144 In terms of its transfection efficiency as 

well as its cytotoxicity, this strongly depends on the structural properties of PEI such as 

molecular weight and whether it is in a linear or branched form.145 As with PLL, owing to 

the cytotoxicity of PEI, a range of modifications have been investigated including block 

co-polymers of PEG and PEI for improved stability and biocompatibility, degradable 
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disulphide-crosslinked PEIs for reduced toxicity, and alkylated PEI to increase 

transfection ability.132  

 

Gold Nanoparticles 

Gold nanoparticles (GNPs) are one of the most widely used nanoparticles for stem 

cell applications. In particular, GNPs are attractive owing to their amenability to 

synthesis and functionalization. Moreover, they are very inert and non-toxic. Specifically, 

numerous studies have demonstrated that GNPs are well tolerated by stem cells 

depending on how they are coated and can be used to guide stem cell differentiation by 

delivering nucleic acids, other biomolecules, and/or small molecule drugs.146 

GNPs have been synthesized using an array of methods, which are mainly based 

on the reduction of chloroauric acid in the presence of a stabilizing agent. For example, 

the most commonly used method is the citrate synthesis method, which involves 

reduction of chloroauric acid using trisodium citrate thereby resulting into the formation 

of GNPs. The size of the obtained GNPs is determined mainly by the salt concentration, 

temperature and rate of addition of reactants resulting in a typical size range of 10–25 

nm. However, a range of 1–100 nm or more can also be achieved by varying the salt 

concentration and temperature.147 To utilize GNPs for drug or gene delivery, a number of 

functionalization have been investigated. In particular, as mentioned previously, the 

surface of GNPs can readily be modified using thiol-based chemistry. As such, GNPs 

have been stabilized via citrate as well as the more bioapplicable PEG. In addition, to 

allow for gene or drug delivery to stem cells, GNPs can be covalently modified with the 

gene or drug. Alternatively, non-covalent methods such as electrostatic interaction 
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between PEI and nucleic acids can also be used and has been demonstrated successfully 

in stem cells.148 

 

Magnetic Nanoparticles 

Lastly, there has been considerable interest in MNPs as multifunctional 

nanoplatforms for stem cell applications. In particular, MNPs have many unique 

properties such as high biocompatibility, facile surface modification, and magnetic 

properties that result in an intrinsic ability to enhance MRI contrast, induce 

hyperthermia,149 and be used for magnetic targeting.23,150 As a result, it has been 

demonstrated that MNPs are be biocompatible with stem cells and can actually enhance 

transfection efficiency via magnetically facilitated transfection (e.g. magnetofection).151  

MNPs, such as the most common Fe3O4 MNPs, are typically synthesized through 

the co-precipitation of Fe2+ and Fe3+ ions in basic aqueous media or thermal 

decomposition, which results in more uniform and highly crystalline structures.152 In 

addition, it has been found that doping MNPs with other metals such as Zn2+ or Mn2+ can 

greatly enhance the magnetization of the resulting MNPs, which is critical for 

downstream applications (4- to 14-fold increase in MRI contrast, which can be used to 

monitor stem cell migration, and 4-fold enhancement in hyperthermic effects for the 

treatment of cancer).29 Generally, as with GNPs, these MNPs are coated with 

biocompatible polymers, such as dextran, dextran derivatives, or PEG, to confer stability 

in a biological system. In addition, nucleic acids, biomolecules, and small molecule drugs 

can be conjugated via covalent or non-covalent bonds (e.g. PEI via electrostatic 

interaction). As a result of their great potential, many MNP formulations are under 
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clinical investigation and some formulations are already FDA approved with MRI 

contrast being their primary area of application. Finally, investigations have recently 

focused on the development of magnetic core-shell nanoparticles (MCNPs) wherein the 

MNP is coated with a shell that provides additional functionalities such as gold or 

mesoporous silica (e.g. dark-field imaging and increased drug loading, respectively).67,153 

As a result, MNPs and MCNPs have particularly great potential for stem cell engineering 

owing to their multifunctionalities and tunability. 

 

1.3.3. Using Engineered Stem Cells for Cancer Therapy 

Recently, there has been increasing interest in the development of gene therapies 

as a unique strategy for the treatment of cancer. Gene therapy for cancer encompasses a 

wide range of treatments that have the common theme of delivering genetic materials 

(e.g. DNA, RNA, and RNA interference molecules) in order to modify cancer cells.154 A 

wide variety of gene therapies have been tested on cancers including glioma, pancreatic 

cancer, lung cancer, liver cancer, and many more. Examples include the creation of 

cancer vaccines, targeting viruses to cancer cells for the induction of lysis and death, 

targeting supporting cells to cutoff the blood supply, and introducing genes into cancer 

cells that either cause death or restore them to a normal phenotype.154 However, as with 

more conventional drugs, gene therapies are hampered by our current inability to 

specifically target them to the cancer. As such, combining the tumor tropism/targeting 

ability of stem cells with gene therapy strategies is a promising way to approach gene 

therapy thereby using stem cells as a delivery vehicle that can improve our ability to treat 

cancers. In this section, we will focus on two iterations of stem cell-based gene therapy 
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for the treatment of cancer, which includes the use of engineered stem cells as a targeted 

delivery vehicle for gene therapies (e.g. using stem cells to deliver viruses) and 

genetically engineered stem cells to secrete therapeutic molecules for cancer therapy. 

 

1.3.3.1 Engineering Stem Cells as a Delivery Vehicle for Gene Therapy 

Currently, one avenue of gene therapy that is being explored for the treatment of 

cancer is oncolytic viruses. Specifically, oncolytic viruses are viruses that are engineered 

to specifically replicate in and kill cancer cells while sparing healthy cells.155 However, 

these viruses are quickly cleared through the bloodstream and may exhibit non-specific 

behaviors when directly administered.156 Moreover, it has been demonstrated in clinical 

trials that engineered viruses often only affect tumor cells in close proximity to the site of 

injection, which significantly hampers its efficacy for metastases.157 To address these 

issues, engineered stem cells that are loaded with oncolytic viruses can be used as 

effective targeted delivery vehicles for gene therapy. Due to their tumor-tropic properties, 

stem cells can carry the gene therapy vectors to tumors and sites of metastases thereby 

increasing the local concentration of therapeutic at the cancer site while decreasing the 

required dosage and subsequent side effects.156 

 To this end, multiple studies have shown that virus loaded stem cells can decrease 

tumor burden more effectively than direct viral injections.158 In particular, MSCs have 

been the most frequently used stem cell source for this purpose with the most common 

demonstration being for gliomas.158d,159 For instance, Sonabed et al. demonstrated that 

MSCs can effectively deliver oncolytic conditionally replicative adenovirus (CRAd) to 

glioma.157 In particular, the promoter of CRAd’s were designed to be tumor specific and, 
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in this case, are only activated at the tumor site by C-X-C chemokine receptor 4 

(CXCR4), which has been shown to be overexpressed by gliomas.160 To infect the MSCs 

with CRAd, cells were simply incubated with virus-containing medium (1,000 viral 

particles per cell) for 48 hours. It was found that CRAd-loaded MSCs effectively 

migrated in vitro and released CRAds that infected U87 glioma cells. More importantly, 

MSCs also migrated in vivo when injected away (5 mm) from the tumor site and 

delivered 46-fold more viral copies than CRAds injected alone. 

 Although the majority of studies using stem cells to deliver viruses have focused 

on MSCs, NSCs have also shown significant migratory ability for the treatment of 

gliomas.87 As such, Ahmed and coworkers conducted a comparative study of NSC- and 

MSC-based carriers for oncolytic adenoviruses for GBM.161 In this case, commercial 

stem cells were transduced with a variety of adenoviral vectors (AdWT, CRAd-CXCR4, 

etc.). Importantly, it was found that both cell sources had similar potential to function as 

cell carriers. However, the amount of virus released from NSCs was a log higher than 

from MSCs. As such, only virus loaded NSCs, which were administered intracranially to 

an orthotopic glioma model, significantly prolonged the survival of tumor bearing 

animals (68.7 days of survival for NSCs-injected animals vs. 44 days for MSCs).  

Besides glioma, Stoff-Khalili et al. implemented a therapy utilizing MSCs to shuttle 

CRAd agents to metastatic breast tumors.162 In particular, the CRAd’s promoter was 

tumor specific and, as with the case in glioma, were also designed to be activated at the 

tumor site by CXCR4, which is overexpressed by certain breast cancer cell lines.163 The 

MSCs were successfully loaded with the adenovirus via diffusion during 18 hours of 

incubation and were subsequently trypsinized and intravenously injected. Results 
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indicated that mice bearing MDA-MB-231 breast cancer pulmonary metastases that were 

injected with the adenovirus loaded MSCs survived significantly longer than their control 

counterparts (approximately 3 times longer).162 The ability of stem cells to infiltrate 

tumors was also hypothesized to significantly increase the tumor’s exposure time to the 

therapy resulting in the corresponding increase in therapeutic efficiency.164  

Lastly, Mader and colleagues demonstrated the use of engineered patient-derived 

MSCs as a carrier to deliver oncolytic measles virus (MV) to ovarian tumors as 

optimization for a Phase I clinical trial.165 In particular, various experimental models have 

previously validated the use of MV and phase I clinical trials are in progress to evaluate 

the safety and maximal tolerated dose of oncolytic MV for cancers such as ovarian, 

cancer, myeloma, and glioma.166 To further improve viral delivery to the tumor, the 

authors infected patient-derived MSCs with MV via centrifugation (70% infectivity with 

1000 x g centrifugation for 5-10 minutes), which did not compromise cell viability. In 

vivo, no tumors were seen despite receiving up to 1.6×109 MSCs/kg and MSCs did not 

promote the growth of SKOV3 human ovarian cancer cells in mice. Using non-invasive 

SPECT-CT imaging, Mader et al. saw rapid co-localization of MV infected MSCs and 

SKOV3 tumors, within 5–8 minutes of intraperitoneal administration (Figure 1.9A). 

Importantly, MSCs could be pre-infected with MV, stored in liquid nitrogen, and thawed 

on the day of injection into mice without loss of activity. Finally, it was found that MV 

infected MSC, but not virus alone, significantly prolonged the survival of animals bearing 

measles immune ovarian cancer (Figure 1.9B). 
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Figure 1.9 Mesenchymal Stem Cells as Virus Carriers for the Treatment of 

Ovarian Cancer 

A) MSCs labeled with DiR and infected with measles virus expressing RFP (MV-RFP) 

were injected into mice bearing tumors that stably expressed CFP. Representative 

images from mice that received MSCs from healthy donors (MSC 493B) or ovarian 

cancer patients (FB8) showed co-localization of MV-infected MSCs with the tumors. B) 

Mice with tumors were passively immunized with measles immune human sera and 

given 105 TCID 50 MV-NIS or 105 MV-NIS infected MSCs at 7 days post-tumor 

implantation. RT = MSCs were given 20 Gy radiation immediately before MV-NIS 

infection. F/T = Frozen stock of MV infected MSCs were thawed, washed, and used 

immediately. Reproduced with permission.165 Copyright 2013, BioMed Central. 
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1.3.3.2 Genetically Engineering Stem Cells for Cancer Therapy  

Aside from delivering oncolytic viruses to cancer, stem cells can also be 

genetically engineered to secrete: 1) therapeutic proteins or 2) enzymes that convert a 

separately administered non-toxic prodrug into a cytotoxic drug. Using these approaches, 

engineered stem cells are capable of migrating to and continuously producing the drug or 

enzyme at the sites of cancer and metastases, thus bypassing restrictions such as the short 

half-life of drugs and the need for repeated drug dosages.158a For this purpose, MSCs are, 

again, especially attractive as candidate carriers since they are relatively easy to expand 

and transduce.167 Moreover, multiple studies have already shown that genetically 

engineered MSCs are efficient tools for delivering anticancer agents to metastatic tumors, 

as we will review later in this section. In particular, this section will focus on the use of 

genetically engineered stem cells for: 1) the secretion of therapeutic molecules and 2) the 

secretion of an enzyme that can then convert a separately administered prodrug. 

 

Secretion of Therapeutic Proteins 

When genetically engineering stem cells to secrete therapeutic proteins, there are 

a number of candidate genes including genes encoding proteins that directly act on 

malignant cells as well as those that affect supporting cells (e.g. blood vessel and stroma). 

This is typically achieved using viral methods, as although non-viral vectors have been 

used and offer some advantages such as lower immunogenicity, they have a much lower 

efficiency.168 In particular, direct effectors include cytokines such as interferon-β (IFN-β) 

and tumor necrosis factor-related apoptosis inducing ligand (TRAIL). On the other hand, 
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those that affect supporting cells typically target angiogenesis or induce an immune 

response via the secretion of interleukins. 

In the case of IFN-β, high concentrations of IFN-β have been shown to inhibit 

cancer cell growth. However, the direct administration of IFN-β is limited by its short 

half-life and has been associated with excessive systemic toxicity.169 Addressing these 

concerns, a number of studies have focused on using stem cells, especially MSCs, to 

deliver IFN-β specifically to tumors.170 For instance, Studeny et al. engineered BM-

derived MSCs to IFN-β via adenoviral transduction.171 In vivo tests with mice carrying 

A375SM melanoma tumors demonstrated that the transplanted MSCs preferentially 

survive and proliferate in the presence of malignant cells and become incorporated into 

the tumor architecture as stromal fibroblasts. More importantly, the authors found that, on 

average, mice injected with engineered MSCs survived almost twice as long as control 

mice (60 days compared to control mice, which survived for only 37 days). On the other 

hand, the direct intravenous injection of recombinant IFN-β did not increase mice 

survival compared to control mice, which further supports the use of MSCs as a delivery 

vehicle for IFN-β. Similarly, Ren and colleagues reported that MSCs engineered with a 

recombinant adeno-associated virus encoding IFN-β could effectively treat prostate 

cancer lung metastasis.172 Evaluation 30 and 75 days after transplantation indicated a 

significant reduction in tumor volume. In addition, a significant increase in the natural 

kill cell activity was observed following stem cell-based IFN-β therapy and systemic 

levels of IFN-β was not significantly elevated. Lastly, aside from MSCs, NSCs have also 

been used to deliver IFN-β but to a lesser extent.173 
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On the other hand, TRAIL has also been a cytokine of particular interest. TRAIL 

can induce apoptosis in a wide range of cancers while, generally, sparing normal healthy 

cells.174 In particular, TRAIL has been shown to directly attach to death receptors (DR4 

and DR5) that are preferentially expressed on tumor cells, activating pro-apoptotic 

proteases that result in cancer cell apoptosis.175 However, translation of TRAIL into the 

clinic is confounded by its short half-life, inadequate delivery methods, and the fact that 

recent studies have found that TRAIL can cause some hepatotoxicity depending on the 

patient and drug combinations used.176 As with IFN-β, MSCS have been shown to have 

the ability to deliver a secretable form of TRAIL, thereby enhancing the efficacy of 

TRAIL versus systemic administration of TRAIL alone. For example, engineered MSCs 

that secrete TRAIL have been utilized to treat in vivo glioma models.177 In particular, 

these MSCs were transfected using a lentiviral vector and the resulting engineered MSCs 

secreted around 250 ng of TRAIL per every million cells over a 24-hour timespan. In 

addition, it was found that the engineered MSCs provided a method to facilitate the 

transportation of TRAIL across the BBB and continuous production of TRAIL helped 

mitigate the issue of TRAIL’s short half-life (Figure 1.10).178 Importantly, it was shown 

that MSCs were resistant to apoptosis from TRAIL making them viable targeting 

candidates.177 As a result, the engineered MSCs exhibited significant anti-tumor effect 

over unengineered MSCs resulting in a significant reduction in glioma burden via the 

induction of apoptosis and a significant decrease in the number of proliferating tumor 

cells (Figure 1.10).  
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Figure 1.10 Mesenchymal Stem Cells Genetically Engineered to Secrete TRAIL to 

Enhance the Treatment of Glioma 
A–F) Serial in vivo bioluminescence imaging of tumor growth following 

intracranial implantation of Gli36-EGFRvIII-FD glioma cells mixed with MSCs 

expressing S-TRAIL (MSC-S-TRAIL; B,D,F) or GFP (MSC-GFP; A,C,E). G) Relative 

mean bioluminescent signal intensities after quantification of in vivo images. H–M) 

Photomicrographs show the presence of cleaved caspase-3 (H) and Ki67-positive cells 

(K) in brain sections from MSCS-TRAIL-treated and control mice (I,L) 6 days after 

implantation. Plot shows the number of cleaved caspase-3 (J) and Ki67 (M) cells in 

MSC-S-TRAIL and MSC-GFP-treated tumors. (Green, MSCs; red, glioma cells; purple, 

Ki67 or cleaved caspase-3 expression). Reproduced with permission.177 Copyright 2009, 

PNAS. 
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 Besides direct effectors of cancer apoptosis, stem cells have also been engineered 

to express indirect effectors such as molecules that inhibit the formation of the tumor-

associated vasculature (TSP1179 or PEX) or immunomodulatory molecules (IL-12180 and 

IL-18181). In addition, the delivery of growth factor inhibitors such as NK4 using MSCs 

has also been shown to significantly increase survival of mice in a lung metastasis 

model.182 For instance, Kim et al. engineered HB1.F3 immortalized NSCs to produce 

PEX in order to inhibit angiogenesis for the treatment of glioma.183 In particular, PEX is 

a naturally occurring fragment of human metalloproteinase-2 and acts as an inhibitor of 

glioma and endothelial cell proliferation, migration, and angiogenesis.184 Following 

transfection of the NSCs with a plasmid for PEX via SuperFect (Qiagen) and in vivo 

injection, histologic analysis showed that engineered NSCs migrated to the tumor 

boundary and caused a 90% reduction of tumor volume. In particular, this reduction was 

associated with a significant decrease in angiogenesis (44.8%) and proliferation (23.6%), 

demonstrating the effectiveness of engineering NSCs to express PEX. 

 Immunomodulatory molecules such as IL-12 are also effective for the treatment 

of cancer. Typically, immunotherapies focus on utilizing our own immune systems or its 

components to attack cancer cells. In particular, the delivery of cytokines such as IL-12 

has been shown to boost both the innate and adaptive immune response against tumors. 

However, cytokines such as IL-12 are hindered by poor in vivo distribution and are 

associated with serious and even life-threatening consequences as well as marginal 

clinical responses in most patients.185 To improve this, MSCs were transduced with an 

adenovirus expressing IL-12 and the antitumor effect of these engineered MSCs, as 

injected via different routes, was evaluated in solid and metastatic melanoma.186 As 
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expected, it was reported that the engineered MSCs were more efficient than adenovirus 

alone as a cytokine gene delivery vehicle. Moreover, when comparing intratumoral, 

subcutaneous, and intravenous injection of engineered MSCs, intratumoral injection was 

found to be the best approach to induce a strong tumor-specific T-cell response that 

correlated with anti-metastatic effects as well as the inhibition of solid tumor growth. 

Though, interestingly, intravenous injection of engineered MSCs actually induced earlier 

and higher peak levels of cytokines than other routes demonstrating that this is not an 

indicator of subsequent antitumor effects. 

 

Secretion of Enzymes for the Conversion of Prodrugs 

Prodrugs are another viable candidate for stem cell delivery. Prodrugs are 

compounds that are normally nontoxic. Instead, they are designed to respond to tumor 

specific enzymes, which then convert the prodrug into its toxic form.187 Thus, prodrugs 

can provide a more targeted approach towards cancer therapy as greater concentrations of 

the cytotoxic form of the prodrug will be located at sites of cancer rather than in healthy 

tissues.188 Moreover, prodrugs exhibit the bystander effect owing to the diffusion of the 

activated prodrug agent further enhancing the efficacy of the prodrug.189 As such, three 

major suicide gene systems are currently used. Cytosine deaminase (CD) converts 5-

fluorocytosine (5-FC) to the toxic antimetabolite 5-fluorouracil. The herpes simplex virus 

thymidine kinase (HSV-tk) converts ganciclovir (GCV) to GCV-monophosphate, which 

is further phosphorylated to GCV-triphosphate thereby potently blocking DNA synthesis. 

Finally, carboxylesterase (CE) converts the prodrug irinotecan (CPT-11) to the potent 

topoisomerase inhibitor SN-38.190  
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Figure 1.11 Engineering Stem Cells to Secrete Enzymes for the Conversion of 

Prodrugs 

A) Diagram of CD-expressing NSCs localized to tumor cells, and CD conversion of 5-

FC to 5-FU, which readily diffuses out of the NSCs to selectively kill the surrounding 

tumor cells. B,C) H&E-stained brain tumor sections from U251 glioma–bearing mice 

that received HB1.F3.CD NSCs only (B) or HB1.F3.CD NSCs in combination with 5-

FC (C). White arrows indicate tumor region. Reproduced with permission.191  Copyright 

2013, Science. D) Brain injection of NSC1-tk cells coupled with GCV treatment 

prolonged the life of mice inoculated with U87 glioma cells. Statistical analysis was 

performed using the log rank test. E) Representative pictures of brain sections show the 

tumor size of different groups. NSC1-tk brain injection followed by GCV i.p. injection 

appears to shrink the tumor. Reproduced with permission.192 Copyright 2012, Nature. 

 

While promising, the efficacy of prodrugs can be further improved using stem 

cell-based delivery thereby enhancing targeting and infiltrating. Moreover, an added 

benefit of stem cell-mediated prodrug delivery is that the stem cells are eliminated after 

conversion of the prodrug, thereby abolishing any concern over its long-term fate. Using 

the CD–5-FC system, engineered MSCs and NSCs have been shown to effectively treat 

tumors of the brain.192-193 194 For instance, Aboody and colleagues engineered 
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immortalized NB1.F3 NSCs to express CD via a retroviral vector for the treatment of 

glioblastoma (Figure 1.11A).191 They found that these engineered NSCs retained their 

tumor tropism following intracerebral injection even in orthotopic glioblastoma bearing 

mice pretreated with radiation or dexamethasone, which mimics clinically relevant 

adjuvant therapies. Importantly, it was reported that the average tumor volume was one-

third that of the average volume in control mice (Figure 1.11B and C). Moreover, no 

toxicity associated with conversion of 5-fluorocytosine to 5-fluorouracil was detected and 

there was no evidence of tumorigenesis attributable to the NSCs. Similarly, Wang and 

coworkers also engineered NB1-F3 cells to express CD and demonstrated their ability to 

target and disseminate therapeutic agent to medulloblastoma thereby resulting in a 76% 

reduction of tumor volume compared to unengineered controls.195 

On the other hand, the HSV-tk system, which relies on the formation of gap 

junctions between the stem cell and surrounding target cells for an efficient bystander 

effect using the prodrug GCV, has shown efficacy in several cancer models including 

those of the brain, breast, and prostate.196 For example, Yang and colleagues engineered 

iPSC-derived NSCs using recombinant baculovirus vectors containing the herpes HSV-tk 

gene expression cassette to treat metastatic breast cancer.192,197 In particular, they 

demonstrated that after tail vein injection, the engineered iPSC-derived NSCs displayed 

robust migratory capacity even outside the CNS in both immunodeficient and 

immunocompetent mice and homed in on established orthotopic 4T1 mouse mammary 

tumors. Moreover, the engineered iPSC-derived NSCs were able to effectively inhibit the 

growth of orthotopic 4T1 breast tumors as well as the metastatic spread of the cancer 
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cells, leading to prolonged survival of the tumor-bearing mice (median survival of 39 

days, which was significantly greater than controls) (Figure 1.11D and E). 

Finally, NSCs engineered using the CE–CPT-11 system have proven to be 

effective in the treatment of preclinical models of brain, lung, and ovarian cancers.198 For 

instance, Kim et al. engineered immortalized HB1.F3 NSCs to express CE using a 

retroviral vector to enhance the treatment of ovarian cancer.195,199 In this study, the 

authors reported that the engineered NSCs retained their ability to migrate to ovarian 

tumors and greatly inhibited cancer cell proliferation. Interestingly, the authors compared 

engineered stem cells using the CD-5-FC system to engineered NSCs expressing CE for 

the CE-CPT-11 system and found that the CE approach seems to be more promising than 

the CD approach because the CE approach decreased proliferation with a lower 

engineered NSC cell number and at a lower concentration of CPT-11 when compared to 

the concentration of cells and prodrug needed for the CD approach. 

 

1.4. Overview of the Dissertation 

Overall, it has been demonstrated that MNPs hold tremendous potential for 

various biomedical applications, including cancer diagnosis and treatment, owing to their 

unique ability to interact with and be manipulated by magnetic fields. In particular, 

cancer applications of MNPs have primarily focused on their use as MRI contrast agents, 

drug delivery vehicles, and as agents for the induction of magnetic hyperthermia. From 

the onset of this thesis, I was highly interested in utilizing the multifunctionalities of 

MNPs to overcome the two major problems with cancer therapy – namely, 

chemoresistance and the lack of tumor targeting. For this purpose, I have developed two 



64 
 

 
 

orthogonal approaches that utilize the multifunctional properties of MNPs to overcome 

these challenges. Specifically, I focused on the development and advancement of novel 

MNP-based combination therapies, wherein MNPs are used for the dual purpose of not 

only acting as a delivery vehicle but also as an agent for magnetic hyperthermia. 

In the first half of this thesis, novel MNP and magnetic core-shell nanoparticle 

(MCNP)-based combination therapies are developed to enhance the treatment of cancer 

by sensitizing cancer cells to subsequent therapies. In particular, MNPs are first 

developed for the dual purpose of delivering microRNA and inducing magnetic 

hyperthermia for the treatment of brain cancer. We demonstrate that the combination of 

lethal-7a microRNA (let-7a), which targets a number of survival pathways, can sensitize 

cancer cells to subsequent magnetic hyperthermia. Moreover, we demonstrate the use of 

MCNPs that are composed of a magnetic core and a mesoporous silica shell for the 

simultaneous delivery of let-7a and doxorubicin, wherein let-7a was found to sensitize 

breast cancer cells to subsequent chemotherapy. 

 In the second half of this thesis, we develop a stem cell-based gene therapy to take 

advantage of the innate ability of stem cells to target cancers. For this purpose, MCNPs 

are reported for the dual purpose of delivering and activating a heat-inducible gene vector 

that encodes TNF-related apoptosis-inducing ligand (TRAIL) in adipose-derived 

mesenchymal stem cells (AD-MSCs) for the treatment of cancer. These engineered AD-

MSCs were observed to retain their innate ability to proliferate, differentiate, and home to 

tumors, making them ideal cellular carriers for cancer therapy. Moreover, mild magnetic 

hyperthermia resulted in the selective expression of TRAIL in the engineered AD-MSCs 
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and, as such, induced significant ovarian cancer cell death highlighting the robustness of 

our remotely-controlled stem cell-based gene therapy. 

Overall, this thesis demonstrates two multifunctional MNP-based approaches for 

cancer therapy: 1) combined MNP-based delivery of microRNA and magnetic 

hyperthermia to sensitize cancers to subsequent chemotherapy and 2) MNP-based 

activation of heat-inducible genes in stem cells for the targeted treatment of cancer. 
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Chapter 2 :  

Combined Magnetic Nanoparticle-Based microRNA and Hyperthermia 

Therapy to Enhance the Treatment of Cancer 

 

The text and images used in this chapter have been previously published, at least in part, 

in Small as an original manuscript (Yin PT, Shah BP, Lee KB. Small, 2014. 10(20): p. 

4106-12.) and Perry Yin was the first author. 

 

2.1. Introduction 

In recent years, mild hyperthermia (40-45°C) has been increasingly investigated 

as an adjuvant that can effectively sensitize tumors to chemotherapy and radiotherapy as 

well as induce apoptosis.200 In particular, magnetic hyperthermia, wherein the exposure 

of magnetic nanoparticles (MNPs) to an alternating magnetic field (AMF) results in the 

induction of hyperthermia via Neel and Brownian relaxation, represents a novel and 

attractive approach that can overcome the technical challenges that exist with other 

methods used to induce hyperthermia – mainly the difficulty of actually achieving the 

intended therapeutic temperature in the tumor region while sparing surrounding healthy 

tissue. As such, by delivering the MNPs explicitly to the tumor either through 

intratumoral or targeted intravenal injection, a highly localized hyperthermia can be 

achieved for the selective heating of tumors while sparing the surrounding healthy 

tissues.201  

In terms of its molecular mechanism of action, the treatment of a tumor with 

magnetic hyperthermia results in the synthesis of heat shock proteins (HSPs), which can 
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subsequently beget an anti-tumor immune response. For example, following the induction 

of magnetic hyperthermia in sarcoma-bearing mice, HSPs are typically expressed on the 

surface of malignant cells but not on normal cells.202 As a result, these HSP-expressing 

malignant cells are more susceptible to lysis by natural killer effector cells. However, it is 

also a well-known fact that the fundamental function of HSPs is to protect cellular 

proteins from degradation. Moreover, HSPs have been shown to promote cell survival 

and inhibit apoptosis (Figure 2.1).203 As such, HSP expression resulting from magnetic 

hyperthermia actually hinders MNP-mediated cell death. For instance, it has been 

demonstrated that the activation of HSPs preserves tumor cell viability and can impart 

tumor cells with resistance to chemotherapy and radiotherapy.204 These effects occur 

through numerous signaling pathways that are involved in therapeutic resistance 

including the activation of DNA repair mechanisms (via the BRCA family),205 the 

regulation of apoptosis (via the Akt/PI3K pathway),206 and the modulation of p53 

function, which has been shown to hold true for a broad range of neoplastic tissues.206a,207  

As a result, a number of therapeutics are currently being investigated for their 

ability to target HSP-related pathways. For example, the proteasome inhibitor, 

bortezimab, targets the NF-kB pathway, which is in part regulated by HSP70 and 

HSP90.208 There are also agents directed at the HSP90 and mTOR/HIF pathways, 

including the inhibitor geldanamycin.209 For instance, Yoo et al. developed resistance-

free apoptosis-inducing magnetic nanoparticles (RAIN) composed of MNPs that release 

geldanamycin to inhibit HSP90 and induce magnetic hyperthermia upon exposure to an 

AMF.210 While promising, each individual of the HSP family (e.g. HSP27, HSP70, 

HSP72, HSP90) has numerous subsequent targets whose pathways have significant 
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degeneracy.207b Therefore, to maximize the therapeutic potential of magnetic 

hyperthermia for the treatment of cancer, there is a clear need to simultaneously target the 

multiple key downstream effectors of HSPs that promote cell survival and inhibit 

apoptosis following treatment.  

 

Figure 2.1. Heat Shock Protein Pathway 

The heat shock protein family acts to promote cell survival and inhibit apoptosis. 

Reproduced with permission.203 2007, Ivyspring International Publisher. 
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Figure 2.2 Magnetic Nanoparticle-Based microRNA and Hyperthermia Therapy to 

Enhance the Treatment of Brain Cancer 

A) MNP complexes are first delivered to GBM cells, which is enhanced by 

magnetofection. Once inside the cell, let-7a miRNA is released thereby targeting 

downstream effectors of HSPs. This sensitizes the cancer cells to subsequent magnetic 

hyperthermia enhancing apoptosis. B) MNPs will be complexed with let-7a miRNA 

using 10 kDa branched PEI via a layer-by-layer approach.  

 

In this chapter, we report the novel application of highly magnetic zinc-doped iron 

oxide nanoparticles (ZnFe2O4) for the dual purpose of delivering a microRNA (miRNA) 

that targets multiple downstream pathways modulated by HSPs and inducing magnetic 

hyperthermia to enhance the treatment of cancer cells (Figure 2.2). Specifically, in this 

study, glioblastoma multiforme (GBM) brain cancer cells were used as a model system. 

miRNAs are small endogenous noncoding RNA molecules that interact with target 

messenger RNAs (mRNAs) to down-regulate or inhibit translation.211 The function of 

miRNAs in cancer formation and treatment is well established.212 However, the unique 

feature that makes miRNA particularly suitable to be combined with magnetic 
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hyperthermia is their ability to have multiple, possibly hundreds of, targets.213 Moreover, 

these targets are often on the same or similar pathways. Therefore, the delivery of a 

single miRNA can potentially have a greater, more cumulative effect on HSPs and their 

downstream effectors than delivering other types of therapeutic molecules such as small 

interfering RNA (siRNA) molecules or drugs, which can only modulate single HSP-

related targets.214 To this end, we are interested in delivering lethal-7a miRNA (let-7a), 

which is known to be a tumor suppressor that inhibits malignant growth by targeting 

factors such as the BRCA family,215 RAS,216 IGF1R,217 HMGA2,217 and c-Myc,218 which 

overlap with a number of key downstream effectors of HSPs (Figure 2.3).219 Moreover, 

let-7a has been reported to be down-regulated in a number of cancer types including 

cancers of the lung,220 prostate,221 breast,222  and brain, where let-7a is decreased by over 

3-fold compared to healthy surrounding tissue.223 As such, we hypothesized that the 

MNP-mediated delivery of let-7a should act synergistically with magnetic hyperthermia 

to enhance hyperthermia-mediated apoptosis by targeting multiple key HSP-related 

pathways including DNA repair and cell survival (via IGF1R and RAS) mechanisms. 

Please note that the materials, images, and text that are used in this chapter have been 

published, at least in part, in Small as an original manuscript.149 
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Figure 2.3 let-7 Targets 

Let-7 targets a number of pathways in cancer and stem cell biology. All together, let-7 

targets cell proliferation, apoptosis, angiogenesis, DNA republication, cell division, and 

cell cycle. Reproduced with permission.224 2010, Multimed. 

 

2.2. Results and Discussion 

2.2.1. Synthesis and Characterization of Magnetic Nanoparticles 

For the MNP-based combined miRNA and magnetic hyperthermia therapy, we 

utilized zinc doped iron oxide (ZnFe2O4) nanoparticles. These MNPs have previously 

been shown to have a significantly higher magnetic susceptibility and hence, can afford 

improved magnetic properties while requiring a much lower dose when compared to 

conventional Fe2O3 or Fe3O4 nanoparticles.29 As such, we first synthesized ZnFe2O4 

MNPs with a doping percentage of (Zn0.4Fe0.6)Fe2O4 via the thermal decomposition of a 
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mixture of metal precursors (zinc chloride, ferrous chloride, and ferric acetylacetonate) in 

the presence of oleic acid using a previously reported protocol that was modified by our 

group.29,67 The resulting highly monodisperse and hydrophobic ZnFe2O4 MNPs were then 

made water-soluble via ligand exchange with 2, 3-dimercaptosuccinic acid (DMSA).225  

Transmission electron microscopy (TEM) analysis revealed that the overall 

diameter of the ZnFe2O4 MNPs was 22.92 ± 3.7 nm (Figure 2.4). A high-resolution TEM 

image shows the monocrystalline structure of the MNPs with a lattice fringe that was 

measured to be 0.296 nm (Inset of Figure 2.4), which is characteristic of the (220) planes 

of the spinel and is in agreement with previous reports.112,113 In terms of the water soluble 

MNPs, it was found that the DMSA coated MNPs had a hydrodynamic size of 30.1 ± 2.8 

nm (polydispersity index [PDI] = 0.192) as measured by dynamic light scattering (DLS) 

and a zeta potential of -23.3 ± 1.3 mV. Moreover, with regard to their magnetic 

properties, the MNPs were characterized by a specific absorption rate (SAR) of 341 W/g, 

which was determined using an AMF with an amplitude of 5 kA/m and a frequency of 

225 kHz. This SAR is consistent with data reported in the literature for similar ZnFe2O4 

MNPs.226 In comparison, we found that conventional Fe3O4 MNPs (7 nm diameter) have 

a SAR of 28.46 W/g, which is also in agreement with values that have been reported (10-

40 W/g).227 As such, our monodisperse water soluble ZnFe2O4MNPs are characterized by 

expectedly superior magnetic properties thereby allowing for the use of significantly 

lower doses when compared to conventional MNPs.  
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Figure 2.4 Transmission Electron Micrographs of the MNPs 

TEM micrograph of the MNPs (scale bar = 20 nm). Inset: High resolution TEM 

micrograph of the MNPs showing the lattice fringes (scale bar = 10 nm).   

 

2.2.2. Efficient microRNA Delivery Using Magnetic Nanoparticles 

To prepare the aforementioned ZnFe2O4 MNPs for miRNA delivery, the 

negatively charged water-soluble MNPs were coated with a 10 kDa branched cationic 

polymer, polyethyleneimine (PEI), which affords the MNPs with an overall positive 

charge. PEI is a polymer that is partially protonated under physiological conditions, thus 

allowing for the formation of complexes in the presence of nucleic acids.228 PEIs have 

been used extensively to deliver plasmids and other DNA and RNA molecules including 

siRNA and miRNA.228-229 Specifically, it has been demonstrated that PEI complexes are 

uptaken into the cell through caveolae- or clathrin-dependent routes and are able to 

facilitate release from the endosome with high efficiency via the “proton sponge 
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effect.”230 Moreover, previous studies have shown that a direct relationship exists 

between the molecular weight of PEI and cytotoxicity.231 Therefore, to minimize 

cytotoxicity while maximizing transfection efficiency we used 10 kDa branched PEI 

(Figure 2.5A). In particular, to deliver miRNAs efficiently using our MNPs, we 

developed a two-step layer-by-layer process (Figure 2.5B). First, the PEI-coated MNPs 

(1 μg/mL) were incubated with miRNA in an 80 mM NaCl solution to minimize the size 

of the complex. Afterwards, an outer coat of PEI was added to provide additional 

protection for the miRNA as well as to facilitate cell uptake and endosomal escape. We 

observed that the size of the MNP complexes increased to a final diameter of 76.91 ± 11 

nm (PDI = 0.242) for the layer-by-layer MNP-PEI/miRNA/PEI complex and had a 

positive zeta potential of +23.7 ± 1.7 mV. Moreover, a reversal of the zeta potential was 

observed after the deposition of each layer (Figure 2.5B). A more detailed description of 

the optimization process can be found in the Materials and Methods section (Figure 2.5). 
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Figure 2.5 Optimization of Magnetic Nanoparticle Complex Formation 

A) To determine the optimal molecular weight of PEI for miRNA delivery, we coated 

out MNPs with 2 kDa, 10 kDa, and 25 kDa, following the same protocol. We found that 

while 2 kDa PEI coated MNPs had the lowest cytotoxicity, 10 kDa had a significantly 

higher transfection efficiency. B) A reversal in the zeta potential is observed after the 

addition of each layer. C) To determine the NaCl concentration that should be used in the 

solution during complexing, 3 different NaCl concentrations were tested. Afterwards, the 

overall diameter of the complexes was measured using DLS. The results demonstrate that 

80 mM NaCl solution worked best for layer-by-layer complex formation. D) To 

determine the minimum concentration of MNP that was needed to bind 100% of the 

miRNA, a PicoGreen dye was used. It was found that 1 μg/mL MNP was sufficient to 

bind nearly 100% of the miRNA. 
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Figure 2.6. Cell Uptake of Magnetic Nanoparticles Complexes 

A) U87-EGFRvIII GBM cells do not uptake Cy3-labeled scrambled miRNA (100 nM) 

in the absence of transfection agents. B) Uptake of Cy3-labeled scrambled miRNA after 

transfection using a commercially available transfection agent (e.g. X-tremeGENE) 

following the manufacturer’s protocol. C) GBM cells readily uptake MNPs complexed 

with 100 nM Cy3-labeled scrambled miRNA (scale bar = 50 m). Blue = Hoechst 

stained nuclei, red = cy3-labeled scrambled miRNA. Top image in each column 

represents phase merged with the fluorescence images. D) Quantification of the 

fluorescence intensity illustrates that miRNA uptake is significantly greater for MNP-

based delivery compared to Cy3 alone or X-tremeGENE mediated transfection (*p < 

0.05, **p < 0.01). 

 

 To assess the efficiency of cellular uptake, we performed fluorescence 

microscopy on GBM cells (U87-EGFRvIII) that were transfected with MNP-
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PEI/miRNA/PEI complexes (Figure 2.6). In this case, the MNP complexes were 

assembled using 100 nM Cy3-labeled scrambled precursor miRNA (Ambion) and 

delivery was enhanced by magnetofection, a well-established method that allows for the 

rapid accumulation of MNPs and their payloads upon exposure to an external magnetic 

field.67,232 Twenty-four hours after transfection, we visualized and quantified the 

efficiency of uptake (Cy3 positive cells divided by the total number of cells). We found 

that the GBM cells were able to efficiently uptake the MNP-PEI/Cy3-miRNA/PEI 

complexes without the use of transfection agents or active uptake methods such as 

electroporation (98% efficiency). Moreover, compared to commercially available 

transfection agents (X-tremeGENE®), the fluorescence intensity of Cy3-miRNA uptaken 

after magnetofection using our layer-by-layer MNP complexes was significantly greater 

(Figure 2.6).  

 

 

Figure 2.7 Cell Uptake of MNPs 

A) A cross-sectional TEM micrograph of a GBM cell further confirms that MNP 

complexes (black clusters) are able to enter the cell (scale bar = 1 m). B) MNP 

complexes at higher magnification (scale bar = 0.2 m). 

 

To further confirm MNP uptake, cross-sectional cellular images were obtained 

using TEM (Figure 2.7). Specifically, TEM confirms that MNPs were successfully 
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endocytosed and were able to enter the cell. Finally, in contrast to other cationic 

transfection methods, which can result in severe damage to cell membranes resulting in 

low cell viabilities,233 the MNP complexes and the process of magnetofection caused 

little to no cell death (92% cell viability) owing to the much lower concentration and 

shorter time of incubation that is necessary. As such, this demonstrates that these 

complexes can be used for extended incubation and downstream applications such as 

magnetic hyperthermia or imaging (Figure 2.8). 

 

Figure 2.8 Biocompatibility of the MNP complexes 

MNP-PEI/scrambled miRNA/PEI were delivered to U87-EGFRvIII GBM cells in 

increasing concentrations and delivery was enhanced using magnetofection (10 min). 

The MNP complexes are well tolerated by the cells as determined via MTS assay 48 

hours after transfection. 

 

2.2.3. Magnetic Nanoparticle-Mediated Delivery of let-7a microRNA to Brain 

Cancer Cells 

miRNAs are small 20-24 nucleotide long RNAs, each of which has the potential 

to post-transcriptionally down-regulate a specific set of target genes. As mentioned 

previously, let-7a is known to target a number of genes involved in cell survival (PI3K 

via IGF1R),206c,d  proliferation (RAS, HMGA2),216-217 DNA repair (BRCA1, BRCA2),215 

and cell cycle (AURKA, CDK4) (Figure 2.9A).215 However, this has not been confirmed 
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in GBM cells. To confirm this in GBM, we first delivered 70-nucleotide precursor let-7a 

miRNA (100 nM) to U87-EGFRvIII GBM cells using our optimized MNP-based 

delivery conditions and quantified the mRNA expression levels of selected let-7a targets, 

as it has been reported that mammalian miRNAs primarily regulate target genes by 

decreasing mRNA levels.234 Specifically, using quantitative PCR (qPCR) measurements 

made from total RNA, we observed at least 40% down-regulation (p < 0.05) of all target 

gene transcripts (KRAS, NRAS, c-MYC, and IGF1R) relative to U87-EGFRvIII cells 

treated with scrambled miRNA (100 nM) as delivered by our MNPs (Figure 2.9B). This 

is also supported by Lee et al., who reported that let-7 can inhibit proliferation in GBM 

cells (e.g. U251 and U87) via the down regulation of NRAS and KRAS.235 These results 

not only confirm that let-7a targets the desired genes in GBM cells but also that the 

function and target-specificity of let-7a is retained upon cellular uptake/endosomal 

escape. 

 

Figure 2.9 let-7a Targets in GBM 

A) The delivery of let-7a can inhibit targets such as IGF1R, RAS, HMGA2, and c-

MYC, which typically promote proliferation and cell survival while inhibiting 

apoptosis. B) The delivery of let-7a to U87-EGFRvIII GBM cells significantly down-

regulates expected targets of let-7a compared to scrambled miRNA controls as 

determined by qPCR (*p < 0.05, **p < 0.01). 

 

 Next, to induce apoptosis and evaluate the therapeutic potential of let-7a, we 

modulated intracellular levels of this miRNA. Transient transfection of let-7a using our 
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MNPs resulted in a significant decrease in the viability of GBM cells. Specifically, we 

observed that 48 hours after the MNP-mediated delivery of let-7a, GBM cell viability 

decreased significantly compared to scrambled miRNA controls in a dose-dependent 

fashion (Figure 2.10A). Using 100 nM miRNA as the optimal concentration for the 

remainder of the studies, apoptosis levels in the GBM cells were evaluated using 

Annexin-V/propidium iodide staining and qPCR of caspase-3 expression. In particular, 

FACS analysis of Annexin-V/propidium iodide stained cells demonstrated that 

significantly more cells underwent apoptosis after treatment with let-7a (Figure 2.10B) 

compared to scrambled miRNA controls. Similarly, the expression of caspase-3 was up 

regulated by 30% (p < 0.05) after treatment with let-7a as compared to scrambled 

miRNA control (Figure 2.10C).  

 

Figure 2.10 MNP-Based let-7a Delivery 

A) Cell viability as quantified by MTS assay 48 hours after initial transfection with let-

7a. Samples were normalized to untreated controls. B) FACS analysis of Annexin-V 

and propidium iodide stained cells. C) qPCR of downstream targets of let-7a compared 

to scrambled miRNA controls (*p < 0.05). 

 

In terms of the effect that let-7a delivery has on key signaling pathways, we 

observed that the delivery of let-7a to GBM cells resulted in a significant decrease in the 
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expression of PI3K (56% decrease, p < 0.05), which typically promotes cell survival and 

inhibits apoptosis.236 As PI3K is downstream of let-7a targets including RAS and IGF1R 

(Figure 2.9A),237 this result suggests that let-7a induces apoptosis in GBM cells via the 

targeting of RAS and IGF1R. Finally, we investigated the efficacy of let-7a delivery to 

other GBM cell lines (U87-WT, U87-EGFR) as well as normal brain cells (astrocytes) 

(Figure 2.11). We found that let-7a appears to be most effective in U87-EGFRvIII cells 

compared to U87-WT and U87-EGFR cells possibly because the U87-EGFRvIII cell line 

overexpresses EGFRvIII, which is upstream of PI3K and is targeted by let-7a.217 

Moreover, we observed that let-7a does not induce cytotoxicity in normal brain cells 

(astrocytes), which is expected as non-cancer cells should have much higher endogenous 

levels of let-7a compared to brain cancer cells.223 Taken together, these studies indicate 

that not only does let-7a retain its functionality after delivery using MNPs but it also 

exhibits significant toxicity in GBM cells while sparing normal cells.  

 

Figure 2.11 Efficacy of let-7a Delivery to Other GBM Cell Lines 

Cell viability of normal and glioblastoma multiforme cell lines after the delivery of let-

7a using magnetic nanoparticles. let-7a appears to be most effective in U87-EGFRvIII 

cells compared to U87-WT and U87-EGFR cells. Moreover, let-7a does not induce 

cytotoxicity in normal brain cells (astrocytes) as astrocytes have much higher 

endogenous levels of let-7a compared to brain cancer cells. Each result is normalized to 

the MNP-based delivery of scrambled miRNA to each respective cell line (N.S. = no 

significance, *p < 0.05). 
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2.2.4. Induction of Magnetic Hyperthermia Using Magnetic Nanoparticles 

In terms of their magnetic properties, the MNPs were characterized by a specific 

absorption rate (SAR) of 341 W/g, which was determined using a magnetic field with a 5 

kA/m amplitude and a frequency of 225 kHz. Considering that the SAR value depends on 

the amplitude and frequency of the magnetic field as well as the structure (e.g. size and 

shape) and magnetic properties of the MNPs used, the SAR determined for the ZnFe2O4 

MNPs used in this study is consistent with data reported in the literature for similar 

ZnFe2O4 MNPs.226 In comparison, we found that conventional Fe3O4 MNPs (7 nm 

diameter) have a SAR of 28.46 W/g, which is also in agreement with values that have 

been reported (10-40 W/g).227 As such, our monodisperse water soluble ZnFe2O4 MNPs 

are characterized by expectedly superior magnetic properties thereby allowing for the use 

of significantly lower doses when compared to conventional MNPs.  

 

Figure 2.12 Magnetic Nanoparticle Biocompatibility 

Cell viability measured using MTS 48 hours after the delivery of increasing 

concentrations of MNPs. Note: 10 μg/mL was used for magnetic hyperthermia.  
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To evaluate the ability of our MNP complexes to induce magnetic hyperthermia, 

we delivered MNP-PEI (10 μg/mL, Figure 2.12) to U87-EGFRvIII cells. Twenty-four 

hours after treatment, the MNP-PEI transfected cells were trypsinized and exposed to an 

AMF (5 kA/m, 225 kHz). We found that the therapeutic effect of magnetic hyperthermia 

was dose-dependent with the lowest cell viability (63.14%) being achieved after 45 

minutes of exposure to an AMF (Figure 2.13A). Moreover, an increase in the level of 

apoptosis was observed as quantified via Annexin-V/PI staining (Figure 2.13B) and the 

mRNA expression level of caspase-3 (2 fold increase) when compared to control cells 

transfected with MNPs but not exposed to an AMF (Figure 2.13C). Finally, to determine 

the approximate temperature that was achieved at this MNP concentration, we monitored 

the temperature of the solution containing GBM cells that had been transfected with 10 

μg/mL of MNPs using a fiber optic temperature probe. We observed that after 45 minutes 

of exposure to an AMF, an approximate temperature of 44.1°C was reached (Figure 

2.13D).  

To study the effect that hyperthermia has on the expression of HSPs and the 

activation of their downstream effectors, we confirmed that magnetic hyperthermia 

significantly increases the expression of HSPs including HSP70 (4.1 fold, p < 0.005), 

HSP72 (5.4 fold, p < 0.001), and HSP90 (2.9 fold, p < 0.05), which have all been 

implicated in cancer progression and chemoresistance (Figure 2.13C).238 Moreover, 

downstream effectors of these HSPs such as IGF1R, RAS, and PI3K, which are well-

known to inhibit apoptosis and promote cell survival, are also significantly activated (p < 

0.01) when compared to controls that have not been exposed to magnetic hyperthermia 

(Figure 2.13E). As such, while MNP-mediated magnetic hyperthermia does induce 
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significant toxicity in GBM cells, the activation of pathways that promote cell survival 

and inhibit apoptosis is also apparent suggesting that the inhibition of these multiple key 

downstream effectors can potentially improve the therapeutic effects of MNP-mediated 

magnetic hyperthermia. 

 

Figure 2.13 Magnetic Nanoparticle-Based Magnetic Hyperthermia. 

A) MTS assay following the induction of magnetic hyperthermia (10 μg/mL MNP) in 

U87-EGFRvIII GBM cells. Conditions were assayed 48 hours after transfection and 

normalized to MNP controls (without exposure to AMF). B) FACS analysis of Annexin-

V and propidium iodide stained cells with and without treatment. C) qPCR illustrates 

that, following magnetic hyperthermia, caspase-3 is significantly up regulated as are 

HSPs. Results were normalized to MNP controls without magnetic hyperthermia (*p < 

0.05, **p < 0.01, N.S. = no significance). D) The temperature of the solution was 

monitored using a fiber optic temperature probe (Lumasense) over the course of 

magnetic hyperthermia. Control consisted of the same conditions but without MNPs. E) 

qPCR shows up regulation of let-7a targets following magnetic hyperthermia. Again, 

results were normalized to MNP controls in the absence of magnetic hyperthermia (*p < 

0.01, **p < 0.001). 
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Figure 2.14. Combined Magnetic Nanoparticle-Based let-7a Delivery and Magnetic 

Hyperthermia Therapy. 

A) Timeline of combined treatment. B) Cell viability following combined let-7a 

delivery and magnetic hyperthermia as quantified by MTS assay (*p < 0.05, **p < 

0.01). C) FACS analysis of combination treated cells compared to controls. D) 

Combined let-7a delivery and magnetic hyperthermia results in up regulation of 

caspase-3 and a decrease in PI3K as well as HSPs as determined by qPCR (*p < 0.05, 

**p < 0.01). E) qPCR analysis of let-7a targets following combined therapy (*p < 0.05, 

**p < 0.01). qPCR results were normalized to MNP-PEI/miRNA/PEI complex controls 

delivering scrambled miRNA without exposure to magnetic hyperthermia. 
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2.2.5. MNP-Based Combined microRNA Delivery and Magnetic Hyperthermia 

To treat GBM more effectively, we hypothesized that the MNP-based combined 

miRNA and magnetic hyperthermia therapy would enhance the therapeutic effects of let-

7a delivery or magnetic hyperthermia alone. To test this hypothesis, we delivered MNP-

PEI/miRNA/PEI complexes to U87-EGFRvIII cells. Twenty-four hours after treatment, 

the cells were trypsinized and exposed to an AMF. This treatment sequence, as depicted 

in Figure 2.14A, was chosen because an independent study demonstrated it to be the 

optimal treatment time for combined therapy (Figure 2.15). This is expected as the 

maximal effects of magnetic hyperthermia are typically seen within 24 hours whereas 

miRNAs such as let-7a act over 48-72 hours. Overall, combined MNP-based let-7a 

delivery and magnetic hyperthermia exhibited an additive effect resulting in a cell 

viability as low as 34% (Figure 2.14B), which is significantly lower than either let-7a 

treatment (69.8%, p < 0.01) or magnetic hyperthermia alone (63.14%, p < 0.05). 

Moreover, a significant increase in apoptosis levels was observed as quantified via 

Annexin-V/PI staining (Figure 2.14C) and the mRNA expression of caspase-3 (80% 

increase) when compared to either let-7a treatment or magnetic hyperthermia alone 

(Figure 2.14D).  



87 
 

 
 

 

 

Figure 2.15 Optimization of Magnetic Hyperthermia Conditions 

To determine the sequence with which to induce magnetic hyperthermia after the 

delivery of let-7a, different time points were tested. Viability was quantified 48 hours 

after the delivery of let-7a using MTS. 

 

To further demonstrate the potential of our combined MNP-based let-7a delivery 

and magnetic hyperthermia therapy, we utilized a tumor spheroid monoculture assay as 

an intermediate between in vitro monolayer-based models and future in vivo studies. 

Specifically, unlike classical monolayer-based models, tumor spheroid models are able to 

mirror the three-dimensional (3D) context of in vivo tumors to a high degree and can 

provide more therapeutically relevant results. In particular, we observed that upon 

exposure to combined therapy using the same conditions as those used in monolayer cell 

cultures, we saw a similar additive effect resulting in tumor spheroid cell viability as low 

as 47% (Figure 2.16). As expected of a 3D environment, although still effective, 

combined therapy was not as effective as in monolayer cultures across all conditions (e.g. 

let-7a alone, magnetic hyperthermia alone, and combined therapy). Finally, as a 
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preliminary in vivo study, we performed a biodistribution study wherein MNP complexes 

(25 and 50 mg MNP/kg of body weight) functionalized with poly(ethylene glycol) (PEG; 

molecular weight = 2,000) and targeted via anti-CD44 antibodies were injected (tail-vein 

injection) into nu/nu mice implanted with subcutaneous SUM159 xenografts. We found 

that the animals tolerated both doses well and that the MNPs were able to localize/target 

the tumors within one week of injection (Figure 2.17). While more detailed in vivo 

studies remain to be performed, our findings taken together with previous evidence 

demonstrating the effectiveness of let-7 alone in vivo235 and magnetic hyperthermia alone 

in vivo201,239 suggests that combined MNP-based let-7a delivery and magnetic 

hyperthermia will be able to act as an effective treatment in vivo.  

 

Figure 2.16 Tumor Spheroid Monoculture Assay 

A) Tumor spheroid monocultures were formed from U87-EGFRvIII cells using the 

hanging drop technique (20,000 cells in 20 ul droplets, scale bar = 50 m). B) 24 hours 

after spheroid formation, individual spheroids were transferred to 24-well plates and 

exposed to the varying treatment conditions (same as those utilized in the monolayer 

cell culture condition). Cell viability following combined let-7a delivery and magnetic 

hyperthermia as quantified by MTS assay demonstrates that combined therapy remains 

effective even on tumor spheroids albeit expectedly less effective compared to 

monolayer cultures. Conditions were normalized to scrambled microRNA as delivered 

by MNPs (*p < 0.05, **p < 0.01). 
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Figure 2.17 In Vivo Biodistribution of Magnetic Nanoparticle Complexes 

A) 2 x 106 SUM159 breast cancer cells were subcutaneously inoculated into the dorsal 

part of 5-6 week old nu/nu mice. Tumors were allowed to develop for 2 weeks after 

which cy3-conjugated MNPs that were coated with PEI-PEG and targeted via anti-

CD44 antibody were injected via tail vein injection (25 and 50 mg/kg of body weight). 

Images were taken over the following week and mice were euthanized one week after 

MNP injection. B) Table explaining the different treatment groups. There were 5 groups 

with 5 animals in each group. C) Tumor volume was monitored over the entire study D) 

Tumor weight was also quantified after tumor collection. E) Representative images 

taken using an IVIS system confirm that the cy3-conjugated MNPs (with and without 

targeting) were able to localize within the tumor within 1 week after MNP injection. 

 

 Finally, to examine the molecular mechanisms by which MNP-based combined 

let-7 and magnetic hyperthermia therapy can increase cell death in GBM cells, we 

investigated its target genes focusing on those related to HSPs as well as cell survival and 

proliferation (Figure 2.14D). Specifically, we observed that PI3K expression was 
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significantly down regulated (23% decrease, p < 0.001) whereas caspase-3 was 

significantly up regulated (80% increase, p < 0.001) when magnetic hyperthermia was 

combined with let-7a delivery (Figure 2.14D). Moreover, the expression of HSPs was 

also significantly down regulated (>20%, p < 0.02) when compared to magnetic 

hyperthermia treated control cells. In terms of let-7a targets, the expression of RAS, 

IGF1R, and MYC were down regulated significantly after exposure to combined therapy 

(Figure 2.14E). These results suggest that the down regulation of pathways including 

IGF1R and RAS, which directly activate PI3K,237 by let-7a may lead to a greater increase 

in caspase-3 mediated apoptosis than would otherwise be possible with magnetic 

hyperthermia or let-7a delivery alone. Moreover, it has been shown that the inhibition of 

PI3K can also down regulate HSPs,239 which is supported by the down regulation of HSP 

that is observed in our results (Figure 2.14D), further pushing GBM cells towards 

apoptosis following combined therapy. Together, these results suggest that the MNP-

based combination of let-7a delivery followed by magnetic hyperthermia may 

significantly enhance the treatment of GBM. 

 

2.3. Conclusions 

In summary, we have successfully demonstrated the effective MNP-based 

delivery of miRNA to cancer cells as well as the novel combined MNP-based miRNA 

and magnetic hyperthermia therapy to enhance apoptosis in cancer cells. As mentioned 

previously, to maximize the therapeutic effects of hyperthermia, a number of therapeutics 

have been developed to target HSP-mediated pathways including the HSP70 and HSP90 

inhibitor, bortezimab208 and geldanamycin, which targets HSP90.209 While promising, 
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each individual of the HSP family (e.g. HSP27, HSP70, HSP72, HSP90) has numerous 

subsequent targets.207b As such, in this study we sought to deliver a miRNA (let-7a), 

which simultaneously targets multiple key downstream effectors of HSPs on a MNP 

platform that also acts as an excellent magnetic hyperthermia agent to enhance apoptosis 

in brain cancer cells. The results indicate that combined MNP-based let-7a delivery and 

magnetic hyperthermia showed an additive effect resulting in significantly more 

apoptosis in brain cancer cells than either let-7a treatment or magnetic hyperthermia 

alone. Moreover, our results suggest that the targeting of pathways such as IGF1R and 

RAS by let-7a may lead to an increase in caspase-3 mediated apoptosis. Finally, besides 

enhancing the effects of magnetic hyperthermia, combined MNP-based let-7a delivery 

and magnetic hyperthermia can also offer a number of other advantages. First, the use of 

MNPs allows for enhancement of transfection using magnetofection as well as magnetic 

targeting. Second, treatment can potentially be monitored via magnetic resonance 

imaging (MRI) owing to the use of MNPs. Finally, we believe this treatment strategy can 

enhance the therapeutic potential of magnetic hyperthermia and by choosing cancer-

specific miRNAs, can even be applied to enhance the treatment of other cancers and 

cancer stem cells including, but not limited to, breast and prostate cancers. In the future, 

we plan to improve targeting and biocompatibility by the addition of targeting ligands 

(e.g. iRGD) and polyethylene glycol (PEG), respectively. 

 



92 
 

 
 

2.4. Materials and Methods 

2.4.1. Nanoparticle Synthesis 

The synthesis of ZnFe2O4 magnetic nanoparticles (MNPs) has previously been 

reported and modified by our group.67,240 Typically, 300 mg ZnCl2, 400 g FeCl2, and 3.5 

g Fe(acac)3 were mixed in 50 mL of  tri-octylamine. Next, 1.2 mL oleic acid was added 

and refluxed at 300°C in a 250 mL three necked round bottom flask. After one hour, the 

reaction was cooled to room temp and ethanol was used to precipitate the MNPs. Then, 

the MNPs were purified by repeated centrifugation and sonication. Afterwards, the 

nanoparticles were dried under a vacuum overnight. To convert the hydrophobic MNPs 

into hydrophilic MNPs, ligand exchange was carried out using 2, 3 -dimercaptosuccinic 

acid (DMSA).28a,225 In a typical experiment, 5 g of DMSA was dissolved in chloroform 

and added to a solution containing 40 mg of oleic acid/oleyl amine coated MNPs in 

toluene. The resulting mixture/solution was allowed to react for 24 hrs at room 

temperature with continuous stirring. The nanoparticles were then collected by 

centrifugation and dried under vacuum. The dried nanoparticles were then re-dispersed in 

DPBS (pH 7.4), to obtain an aqueous solution of MNPs with the desired concentration. 

 

2.4.2. Formation of Magnetic Nanoparticle-PEI/miRNA/PEI complexes 

To prepare the aforementioned ZnFe2O4 MNPs for microRNA (miRNA) delivery, 

the negatively charged water-soluble MNPs were coated with a branched cationic 

polymer, polyethyleneimine (PEI), which affords the MNPs with an overall positive 

charge. PEI is a polymer that is partially protonated under physiological conditions, thus 

allowing for the formation of complexes in the presence of nucleic acids.228 PEIs have 
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been used extensively for the delivery of plasmids and other DNA and RNA molecules 

including small interfering RNA (siRNA) and miRNA.228-229 Specifically, uptake of PEI-

based complexes occurs through caveolae- or clathrin-dependent routes and PEI is able to 

facilitate release from the endosome with high efficiency via the “proton sponge 

effect.”230  

To obtain PEI coated MNPs, the water soluble MNPs were first diluted to 0.1 

mg/mL using DPBS. Afterwards, excess 10 kDa branched PEI (Sigma Aldrich) was 

added drop wise (1 mg/mL). This molecular weight (MW) and structure of PEI was 

chosen based on previous reports.241 After overnight spinning, the MNP-PEI was filtered 

(EMD Millipore, 10,000 MW) to remove excess PEI. To complex the PEI coated MNPs 

with miRNA, MNP-PEI were diluted in 80 mM NaCl solution and 100 nM miRNA was 

added to the solution. Specifically, the NaCl solution was necessary to overcome 

repulsive forces and to wrap the miRNA and PEI polymer around the small MNPs.242 It 

should also be noted that all miRNAs were purchased from Ambion in the pre-miRNA 

form (~70 nucleotides): Pre-miR miRNA Precursor let-7a (PM10050), Pre-miR miRNA 

Precursor Negative Control #1 (AM17110), and Cy3 dye-labeled Pre-miR Negative 

Control #1 (AM17120). After 20 minutes of complex formation at room temperature, 1 

uL of 1 mg/mL PEI was added and the samples were incubated for an additional 20 

minutes. After the incubation was completed, the samples were once again filtered using 

a centrifugal filter unit (EMD Millipore, 10,000 MW) to remove excess PEI. To 

determine the initial concentration of MNP-PEI that needed to be added to complex 100 

nM of miRNA, complexes with increasing concentrations of MNP-PEI were incubated 

with 100 nM miRNA. Afterwards, 100 μL of solution was transferred to a 96-well 
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(black-walled, clear-bottom, non-adsorbing) plate. 100 μL of diluted PicoGreen dye 

(1:200 dilution in Tris-EDTA (TE) buffer) was added to each well. Following 10 minutes 

of incubation at room temp, fluorescence measurements were obtained using a M200 Pro 

Multimode Detector (Tecan USA Inc, NC, USA), at an excitation and emission 

wavelength of 485 and 535 nm, respectively. Background fluorescence was subtracted by 

measuring a solution containing only buffer and PicoGreen dye. Similarly, to determine 

the concentration of NaCl solution used in complexing, complexes were prepared as 

described above utilizing different concentrations of NaCl solution (40, 80, 120 mM) and 

the size of the complexes was determined using dynamic light scattering (DLS). 

 

2.4.3. Nanoparticle Complex Characterization 

Dynamic light scattering (DLS) and Zeta Potential analyses were performed using 

a Malvern Instruments Zetasizer Nano ZS-90 instrument (Southboro, MA). 

Nanoparticle/miRNA complexes (miRNA concentration = 100 nM) were prepared using 

water. DLS measurements were performed at a 90° scattering angle at room temp. Zeta 

potential was collected at room temp and the zeta potentials of three sequential 

measurements were collected. 

 

2.4.4. Transfection of Cell Lines with Magnetic Nanoparticle Complexes 

Twenty-four hours before the magnetofection of MNP complexes, 30,000 brain 

cancer cells were seeded into each well of a 12-well plate (80% confluency). MNP-

PEI/miRNA/PEI complexes were formed as described above. Thereafter the MNP 

complexes were mixed with Opti MEM (Life Technologies) and added to each well to 
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attain the desired final concentration of miRNA/well. Subsequently, the cell culture 

plates were placed on an Nd-Fe-B magnetic plate (OZ Biosciences, France) for 10 

minutes (as optimized from previous reports).67 The culture plates were then placed back 

into the incubator for 5 hrs. Afterwards, the cells were washed once with DPBS and fresh 

growth medium was added. The growth mediums for the cell lines (obtained from 

ATCC) used in the study are as follows: U87-EGFRvIII (DMEM supplemented with 

10% FBS, 1% Penicillin-Streptomycin, 1% Glutamax, and hygromycin B as a selection 

marker) as well as U87-WT, U87-EGFR, and Astrocytes (DMEM supplemented with 

10% FBS, 1% Penicillin-Streptomycin).  

 

2.4.5. Magnetic Hyperthermia 

24 hours after the cells were seeded as described above, 10 μg/mL of PEI-MNPs 

were prepared in Opti MEM (Life Technologies) and added to each well. Following, the 

cell culture plates were exposed to magnetofection for 10 minutes and then placed back 

into the incubator for 5 hrs. Afterwards, the cells were washed with DPBS and fresh 

growth medium was added. To perform magnetic hyperthermia, 24 hours after 

transfection, cells were washed with DPBS, trypsinized, and then exposed to an 

alternating magnetic field (5 kA/m, 225 kHz). Thereafter, fresh media was added to the 

treated cells, which were then plated back into 12-well plates.  

 

2.4.6. Combined MNP-Based miRNA Delivery and Magnetic Hyperthermia 

MNP- PEI/let-7a/PEI complexes were delivered to U87-EGFRvIII GBM cells 24 

hrs after seeding. Next, cells were trypsinized and exposed to an alternating magnetic 



96 
 

 
 

field to induce magnetic hyperthermia 24 hrs after transfection and cell viability was 

quantified 48 hrs after initial transfection. 

 

2.4.7. Cell Viability Assays 

The cell viability was determined by MTS assay using the standard protocol that 

was described by the manufacturer. All measurements were made 48 hrs after initial 

transfection. All experiments were conducted by averaging triplicates. Absorbance at 490 

nm was measured and the control (untreated) cells were normalized as 100% viable. To 

assay apoptosis using Annexin V-FLUOS and Propidium Iodide staining (Roche), 48 hrs 

after initial transfection, 106 cells were suspended in 1 mL of PBS with 10% FBS. After 

centrifugation, cells were resuspended in 100 μl Annexin V Binding Buffer (ice-cold) and 

Annexin V-FLUOS and Propidium Iodide (PI) were added following the manufacturers 

protocol. Samples were incubated in the dark for 15 minutes at room temp. Lastly, 400 μl 

of additional ice-cold Annexin V Binding Buffer was added and the samples were kept 

on ice until the analysis was performed using flow cytometry.  

 

2.4.8. qPCR Analysis 

To quantify the effect that miRNA delivery had, we quantified the mRNA 

expression levels, as it has been reported that mammalian miRNAs primarily regulate 

target genes by decreasing mRNA levels.234 Total RNA was extracted 48 hrs after initial 

transfection using Trizol Reagent (Life Technologies) and the expression level of mRNA 

of the target genes (Table 1) were analyzed using quantitative PCR (qPCR). In particular, 

1 μg of total RNA was used to generate cDNA using the Superscript III First-Strand 
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Synthesis System (Life Technologies). mRNA expression was then quantified using 

specific primers for each target mRNA. qPCRs were performed on a StepOnePlus Real-

Time PCR System (Applied Biosystems) using SYBR Green PCR Master Mix (Applied 

Biosystems). The Ct values that were obtained were normalized to GAPDH. Standard 

cycle conditions were used with a primer melting temperature of 60C. Primers are listed 

in Table 1. All primers were obtained from the PrimerBank database.243 

 

2.4.9. Tumor Spheroid Monoculture Assay 

Tumor spheroid monocultures of U87-EGFRvIII cells were formed using the 

hanging drop method. Specifically, adherent U87-EGFRvIII cell cultures were first 

grown to 90% confluence after which they were rinsed with PBS and tryspinized (0.05% 

trypsin-1 mM EDTA). Trypsinization was halted using complete medium and the cell 

suspension was centrifuged at 200 XG for 5 minutes. Afterwards, the supernatant was 

discarded and the pellet was resuspended in 1 mL of media. Cells were counted using a 

hemacytometer and the cell concentration was adjusted to 1 x 106
 cells/mL. To form 

hanging drops, the lid of a 6 cm cell culture dish was removed and 20 ul drops of cell 

suspension were placed on the bottom of the lid. The lid was then inverted into a PBS-

filled bottom chamber and incubated at 37°C for 24 hours. Finally, after 24 hours, each 

spheroid was transferred to separate wells of a 24-well plate. 

 

2.4.10. Animal Studies 

5-6 week old nu/nu mice were used for the in vivo experiments. SUM159 breast 

cancer cells were cultured under standard conditions. 2 x 106
 SUM159 breast cancer cells 



98 
 

 
 

were subcutaneously inoculated into the dorsal part of the mice. Tumors were allowed to 

develop for 2 weeks after which MNPs (25 and 50 mg/kg of body weight) were injected 

via tail vein injection. Specifically, MNPs (DMSA-capped) were conjugated with PEI (10 

kDa, branched) via electrostatic interaction. Afterwards, the amine groups of the PEI 

were conjugated with the carboxyl group of poly(ethylene glycol) (PEG; MW = 2,000; 

COOH-PEG-COOH) using EDC coupling. The other carboxyl group was conjugated 

with anti-CD44, again, using EDC coupling. Finally, cy3-NHS was conjugated onto the 

nanoparticles (NHS binds to the amine groups of PEI). Images were taken up to a week 

after injection (IVIS system) after which, the mice were euthanized and the tumors were 

harvested. All in vivo animal procedures were approved by the Laboratory Animal 

Services at Rutgers University. 
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Table 1. Table of Primers Used for qPCR 

  Forward Primer Reverse Primer 

AURKA TTCAGGACCTGTTAAGGCTACA CGAGAACACGTTTTGGACCTC 

AURKB CGCAGAGAGATCGAAATCCAG AGTTGTAGAGACGCAGGATGTT 

BRCA1 GGCTATCCTCTCAGAGTGACATTT GCTTTATCAGGTTATGTTGCATGG 

BRCA2 CTAATTAACTGTTCAGCCCAGT CTAGAACATTTCCTCAGAATTGTC 

CASP3 AGAACTGGACTGTGGCATTGA GCTTGTCGGCATACTGTTTCAG 

CDK4 AGAGTGTGAGAGTCCCCAATG CGCCTCAGTAAAGCCACCT 

GRB2 CTGGGTGGTGAAGTTCAATTCT GTTCTATGTCCCGCAGGAATATC 

HRAS GACGTGCCTGTTGGACATC CTTCACCCGTTTGATCTGCTC 

HSP27 TGGACCCCACCCAAGTTTC CGGCAGTCTCATCGGATTTT 

HSP70 TTTTACCACTGAGCAAGTGACTG ACAAGGAACCGAAACAACACA 

HSP72 TGCTGATCCAGGTGTACGAG CGTTGGTGATGGTGATCTTG 

HSP90 AGGTGTTTATACGGGAGCTGA GCATTGGTCTGCAAGTGAATCTC 

HMGA2 CAGCAGCAAGAACCAACCG GGTCTTCCCCTGGGTCTCTTA 

IGF1R CTCCTGTTTCTCTCCGCCG ATAGTCGTTGCGGATGTCGAT 

KRAS AGCGTCACTGGCACTTTCAAA CACCCACATAGAAGACCTGGT 

MYC CTCCTCACAGCCCACTGGTC CTTGGCAGCAGGATAGTCCTTC  

NRAS TGAGAGACCAATACATGAGGACA CCCTGTAGAGGTTAATATCCGCA 

P53 TTTGCGTGTGGAGTATTTGGAT CAACCTCAGGCGGCTCATA 

PI3K GAAACAAGACGACTTTGTGACCT CTTCACGGTTGCCTACTGGT 
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Chapter 3 :  

Multifunctional Magnetic Nanoparticle-Based microRNA and 

Doxorubicin Therapy to Enhance the Treatment of Cancer 

 

3.1. Introduction 

Cancer is a complex disease that is characterized by the existence of a multitude 

of genetic and epigenetic alterations, which combine to promote cellular abnormalities 

like aggressive growth and resistance to apoptosis.244 For instance, breast cancer, which 

is the most diagnosed cancer in women and the second most frequent cancer worldwide, 

is typically divided into histological subtypes based on the expression of specific 

receptors such as the estrogen receptor (ER), progesterone receptor (PR), and HER2 

receptor or the absence of all of them (e.g. triple negative breast cancer).245 The 

conventional treatment for breast cancer depends on the subtype that is present, but 

typically includes surgical resection of the tumor followed by adjuvant radiotherapy and 

chemotherapy. For instance, the most frequently used chemotherapy regimens for breast 

cancers are anthracyclines (doxorubicin)246 and taxanes (paclitaxel and docetaxel).247 

However, current strategies to treat breast cancers often cannot account for the vast 

degree of heterogeneity that exists within the tumor. Moreover, breast cancer cells often 

acquire chemoresistance, resulting in a failure to eradicate the entire tumor and 

recurrence, especially in patients with triple negative breast cancer.  

One way that cancer cells acquire drug resistance is through the overexpression of 

drug transporters, which reduce intracellular drug levels to a sublethal threshold (Figure 
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3.1). There are also a number of other mechanisms through which the tumor can operate 

in order to achieve chemoresistance. For instance, the tumor cells may acquire mutations 

in the drug target and in DNA repair mechanisms. Moreover, alternative signaling 

pathways may be activated in tumor cells resulting in cell survival and allowing tumor 

cells to evade cell death. Therefore, there is a need for novel multifunctional approaches 

that can simultaneously regulate a broad set of deregulated genes thereby promoting 

apoptosis and sensitizing cancer cells to subsequent chemotherapy.248  

 

Figure 3.1 General Principles of Drug Resistance 

Drug resistance can be divided into pharmacokinetic (PK) and pharmacodynamics (PD) 

principles. PK factors include poor drug absorption, distribution, metabolism, and 

elimination within the body. PD factors include poor drug influx or excessive efflux into 

the cell. It also includes drug inactivation and changes in the drug target. Finally, the 

upregulation of prosurvival pathways and inhibition of apoptosis are common. 

Reproduced with permission.248 2013, Nature. 

 

microRNAs (miRNAs) are small (20–22 nucleotides) noncoding RNA molecules 

that bind mRNAs in a completely or partially complementary fashion, resulting in the 

degradation or translation inhibition of the mRNA targets.249 miRNAs have already been 

demonstrated to play a significant role in development as well as in stem cell biology and 

studies have shown that miRNA up or down-regulation significantly affects cancer 

development and progression.249b,250 For example, let-7a, which is reduced in brain, 
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breast, lung, and ovarian cancers, is a tumor suppressor that inhibits cancer cell growth 

by inhibiting RAS and HMGA2.224 Therefore, miRNA delivery represents a promising 

strategy for the treatment of cancers such as those of the breast. Yet, although miRNA-

based treatment modalities have great clinical potential, possible synergies with currently 

available chemotherapies remain poorly explored and their clinical application is greatly 

obstructed by our inability to delivery it efficiently.  

In this chapter, we report the novel use of multifunctional magnetic core-shell 

nanoparticles (MCNPs), composed of a highly magnetic zinc-doped iron oxide 

nanoparticle (ZnFe2O4) core and a biocompatible mesoporous silica shell (mSi), as a 

vehicle for the simultaneous delivery of a let-7a microRNA and doxorubicin 

chemotherapy to breast cancer cells (Figure 3.2). While let-7a has primarily been shown 

to inhibit malignant growth by targeting RAS and HMGA2, it is also known to have 

functions in DNA repair/replications (e.g. BRCA1 and BRCA2), cell cycle, and has even 

been shown to regulate multidrug resistance genes/drug efflux pumps (e.g. MDR1 and 

ABCG2).251  As such, in this study, using triple-negative breast cancer (e.g. MDA-MB-

231) as a model system, we hypothesized that the delivery of a let-7a mimic as a 

replacement therapy, could sensitize breast cancer cells to subsequent DNA-intercalating 

chemotherapies such as doxorubicin (DOX). Moreover, the multifunctionalities of our 

MCNPs allows for monitoring of drug delivery via MRI as well as the induction of 

magnetic hyperthermia via exposure to an alternating magnetic field (AMF) to further 

sensitize cancer cells to subsequent chemotherapy.19a,20 Overall, we have developed a 

multifunctional platform that provides an attractive means with which to enhance our 

ability to not only to monitor and deliver therapeutics, but also sensitize cancer cells to 
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treatment via the combination of microRNA replacement therapy and magnetic 

hyperthermia all in a single platform.  

 

Figure 3.2 Magnetic Core-Shell Nanoparticle-Based Delivery of microRNA and 

Doxorubicin to Enhance the Treatment of Cancer 

A) MCNPs composed of a ZnFe2O4 magnetic nanoparticle (MNP) core and a 

mesoporous silica (mSi) shell (i) are loaded with doxorubicin (DOX) (ii). Following, 

they are functionalized with polyethyleneimine (PEI) to allow for complexing with 

microRNA (e.g. mature let-7a) (iii-iv). For in vivo treatment of breast cancer, MCNPs 

were injected either via tail vein injection or intramurally (v). Once the MCNPs have 

been uptaken, the microRNA and DOX is released over time (vi) resulting in enhanced 

treatment of the cancer cells. B) To enhance stability/dispersity and cell uptake as well 

as to allow for tumor targeting, we used a layer-by-layer strategy where the outer layer 

consisted of PEI-PEG and iRGD was used to specifically target the MCNPs to breast 

cancer cells in vitro and in vivo. 

 

3.2. Results and Discussion 

3.2.1. Synthesis and Characterization of the Magnetic Core-Shell Nanoparticles 

For the purpose of simultaneously delivering let-7a microRNA and doxorubicin 

chemotherapy, we synthesized multifunctional MCNPs with a zinc-doped iron oxide 

(ZnFe2O4) core. These cores have previously been shown to have a significantly higher 
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saturation magnetization when compared to conventional Fe2O3 or Fe3O4 magnetic 

nanoparticles (MNPs).29 As such, we first synthesized ZnFe2O4 cores with a doping 

percentage of (Zn0.4Fe0.6)Fe2O4 via the thermal decomposition of a mixture of metal 

precursors (zinc chloride, ferrous chloride, and ferric acetylacetonate) in the presence of 

oleic acid and oleylamine using a previously reported protocol that was modified by our 

group.29,67 Following core synthesis, an inert mSi shell was formed around the MNP 

cores via the condensation of TEOS in the presence of a CTAB micelle template.252 TEM 

revealed that the diameter of the cores was 18.93 ± 1.6 nm and that the MNP cores were 

uniformly coated with a 33.91 ± 3.8 nm thick mSi shell. As a result, the overall diameter 

of the as-synthesized MCNPs was 88.03 ± 8.22 nm (Figure 3.3A). In addition, the pores 

were estimated to be approximately 3 nm in diameter based on HR-TEM (Inset of 

Figure 3.3A) as well as previous reports.252 For more detailed characterization, HR-TEM 

revealed the monocrystalline structure of the MNP cores with a lattice fringe that was 

measured to be 4.8 Å, which is characteristic of the (111) plane of the spinel.29,67 Finally, 

FTIR analysis was used to confirm that the CTAB template had been extracted and 

removed from the pores of the mSi shell (Figure 3.3C).  
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Figure 3.3 Characterization of the MCNPs 

A) HR-TEM image of the MCNPs. Inset: Higher magnification HR-TEM image of the 

MCNPs shows that the pores are about 3 nm in size. Scale bar of inset = 20 nm. B) The 

MCNPs (25 µg/mL) can be heated to temperatures as high as 47C after exposure to an 

alternating magnetic field (5 kA/m, 225 kHz) for one hour. C) Fourier-transform 

infrared spectra (FTIR) analysis was carried out to confirm the complete removal of 

CTAB. CTAB typically shows two intense peaks at 2,800–3,200 cm-1, which 

correspond to the symmetric (2,849 cm-1) and asymmetric (2,918 cm-1) stretching 

vibrations of the methylene chains. These peaks were absent from the MCNPs, 

indicating the complete removal of CTAB from the MCNPs. 
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The MCNPs were also characterized by excellent magnetic properties that can be 

used to enhance MRI contrast as well as to induce magnetic hyperthermia. In particular, 

the MCNPs were characterized by a specific absorption rate (SAR) of 564 W/g, which 

was determined using an AMF with an amplitude of 5 kA/m and a frequency of 225 kHz. 

This SAR is consistent with data reported in the literature for similar ZnFe2O4 

MNPs.149,226 Moreover, we demonstrated that these MCNPs (25 µg/mL) could reach 

temperatures as high as 47°C within an hour of exposure to the AMF (Figure 3.3B) and 

that we could maintain a mild hyperthermia temperature of 43-45°C following periodic 

exposure to the AMF. As such, we were able to synthesize monodisperse water-soluble 

MCNPs with a narrow size distribution and, more importantly, these MCNPs had 

excellent magnetic properties for magnetic hyperthermia even after the addition of an 

mSi shell. 

 

3.2.2. Loading and Release of Doxorubicin from the MCNPs 

 To efficiently deliver DOX over time, DOX was loaded in the pores of the mSi 

shell of the MCNPs. For this purpose, the pores of the mSi shell were first functionalized 

with methyl phosphonate (-PO3
-) groups using the post-grafting method, from a 

previously described protocol that was modified by our group.253 In particular, this has 

previously been shown to enhance the loading of doxorubicin as well as prolong 

doxorubicin release from mSi via electrostatic interactions.253a Briefly, the as-synthesized 

MCNPs were subjected to the post-grafting of trihydroxysilylpropyl methylphosphonate 

(THMP). To confirm that the surface of the MCNPs were functionalized with -PO3
- the 

zeta potential of the MCNPs was measured. It was found that the zeta potential of the  -
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PO3
- -modified MCNPs decreased after functionalization, which agrees with previous 

reports.253a   

 Next, to load the MCNPs with DOX, the -PO3
- -modified MCNPs were added to a 

concentrated solution of DOX and stirred at room temperature overnight. The mixture 

was then centrifuged to collect the DOX-loaded MCNPs. The loading content was found 

to be 11.1% and the DOX-loaded and had a release profile that reached its maximum 

over one week, which is significantly higher than plain MCNPs that were not modified 

with -PO3
- and is also in agreement with previous reports.253a   

Following, to prepare the aforementioned MCNPs for cell uptake and microRNA 

delivery, the MCNPs were coated with branched polyethylenimine (PEI, MW = 10 kDa) 

via electrostatic interactions in the presence of NaCl to afford the MCNPs with an overall 

positive charge. As a result, this would facilitate MCNP complexation with negatively-

charged microRNA and induce endosomolysis within the cytoplasm.254 Previous studies 

have shown that a direct relationship exists between the molecular weight of PEI and 

cytotoxicity.145a Therefore, to minimize cytotoxicity while maximizing transfection 

efficiency, we used 10 kDa branched PEI, which has previously been demonstrated to be 

biocompatible.149,255 The resulting water soluble PEI-coated MCNPs (MCNP-PEI) had a 

hydrodynamic size of 117.2 ± 37 nm (polydispersity index [PDI] = 0.177) as measured 

by dynamic light scattering (DLS) and a zeta potential of +44.23 ± 0.72 mV. In 

particular, it was found that the MCNP-PEI was highly biocompatible and that delivery 

of MCNP-PEI to MDA-MB-231 breast cancer cells was biocompatible even up to levels 

as high as 200 μg/mL with 100 μg/mL having a cell viability of over 95% (Figure 3.4A). 

As such, 100 μg/mL was used for all remaining studies. Moreover, delivery of DOX-
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loaded MCNPs resulted in a dose-dependent decrease in cell viability, wherein 100 

μg/mL of DOX-loaded MCNP decreased cell viability by over 80% (Figure 3.4B). 

Finally, using qPCR measurements made from total RNA, we observed that DOX 

treatment activates caspase-3-mediated apoptosis and also results in the up-regulation of 

ABCG2 (drug efflux pump), which agrees with previous reports (Figure 3.4C).256 

 

Figure 3.4 MCNP-PEI Biocompatibility and DOX Release 

A) Increasing concentrations of MCNP-PEI were delivered to MDA-MB-231 breast 

cancer cells and delivery was enhanced using magnetofection (10 min). The MCNP 

complexes were well tolerated by the cells as determined via MTS assay 48 hours after 

transfection even at concentrations as high as 100 µg/mL. B) Increasing concentrations 

of DOX-loaded MCNPs were also delivered to MDA-MB-231 breast cancer cells and 

cell viability was again determined via MTS assay 48 hours after transfection. C) qPCR 

analysis following treatment with DOX-loaded MCNPs. 
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3.2.3. MCNP-Based let-7a microRNA Delivery 

To deliver miRNAs efficiently using our MNPs, we developed a two-step layer-

by-layer process (Figure 3.2B). First, the PEI-coated MNPs (1 μg/mL) were incubated 

with miRNA (100 nM as was optimized form our previous study) in an 80 mM NaCl 

solution. Afterwards, an outer coat of PEI was added to provide additional protection for 

the miRNA as well as to facilitate cell uptake and endosomal escape. We observed that 

the size of the MNP complexes increased to a final diameter of approximately 150 nm for 

the layer-by-layer MNP-PEI/miRNA/PEI complex and had a positive zeta potential. A 

more detailed description of the optimization process for MNP complex formation can be 

found in the Materials and Methods section. 

As mentioned previously, let-7a is known to target a number of genes involved in 

cell survival (PI3K via IGF1R),206c,d  proliferation (RAS, HMGA2),216-217 and DNA repair 

(BRCA1, BRCA2).215 For breast cancer, previous studies have shown that let-7 primarily 

acts to inhibit proliferation and self-renewal through the down-regulation of H-RAS and 

HMGA2.257 As such, we used our MCNPs to delivered let-7a alone to MDA-MB-231 

cells and evaluated their therapeutic potential. We observed that 48 hours after the MNP-

mediated delivery of let-7a, breast cancer cell viability decreased significantly compared 

to control. Moreover, using quantitative PCR (qPCR) measurements made from total 

RNA, we confirmed that let-7a acts primarily through the down regulation of H-RAS and 

HMGA2, wherein H-RAS and HMGA2 were down regulated by over 80%. Finally, we 

observed at least 40% down-regulation of all target gene transcripts (ABCG2 and KRAS) 

relative to MDA-MB-231 cells treated with scrambled miRNA (100 nM) as delivered by 

our MNPs. As such, this suggests that let-7a, which targets DNA repair mechanisms and 
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drug efflux pumps, may be combined with DNA-intercalating drugs such as DOX to 

induce a synergistic effect. 

 

3.2.4. MCNP-Based Tumor Targeting 

To achieve MCNP-based tumor targeting, we functionalized our MCNPs with a 

combination of polyethylene glycol (PEG) and iRGD (CRGDKGPCD).258 PEG is a 

stealth polymer that suppresses nonspecific interactions with the body (e.g. decreased 

interactions with blood components (opsonization) that activate the complement 

system),17 and is endowed with either a slightly negative or slightly positive charge in 

order to minimize overall nanoparticle–nanoparticle and nanoparticle–environment 

interactions. On the other hand, iRGD is a peptide that can facilitate cell and tissue 

penetration.259  

To initially test our MCNP-PEI-PEG-iRGD system, we labeled the targeted 

MCNPs with FITC via a covalent linker. Following, the FITC-labeled, targeted MCNPs 

were delivered to two cell lines: MCF-7 breast cancer cells, which have previously been 

shown to have low integrin levels, and MDA-MB-231 breast cancer cells, which are 

much more aggressive/invasive and highly express integrins.260 In particular, following 

the same protocol as was used previously (e.g. transfection was enhanced via exposure to 

10 minutes of magnetofection),149 the FITC-labeled, targeted MCNPs were initially 

delivered to MCF-7 and MDA-MB-231 breast cancer cells in vitro. The cells were 

washed 5 hours after transfection and then imaged after 24 hours via fluorescence 

microscopy. By visualizing the fluorescence of FITC (Figure 3.5), it was observed that 

the FITC-labeled, targeted MCNPs were efficiently uptaken into MDA-MB-231 cells 
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while a minimal amount was uptaken into MCF-7 cells, which also agrees with the 

literature.260  

 

Figure 3.5 In Vitro Targeting of MCNPs 

A) MCNP-PEI-PEG-iRGD (50 µg/mL) that were labeled with FITC were delivered to 

MCF-7 breast cancer cells, which have been shown to have low integrin levels. As a 

result, there was minimal uptake of MCNP-PEI-PEG-iRGD in these cells. B) MCNP-

PEI-PEG-iRGD (50 µg/mL) that were labeled with FITC were also delivered to MDA-

MB-231 breast cancer cells, which have been shown to have high integrin levels. As a 

result, there was significant uptake of MCNP-PEI-PEG-iRGD in these cells as can be 

seen by presence of fluorescence within the cells. Scale bar = 50 µm 
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Figure 3.6 In Vivo Targeting of MCNPs 

A-B) FITC-labeled, targeted (A) and non-targeted (B) MCNPs were injected via tail 

vein injection (1 mg/kg) into BALB/c nude mice with MDA-MB-231 tumors (4 tumors 

each). Images were taken over a week using an IVIS to monitor fluorescence. As can be 

seen, only the targeted MCNPs localized at the sites of the tumors. C) Tumors and 

organs were imaged ex vivo using an IVIS. It was found that FITC-labeled, targeted 

MCNPs primarily accumulate at the tumors as well as the kidneys. 

 

 Next, we tested the tumor targeting of these MCNP-PEI-PEG-iRGD nanoparticles 

in vivo. For this purpose, four MDA-MB-231 tumors were established in each BALB/c 

nude mouse via subcutaneous injection in the left and right shoulders and left and right 

flanks. Again, the same FITC-labeled, targeted MCNPs were used and FITC-labeled 

MCNPs that were not targeted were used as a control. In this case, the FITC-labeled, 

targeted and nontargeted MCNPs were injected via tail vein injection (1 mg/kg). Images 

were taken over a week using an IVIS to monitor fluorescence. As can be seen, only the 

targeted MCNPs localized at the sites of the tumors (Figure 3.6A and B). Finally, at the 
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conclusion of the week, the animals were euthanized and the tumors and other organs 

were removed. The tumors and organs were then imaged ex vivo using an IVIS. In this 

way, it was determined that the FITC-labeled, targeted MCNPs primarily accumulate at 

the tumors. However, some FITC-labeled, targeted MCNPs were also seen in the kidneys 

(Figure 3.6C).  

 

3.2.5. Combined MCNP-Based let-7a and Doxorubicin Delivery 

Finally, we tested the ability of our MCNPs to simultaneously deliver DOX and 

let-7a microRNA. For this purpose, we first loaded the MCNPS with DOX, which was 

then followed by complexation with let-7a microRNA. Using the optimized DOX 

delivery conditions and let-7a delivery conditions that were optimized previously, we 

delivered DOX-loaded and let-7a-complexed MCNPs to MDA-MB-231 cells. Cell 

viability was then assayed 48 hours after initial transfection. In this way, we observed a 

dose-dependent decrease in cell viability of the MDA-MB-231 breast cancer cells with 

100 µg/mL of this combination therapy decreasing the cell viability by over 90%, which 

is significantly greater than either treatment modality alone (Figure 3.7). 

To investigate the underlying mechanism of this synergy, qPCR was performed 

for MDA-MB-231 cells that had been exposed to both DOX and let-7a. In this way, it 

was determined that the combination of DOX and let-7a resulted in significant down-

regulation of proliferation (e.g. via H-RAS), drug efflux pumps (e.g. via ABCG2), and 

cell cycle (e.g. via HMGA2). 
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Figure 3.7 MCNP-Based Doxorubicin and let-7a Delivery 

Using the optimized DOX delivery conditions and let-7a delivery conditions, DOX-

loaded and let-7a-complexed MCNPs were delivered to MDA-MB-231 cells. Cell 

viability was then assayed 48 hours after initial transfection. In this way, we observed a 

dose-dependent decrease in cell viability of the MDA-MB-231 breast cancer cells with 

100 µg/mL of this combination therapy decreasing the cell viability by over 90%, which 

is significantly greater than either treatment modality alone. 

 

3.3. Conclusions 

In summary, we have successfully demonstrated that the novel combination of 

DOX and microRNA can act as a potent therapy for cancer. For this purpose, we 

developed MCNPs consisting of a highly magnetic core and a biocompatible mesoporous 

silica shell. As such, DOX could be loaded in the pores of the mesoporous silica shell 

while let-7a microRNA was complexed on the surface through electrostatic interaction. 

We found that treatment of triple-negative breast cancer cells (e.g. MDA-MB-231) with 

our combination therapy resulted in a synergistic decrease in cell viability, wherein 100 

µg/mL of this combination therapy decreased the cell viability by over 90%, which is 

significantly greater than either treatment modality alone.  
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From our preliminary analysis of the underlying mechanism, we believe that this 

unique combination acts primarily through the down-regulation of drug efflux pumps, 

DNA repair mechanisms, and tumor proliferation. In particular, let-7a microRNA has the 

ability to simultaneous down-regulate multiple gene targets, including members of the 

RAS family, HMGA2, ABCG2, and BRCA2. As a result, this sensitizes triple-negative 

breast cancer cells to the slow release of DOX from the pores of our MCNPs. 

In the future, we plan to study the underlying mechanism in more detail as well as 

conduct in vivo studies to evaluate its preclinical efficacy. Moreover, owing to the 

magnetic properties that MCNPS possess, we seek to demonstrate the utility of these 

MCNPS not only for the simultaneous delivery of DOX and let-7a microRNA but also 

for other functions such as magnetic hyperthermia, which can sensitize cancer cells to 

subsequent combination therapy, as well as MRI contrast to monitor drug delivery. 

 

3.4. Materials and Methods 

3.4.1. Nanoparticle Synthesis and Characterization 

The synthesis of ZnFe2O4 magnetic nanoparticles (MNPs) has previously been 

reported and modified by our group.29,67,149,153,261 Briefly, 1.35 mmol, 0.3 mmol, and 0.7 

mmol of Fe(acac)3, ZnCl2, and FeCl2, respectively, were mixed into a round bottom flask 

with 20 mL of tri-n-octylamine, 6 mmol of both oleic acid and oleylamine, and 10 mmol 

of 1,2 hexadecanediol. The reaction mixture was then heated up to 200°C for 2 hrs. From 

here, the mixture was heated to 305°C for 2 hrs and the nanoparticles were purified by 

repeatedly washing with ethanol.  
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To coat the MNP cores with a mSi shell, a modified procedure from what was 

reported by Hyeon et al. was used.252 5 mg of the alkyl-capped MNP cores dispersed in 

chloroform were sonicated using a probe type sonicator in a 0.1 M aqueous 

cetyltrimethylammonium bromide (CTAB) solution. Upon evaporation of chloroform, 

the CTAB capped MNP cores were diluted to 50 mL with water and the pH of this 

mixture was adjusted to ~ 11 using a 2M NaOH solution. This reaction mixture was 

heated to 70°C and, under vigorous stirring, 0.4 mL of tetraethylorthosilicate (TEOS) in 

2.4 mL of ethyl acetate was added. After the addition of TEOS, the reaction was allowed 

to continue for 4 hrs. The MCNPs were collected and washed several times with ethanol. 

To remove the template, the nanoparticles were heated to 60°C in an ammonium nitrate 

solution. The extracted MCNPs were again washed with ethanol. Finally, the MCNPs 

were characterized by high-resolution Transmission electron microscopy (HR-TEM) and 

Fourier-transform infrared spectra (FTIR). 

 To characterize the magnetic properties of the nanoparticles, the resulting MCNPs 

(25 µg/mL in H2O) were exposed to an AMF (5 kA/m, 225 kHz) using a solid-state 

induction heating system (Superior Induction Company) for one hour. The temperature of 

the solution was monitored using a fiber optic temperature probe (LumaSense 

Technologies). To calculate the specific absorption rate (SAR), the following equation 

was used: 

𝑆𝐴𝑅 (𝑊/𝑔)  = 𝐶 (
𝑑𝑇

𝑑𝑡
) (

𝑚𝑠

𝑚𝑚
) 

where C is the specific heat capacity, ms is the mass of the solution, mm is the mass of the 

magnetic nanoparticles, T is the temperature, and t is the time.262 
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3.4.2. DOX Loading of the MCNPs 

The MCNPs were functionalized with –PO3
-  using a post-grafting method that 

was modified by our group.263 For this purpose, MCNPs were dispersed in ethanol. 

Organic silanes were then added and the mixture was stirred at 80°C for 6 h. Afterwards, 

the precipitate was collected via centrifugation, washed with ethanol, and then dried 

under a vacuum. The obtained modified MCNPs were then post-grafted with THMP to 

obtain the MCNPs functionalized with –PO3
-.  

The MCNPs are dispersed in a water/DOX solution (DOX is at a final 

concentration of 1 mg/mL) such that the final particle concentration is 1 mg/mL. The 

solution is then stirred overnight for DOX loading. Next, Mn=10,000 and Mw=25,000 

KDa PEI (100 mg/mL stock) is added such that the final PEI concentration is 10 mg/mL 

and NaCl is added such that the final concentration of NaCl is 1 mM. Following, the 

solution is stirred for at least half hour and then purified by spinning down at 10,000 for 

10 min. This is performed twice and then the DOX-loaded MCNP-PEI is dispersed in 

PBS and used immediately. 

 

3.4.3. Formation of MCNP-PEI/miRNA/PEI complexes 

To prepare the aforementioned MCNPs for microRNA (miRNA) delivery, the 

negatively charged water-soluble MCNPs were coated with a branched cationic polymer, 

polyethyleneimine (PEI), which affords the MCNPs with an overall positive charge. PEI 

is a polymer that is partially protonated under physiological conditions, thus allowing for 

the formation of complexes in the presence of nucleic acids.228 PEIs have been used 

extensively for the delivery of plasmids and other DNA and RNA molecules including 
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small interfering RNA (siRNA) and miRNA.228-229 Specifically, it has been demonstrated 

that PEI-based complexes are able to enter the cell through caveolae- or clathrin-

dependent routes and are able to facilitate release from the endosome with high efficiency 

via the “proton sponge effect.”230  

To obtain PEI coated MCNPs, the water soluble MCNPs were first diluted to 0.1 

mg/mL using DBPS. Afterwards, excess 10 kDa branched PEI (Sigma Aldrich) was 

added drop wise (1 mg/mL). This molecular weight (MW) and structure of PEI was 

chosen based on previous reports.241 After spinning overnight, the PEI coated MCNPs 

were filtered (EMD Millipore, 10,000 MW) to remove excess PEI. To complex the PEI 

coated MCNPs with miRNA, MCNP-PEI were diluted in 80 mM NaCl solution and 100 

nM miRNA was added to the solution. Specifically, the NaCl solution was necessary to 

overcome repulsive forces and to wrap the miRNA and PEI polymer around the small 

MCNPs.242 It should also be noted that all miRNAs were purchased from Ambion in the 

pre-miRNA form (~70 nucleotides): Pre-miR miRNA Precursor let-7a (PM10050), Pre-

miR miRNA Precursor Negative Control #1 (AM17110), and Cy3 dye-labeled Pre-miR 

Negative Control #1 (AM17120). After 20 minutes of complex formation at room 

temperature, 1 uL of 1 mg/mL PEI was added and the samples were incubated for an 

additional 20 minutes. After the incubation was completed, the samples were once again 

filtered using a centrifugal filter unit (EMD Millipore, 10,000 MW) to remove excess 

PEI. To determine the initial concentration of MCNP-PEI that needed to be added to 

complex 100 nM of miRNA, complexes with increasing concentrations of MCNP-PEI 

were incubated with 100 nM miRNA. Afterwards, 100 μL of solution was transferred to a 

96-well (black-walled, clear-bottom, non-adsorbing) plate. 100 μL of diluted PicoGreen 
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dye (1:200 dilution in Tris-EDTA (TE) buffer) was added to each well. Following 10 

minutes of incubation at room temp, fluorescence measurements were obtained using a 

M200 Pro Multimode Detector (Tecan USA Inc, NC, USA), at an excitation and 

emission wavelength of 485 and 535 nm, respectively. Background fluorescence was 

subtracted by measuring a solution containing only buffer and PicoGreen dye. Similarly, 

to determine the concentration of NaCl solution used in complexing, complexes were 

prepared as described above utilizing different concentrations of NaCl solution (40, 80, 

120 mM) and the size of the complexes was determined using dynamic light scattering 

(DLS). 

 

3.4.4. Nanoparticle Complex Characterization 

Dynamic light scattering (DLS) and Zeta Potential analyses were performed using 

a Malvern Instruments Zetasizer Nano ZS-90 instrument (Southboro, MA). 

Nanoparticle/miRNA complexes (miRNA concentration = 100 nM) were prepared using 

water. DLS measurements were performed at a 90° scattering angle at room temp. Zeta 

potential was collected at room temp and the zeta potentials of three sequential 

measurements were collected. 

 

3.4.5. Preparing the MCNPs for Tumor Targeting 

The synthesis of PEI-PEG-iRGD conjugates was described previously and 

modified by our group.264 Briefly, iRGD was first dissolved in DMF with excess TEA. 

NHS-PEG-VS was also dissolved in DMF. Immediately after, the NHS-PEG-VS mixed 

with iRGD. After incubating at room temp for 2 hours, cold ether was added. Afterwards 
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the precipitate was dried under a vacuum and it was then dissolved in sodium carbonate 

(pH = 9) and filtered. Then, iRGD -PEG-VS was mixed with PEI sodium carbonate 

(pH=9) and incubated overnight at room temp. PEI-g-PEG-iRGD was obtained by 

dialysis. 

 

3.4.6. Transfection of Cell Lines with MCNP Complexes 

Twenty-four hours before the magnetofection of MCNP complexes, 30,000 breast 

cancer cells were seeded into each well of a 12-well plate (80% confluency). MCNP-

PEI/miRNA/PEI complexes were formed as described above. Thereafter the MCNP 

complexes were mixed with Opti MEM (Life Technologies) and added to each well to 

attain the desired final concentration of miRNA/well. Subsequently, the cell culture 

plates were placed on an Nd-Fe-B magnetic plate (OZ Biosciences, France) for 10 

minutes (as optimized from previous reports).67 The culture plates were then placed back 

into the incubator for 5 hrs and afterwards, the cells were washed with DPBS and fresh 

growth medium was added. The growth mediums for the cell lines (obtained from 

ATCC) used in the study are as follows: DMEM supplemented with 10% FBS, and 1% 

Penicillin-Streptomycin. 

 

3.4.7. Magnetic Hyperthermia 

24 hours after the cells were seeded as described above, MCNP-PEI were 

prepared in Opti MEM (Life Technologies) and added to each well. Following, the cell 

culture plates were exposed to magnetofection for 10 minutes and then placed back into 

the incubator for 5 hrs. Afterwards, the cells were washed with DPBS and fresh growth 
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medium was added. To perform magnetic hyperthermia, 24 hours after transfection, cells 

were washed with DPBS, trypsinized, and then exposed to an alternating magnetic field 

(5 kA/m, 225 kHz). Thereafter, fresh media was added to the treated cells, which were 

then plated back into 12-well plates.  

 

3.4.8. Cell Viability Assays 

The cell viability was determined using MTT assay following the standard 

protocol that was provide by the manufacturer. All measurements were made 48 hrs after 

initial transfection. All experiments were conducted by averaging triplicates. Absorbance 

at 490 nm was measured and the control (untreated) cells were normalized as 100% 

viable. 

 

3.4.9. PCR Analysis 

Total RNA was extracted 48 hrs after initial transfection using Trizol Reagent 

(Life Technologies) and the expression level of mRNA of the target genes (Table 2) were 

analyzed using quantitative PCR (qPCR). In particular, 1 μg of total RNA was used to 

generate cDNA using the Superscript III First-Strand Synthesis System (Life 

Technologies). mRNA expression was then quantified using specific primers for each 

target mRNA. qPCRs were performed on a StepOnePlus Real-Time PCR System 

(Applied Biosystems) using SYBR Green PCR Master Mix (Applied Biosystems). The 

Ct values that were obtained were normalized to GAPDH. Standard cycle conditions 

were used with a primer melting temperature of 60C. Primers are listed in Table 2. All 

primers were obtained from the PrimerBank database.243 
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Table 2. Table of Primers Used for qPCR 

  Forward Primer Reverse Primer 

ABCG2 ACGAACGGATTAACAGGGTCA CTCCAGACACACCACGGAT 

BRCA2 CTAATTAACTGTTCAGCCCAGT CTAGAACATTTCCTCAGAATTGTC 

CASP3 AGAACTGGACTGTGGCATTGA GCTTGTCGGCATACTGTTTCAG 

HRAS GACGTGCCTGTTGGACATC CTTCACCCGTTTGATCTGCTC 

GAPDH CATGTTCCAATATGATTCCACC GATGGGATTTCCATTGATGAC 

HMGA2 CAGCAGCAAGAACCAACCG GGTCTTCCCCTGGGTCTCTTA 

 

3.4.10. Animal Studies 

6- to 8-week-old BALB/c nude mice were purchased from RaonBio (Kayonggido, 

Yonginsi, South Korea). For subcutaneous tumor injection, 5.0×106 MDA-MB-231 cells 

were mixed with matrigel and subcutaneously injected in the right and left flanks and 

right and left shoulders. Treatments were injected either via i.v. injection or through 

intratumoral injection. 

In vivo imaging system (IVIS) spectrum (PerkinElmer, Waltham, MA, USA) was 

used to monitor the fluorescence emitted from the FITC-labeled MCNPs. For ex vivo 

imaging, the tumors and other organs (heart, kidney, liver, lung, and spleen) were 

dissected using an IVIS spectrum. The fluorescence images were then analyzed (Living 

Image software for IVIS Spectrum/200, ver. 4.1, Waltham, MA, USA).  
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Chapter 4 : 

Stem Cell-Based Gene Therapy Activated Using Magnetic 

Hyperthermia to Enhance the Treatment of Cancer 

 

The text and images used in this chapter have been previously published, at least in part, 

in Biomaterials as an original manuscript (Yin PT, Shah S, Pasquale NJ, Garbuzenko OB, 

Minko T, and Lee KB. Biomaterials, 2016. 81: p. 46-57.) and Perry Yin was the first 

author. 

 

4.1. Introduction 

Ovarian cancer currently ranks fifth in cancer mortalities among women and is the 

leading cause of death from gynecological malignancies.265 The conventional mode of 

therapy for this cancer consists of cytoreductive surgery, followed by adjuvant 

platinum/taxane-based chemotherapy.266 However, while most ovarian cancer patients 

exhibit initial sensitivity to chemotherapy, over 70% of these patients are diagnosed at an 

advanced stage, when the tumors have already metastasized throughout the peritoneal 

cavity.267 As a consequence, the majority of ovarian cancer patients experience 

recurrence within 18-24 months of treatment and only 20% of them survive longer than 5 

years after their initial diagnosis.268 

To enhance the treatment of advanced cancers, such as advanced ovarian cancer, 

mesenchymal stem cell (MSC)-based therapies have emerged as an attractive alternative 

that can overcome the limited tumor-targeting ability of conventional treatments.269 

MSCs have the intrinsic ability to self-renew and differentiate into multiple lineages 
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including osteoblasts, chondrocytes, and adipocytes.270 More importantly, several groups 

have demonstrated that these stem cells have the innate ability to migrate to tumors 

including ovarian tumors/metastases, even following systemic administration.271 While 

the exact mechanism is still being elucidated, this tumor tropism has prompted the 

development of stem cell-based gene therapies, wherein MSCs are genetically engineered 

to express therapeutic molecules and therefore, act as targeted delivery vehicles to 

enhance our ability to treat metastatic cancers.272 

To this end, a number of therapeutic molecules have been investigated, including 

direct effectors of apoptosis, such as the cytokines, interferon-β (IFN-β)273 and tumor 

necrosis factor-related apoptosis inducing ligand (TRAIL),274 as well as more indirect 

immunomodulatory molecules like interleukin 12 (IL-12).275 Of these, TRAIL is a 

particularly attractive therapeutic candidate owing to its ability to selectively induce 

apoptosis in cancer cells, but not in most normal cells (Figure 4.1).276 For example, 

Mueller et al. reported that multipotent MSCs that were genetically engineered to express 

TRAIL were able to induce apoptosis and inhibit the growth of colorectal carcinomas in 

vivo with no serious observable side effects.277 Similarly, Loebinger and colleagues 

demonstrated that MSCs engineered to produce and deliver TRAIL could induce 

apoptosis in lung, breast, squamous, and cervical cancer cells.274 Importantly, these 

engineered MSCs were able to significantly reduce tumor growth in a subcutaneous 

breast cancer xenograft and could home to and reduce lung metastasis. However, while 

TRAIL has largely been demonstrated to be biocompatible with normal cells, there have 

been a number of reports indicating potential hepatotoxicity upon treatment with TRAIL, 

thereby greatly dampening its clinical potential.176,278 As such, to limit these potentially 
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detrimental side effects and in order for stem cell therapies to reach their full potential, 

there remains a pressing need for approaches that can allow for the precise 

spatiotemporal control of therapeutic gene activation such that the engineered stem cells 

only express their therapeutic payload once they have reached the targeted tumor sites.  

 

 

Figure 4.1 Tumor Necrosis Factor-Related Apoptosis Inducing Ligand (TRAIL) 

Pathway 

TRAIL activates the caspase cascade as well as other apoptotic pathways such as PI3K–

Akt, NFkappaB, and MAPK pathways. Reproduced with permission.279 2008, Nature. 

 

In this chapter, we report the novel application of magnetic core-shell 

nanoparticles (MCNPs), composed of a highly magnetic zinc-doped iron oxide (ZnFe2O4) 

core and a biocompatible mesoporous silica (mSi) shell, for the dual purpose of 
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delivering and activating a heat-inducible gene vector that encodes a secretable form of 

TRAIL in MSCs (Figure 4.2). For this purpose, we developed a plasmid with the heat 

shock protein 70B’ (HSP70B’) promoter (Figure 4.2B), which has previously been 

demonstrated to be more heat-specific than other heat shock promoters.280 As such, the 

MSCs can first be engineered with MCNPs that are complexed with the heat-inducible 

TRAIL plasmid in vitro. Afterwards, following in vivo injection and migration of the 

engineered MSCs to the targeted tumor sites, TRAIL expression can be specifically 

activated via the induction of mild magnetic hyperthermia (~41C). In this report, we 

demonstrated the efficient and biocompatible uptake of MCNP-plasmid complexes into 

MSCs. In particular, we observed that the engineering process had no significant effects 

on MSC proliferation or differentiation. Moreover, the engineered MSCs retained their 

tumor tropism towards disseminated peritoneal ovarian cancer xenografts. Importantly, 

we demonstrated that mild magnetic hyperthermia, via exposure of the engineered MSCs 

to an alternating magnetic field (AMF), could be used to specifically raise the 

intracellular temperature to ~41C, which resulted in the selective expression of TRAIL 

in the engineered MSCs. As a result, significant ovarian cancer cell apoptosis and death 

was observed in vitro and in vivo. Overall, by combining the tumor tropism of MSCs 

with the spatiotemporal MCNP-based delivery and activation of TRAIL expression, this 

platform provides an attractive means with which to enhance our control over the 

activation of stem cell-based gene therapies. Please note that the materials, images, and 

text that are used in this chapter have been published, at least in part, in Biomaterials as 

an original manuscript.281  
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Figure 4.2 Mild Magnetic Hyperthermia-Activated Stem Cell-Based Gene Therapy 

A) MCNPs composed of a ZnFe2O4 magnetic nanoparticle (MNP) core and a 

mesoporous silica (mSi) shell (i) are functionalized with polyethyleneimine (PEI) to 

allow for complexing with a heat-inducible therapeutic plasmid (iii). The MCNPs 

enhance delivery of the heat-inducible plasmid into the adipose-derived mesenchymal 

stem cells (AD-MSCs) via magnetically-facilitated uptake (iv-v). These engineered AD-

MSCs can then be injected in vivo (vi), where they innately home to the 

tumors/metastases. Finally, mild magnetic hyperthermia, via exposure of the MCNPs to 

an alternating magnetic field (AMF), can be used to specifically activate the heat-

inducible secretion of therapeutic TRAIL from the AD-MSCs (vii). B) The heat-

inducible plasmid is composed of a HSP70B’ promoter and a secreted form of TRAIL 

(sTRAIL) that is fused to an EGFP reporter. 

 

4.2. Results and Discussion 

4.2.1. Synthesis and Characterization of the Magnetic Core-Shell Nanoparticles 

For the dual purpose of delivering a heat-inducible therapeutic plasmid to the stem 

cells as well as spatiotemporally activating the plasmid via mild magnetic hyperthermia, 

we synthesized MCNPs with a zinc-doped iron oxide (ZnFe2O4) core. These cores have 

previously been shown to have a significantly higher saturation magnetization when 

compared to conventional Fe2O3 or Fe3O4 magnetic nanoparticles (MNPs).29 As such, we 

first synthesized ZnFe2O4 cores with a doping percentage of (Zn0.4Fe0.6)Fe2O4 via the 
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thermal decomposition of a mixture of metal precursors (zinc chloride, ferrous chloride, 

and ferric acetylacetonate) in the presence of oleic acid and oleylamine using a 

previously reported protocol that was modified by our group.29,67 Following core 

synthesis, an inert mSi shell was formed via the condensation of TEOS in the presence of 

a CTAB micelle template.252 TEM revealed that the diameter of the cores was 18.93 ± 1.6 

nm and that the MNP cores were uniformly coated with a 33.91 ± 3.8 nm thick mSi shell. 

As a result, the overall diameter of the as-synthesized MCNPs was 88.03 ± 8.22 nm 

(Figure 4.3A). For more detailed characterization, HR-TEM revealed the 

monocrystalline structure of the MNP cores with a lattice fringe that was measured to be 

4.8 Å (Figure 4.3B), which is characteristic of the (111) plane of the spinel.29,67 Finally, 

FTIR analysis was used to confirm that the CTAB template had been extracted and 

removed from the pores of the mSi shell (Figure 4.3C). In addition, the pores were 

estimated to be approximately 3 nm in diameter based on HR-TEM (Figure 4.3D) as 

well as previous reports.252 

To prepare the aforementioned MCNPs for plasmid delivery, the MCNPs were 

coated with branched polyethylenimine (PEI, MW = 10 kDa) via electrostatic interactions 

in the presence of NaCl to afford the MCNPs with an overall positive charge. As a result, 

this would facilitate MCNP complexation with negatively-charged plasmid DNA and 

induce endosomolysis within the cytoplasm.254 To minimize cytotoxicity while 

maximizing transfection efficiency, we used 10 kDa branched PEI, which has previously 

been demonstrated to be biocompatible with stem cells.149,255 The resulting water soluble 

PEI-coated MCNPs (MCNP-PEI) had a hydrodynamic size of 117.2 ± 37 nm 
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(polydispersity index [PDI] = 0.177) as measured by dynamic light scattering (DLS) and 

a zeta potential of +44.23 ± 0.72 mV (Figure 4.4).  

 

Figure 4.3 Characterization of the MCNPs 

A) HR-TEM image of the MCNPs. B) HR-TEM revealed the monocrystalline structure 

of the MNP cores with a lattice fringe that was measured to be 4.8Å, which is 

characteristic of the (111) planes of the spinel. Scale bar = 2 nm. C) Fourier-transform 

infrared spectra (FTIR) analysis was carried out to confirm the complete removal of 

CTAB. CTAB typically shows two intense peaks at 2,800–3,200 cm-1, which 

correspond to the symmetric (2,849 cm-1) and asymmetric (2,918 cm-1) stretching 

vibrations of the methylene chains. These peaks were absent from the MCNPs, 

indicating the complete removal of CTAB from the MCNPs. D) Higher magnification 

HR-TEM image of the MCNPs shows that the pores are about 3 nm in size.  
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Figure 4.4 Characterization of the MCNP-PEI 

A) Size was determined using TEM and dynamic light scattering (DLS). Moreover, the 

Zeta potential was confirmed. The values in the chart are given as mean ± standard 

deviation. B) Size distribution of the MCNP-PEI and MCNP-PEI/plasmid complexes as 

determined using DLS. 
 

Finally, the MCNPs were characterized by a specific absorption rate (SAR) of 564 

W/g, which was determined using an AMF with an amplitude of 5 kA/m and a frequency 

of 225 kHz. This SAR is consistent with data reported in the literature for similar 

ZnFe2O4 MNPs.149,226 Moreover, we demonstrated that these MCNPs (25 µg/mL) could 

reach temperatures as high as 47°C within an hour of exposure to the AMF (Figure 

4.5A) and that we could maintain a mild hyperthermia temperature of 41-43°C following 

periodic exposure to the AMF (5 minutes on, 5 minutes off, Figure 4.5B). As such, we 

were able to synthesize monodisperse water-soluble MCNPs with a narrow size 

distribution and, more importantly, these MCNPs had excellent magnetic properties for 

magnetic hyperthermia even after the addition of an mSi shell. 
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Figure 4.5 MCNP-Based Magnetic Hyperthermia 

A) The MCNPs (25 µg/mL) can be heated to temperatures as high as 47C after 

exposure to an alternating magnetic field (5 kA/m, 225 kHz) for one hour. B) By 

initially exposing 50 µg/mL of MCNP to an alternating magnetic field (AMF, 5 kA/m) 

for 20 minutes, a temperature of 43°C can be reached. Afterwards, if the AMF is 

periodically turned on and off (5 minutes on, 5 minutes off), an average temperature of 

approximately 41.5°C can be achieved and maintained. 

 

4.2.2. Heat-Inducible Plasmid Construction. 

Next, in order to attain control over the secretion of TRAIL from the engineered 

stem cells using mild magnetic hyperthermia, we constructed a heat-inducible TRAIL 

plasmid using the HSP70B’ promoter (HSP-sTRAIL plasmid, Figure 4.6A). To this end, 

we first cloned the recombinant gene that encodes a secreted form of the human TRAIL 

protein into the pEGFNP-N1 backbone (Clonetech), thereby creating a secretable 

TRAIL-EGFP fusion that was constitutively active due to its CMV promoter (sTRAIL-

EGFP plasmid, Figure 4.6A(i)). Specifically, this recombinant TRAIL gene was 

composed of the soluble form of the human Flt3L gene (hFlex) at its 5’ end and the 

human TRAIL gene at its 3’ end with an isoleucine zipper at the N-terminal of TRAIL, 

which was previously shown to significantly enhance the trimerization of the fusion 

protein as well as its anti-tumor activity.282 Following insertion of the recombinant 
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TRAIL gene into pEGFP-N1, the CMV promoter of the resultant sTRAIL-EGFP plasmid 

was replaced with a HSP70B’ promoter (Figure 4.6A(ii)) to enable strict remote control 

of gene expression using MCNP-mediated mild magnetic hyperthermia, thereby forming 

the final HSP-sTRAIL plasmid construct. In particular, the human HSP70B’ promoter 

has previously been shown to exhibit highly specific heat inducibility with low 

background activity when compared to other heat shock promoters (e.g. HSP70),283 

which can be activated by a number of stresses besides heat (e.g. heavy metal-induced 

oxidative stress).280 To confirm the successful construction of the plasmid, all steps were 

evaluated via restriction enzyme analysis and DNA sequencing (data not shown). 

Following plasmid construction, we determined whether the recombinant 

plasmids could produce the TRAIL protein. For this purpose, we performed a simple 

proof-of-concept study by delivering the constitutively active sTRAIL-EGFP plasmid 

into A2780 ovarian cancer cells. About 48 hours after initial transfection, total RNA was 

collected and reverse transcription PCR (RT-PCR) was performed (Figure 4.6B). From 

these results, we confirmed that TRAIL is produced, whereas it is not present in control 

samples, which consisted of cells that had been transfected with an EGFP plasmid. 

Lastly, we confirmed that heat could be used to specifically induce TRAIL expression in 

cells transfected with the HSP-sTRAIL plasmid. For this purpose, 24 hours after initial 

transfection, the cells were subjected to mild hyperthermia (41°C) for one hour via 

exposure to a water bath. Then, 48 hours after initial transfection, fluorescence 

microscopy images of the cells transfected with the heat-inducible HSP-sTRAIL plasmid 

with and without exposure to mild hyperthermia were taken to visualize the expression of 

the TRAIL-EGFP fusion (Figure 4.6C). These images clearly demonstrate that 
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engineered cells only express EGFP when exposed to mild hyperthermia. As 

confirmation, RNA was also collected from samples with and without exposure to mild 

hyperthermia. qPCR analysis of these samples demonstrated that following mild 

hyperthermia at 41°C for one hour, TRAIL expression was significantly increased (3-

fold, p < 0.05) compared to samples that were not exposed to mild hyperthermia (Figure 

4.6D). Altogether, these results confirm that the constructed HSP-sTRAIL plasmid can 

induce the expression of TRAIL in a heat-specific manner.  

 

 

Figure 4.6 Characterization of the Heat-Inducible Plasmid 

A) Schematic depicting the sTRAIL-EGFP plasmid (i), which expresses a sTRAIL-

EGFP fusion that is constitutively activate, and the HSP-sTRAIL plasmid (ii), which 

expresses the same sTRAIL-EGFP fusion under the control of a heat-inducible 

HSP70B’ promoter. B) RT-PCR demonstrating the successful synthesis of the sTRAIL-

EGFP plasmid, which was transfected into A2780 ovarian cancer cells. C) Proof-of-

concept demonstrating that the HSP-sTRAIL plasmid can be specifically activated by 

heat (1 hour at 41C in a water bath) as seen via fluorescence imaging due to fusion of 

TRAIL with EGFP. Scale bar = 50 µm. D) Confirmation of heat-specific TRAIL 

activation was obtained using qPCR (*p < 0.05) and was normalized to transfected cells 

that were incubated at 37C. GAPDH was used as the housekeeping gene. 
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Figure 4.7 Biocompatibility of the MCNP-PEI/Plasmid Complexes  

A) Increasing concentrations of MCNP-PEI were delivered to A2780 ovarian cancer 

cells and delivery was enhanced using magnetofection (10 min). The MCNP complexes 

were well tolerated by the cells as determined via MTS assay 48 hours after transfection 

even at concentrations as high as 100 µg/mL. B) Picogreen assay was used to determine 

that 50 µg/mL of MCNP-PEI could complex all of the 200 ng/mL of plasmid. C) To 

determine the maximal concentration of plasmid that can be delivered, we complexed 50 

µg/mL of MCNP-PEI with increasing concentrations of plasmid. In particular, we 

confirmed that 200 ng/mL was optimal for use with the remainder of our studies. 

 

4.2.3. Engineering MSCs with the MCNP-PEI/Plasmid Complexes. 

Following plasmid construction and initial proof-of-concept studies, we sought to 

optimize the MCNP-based transfection into stem cells. For this purpose, we engineered 

adipose-derived MSCs (AD-MSCs) with our MCNP-PEI/plasmid complexes as AD-
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MSCs represent a readily available source of adult stem cells that have the ability to 

differentiate into multiple lineages.103b Before engineering the AD-MSCs, we initially 

transfected the AD-MSCs with MCNP-PEI alone to determine the optimal concentration 

of MCNP-PEI that can be delivered while minimizing cytotoxicity. We observed that the 

delivery of MCNP-PEI alone had minimal cytotoxicity even at concentration as high as 

100 µg/mL (~85% cell viability 48 hours after transfection, Figure 4.7A). As such, we 

used 50 µg/mL for future steps as this concentration induced almost no cytotoxicity 

(~95% cell viability) while also exhibiting robust heating capabilities. Next, to complex 

the PEI-coated MCNPs with the HSP-sTRAIL plasmid, we mixed the two components 

together and incubated them at room temperature for 20 minutes. Final characterization 

of these MCNP-PEI/plasmid complexes demonstrated that the size of the MCNP-

PEI/plasmid complexes, as measured by DLS, increased to a final diameter of 197.5 ± 38 

nm (PDI = 0.410) and retained a positive zeta potential of +17.8 ± 5.11 mV (Figure 

4.4C). 

Subsequently, to engineer the AD-MSCs with our MCNP-PEI/plasmid 

complexes, we delivered MCNP-PEI/plasmid complexes wherein 50 µg/mL of MCNP 

were complexed with increasing concentrations of HSP-sTRAIL plasmid to determine 

the maximal amount of plasmid that could be delivered with our MCNPs without 

significantly affecting AD-MSC viability. From this optimization process, we determined 

that a plasmid concentration of 200 ng/mL was optimal. Moreover, it was found that this 

amount of plasmid could be completely complexed using 50 µg/mL of MCNP as 

determined via Picogreen assay, which is a dye that binds to free double-stranded DNA 

(Figure 4.7B). Using the optimized complexing and transfection conditions, the AD-
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MSCs maintained a cell viability of ~90% following the engineering process (Figure 

4.7C). To characterize the affect that engineering had on AD-MSC proliferation in more 

detail, we performed immunocytochemistry for Ki-67 (Figure 4.8A), which is a mitotic 

marker that is expressed during all phases of the cell cycle except during G0. It was 

observed that approximately 20% of the AD-MSCS expressed Ki-67 and that there was 

no statistically significant difference between the number of Ki-67 expressing engineered 

AD-MSCs and unengineered AD-MSC controls (Figure 4.8B). 

 

 

Figure 4.8 Proliferation of AD-MSCs Engineered with MCNP-PEI/Plasmid 

Complexes 

A) The proliferation of unengineered (control) and engineered (MCNP-PEI/plasmid) 

AD-MSCs was evaluated using Ki-67 (red). The nuclei were stained with Hoechst 

(blue). Scale bar = 50 µm. B) Approximately 20% of the AD-MSCS expressed Ki-67 

and there was no statistically significant difference between the two groups (p > 0.05).  

 

4.2.4. Characterizing the Engineered AD-MSCs. 

After engineering the AD-MSCs with MCNP-PEI/plasmid complexes, we next 

sought to determine whether the act of engineering the AD-MSCs negatively affected 

their ability to differentiate and, more importantly, to migrate to cancers in vivo. AD-

MSCs are multipotent cells that have been shown to readily differentiate along 

osteogenic, chondrogenic, and adipogenic lineages. Therefore, to confirm that the process 
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of engineering did not compromise the ability of the AD-MSCs to differentiate, we 

compared the ability of engineered and unengineered control AD-MSCS to differentiate 

along an osteogenic lineage. Briefly, to induce differentiation along this lineage, the 

engineered or unengineered AD-MSCs were exposed to osteogenic differentiation media 

for three weeks.284 After this differentiation period, osteogenic differentiation was 

quantified via Alizarin Red S (ARS) staining, which is typically used to evaluate calcium 

deposited by cells in culture, and qPCR. ARS staining revealed calcium-rich deposits in 

both engineered and unengineered osteogenic AD-MSCs (Figure 4.9A). Quantification 

suggested that the osteogenic differentiation capability was unaffected by the act of 

engineering as there was no statistically significant difference between the quantity of 

calcium deposited by engineered AD-MSCs and unengineered AD-MSC controls 

(Figure 4.9B). Further confirming these results, we performed qPCR on key osteogenic 

genes including osteonectin (ON), bone alkaline phosphate (BAP), osteocalcin (OCN), 

and osteopontin (OPN). As expected, all four genes were highly expressed when 

normalized to non-differentiated control AD-MSCs (Figure 4.9C) and no significant 

difference was found between the engineered osteogenic AD-MSCs and the unengineered 

osteogenic AD-MSCs.  
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Figure 4.9 Differentiation of AD-MSCs Engineered with MCNP-PEI/Plasmid 

Complexes 
A) To evaluate osteogenic differentiation, engineered or unengineered AD-MSCs were 

differentiated for three weeks. Osteogenesis was then quantified via Alizarin Red 

staining. B) Quantification of staining suggested that there was no statistically 

significant difference between the two groups (p > 0.05). C) qPCR of key osteogenic 

genes demonstrated that all four genes were highly expressed over non-differentiated 

control and that no significant difference was found between the engineered and 

unengineered AD-MSCs (p > 0.05). GAPDH was used as the housekeeping gene. 

 

 Next, we confirmed that the act of engineering the AD-MSCs did not negatively 

affect their ability to migrate to ovarian tumors in vivo (Figure 4.10A). To this end, we 

established a metastatic model of ovarian cancer wherein two million A2780 ovarian 

cancer cells were injected intraperitoneally (i.p.) into female nude mice (Figure 

4.10A(i)). To confirm that the engineered AD-MSCs could co-localize with ovarian 

tumors, the mice, which had disseminated peritoneal A2780 tumors, were injected with 

half a million engineered AD-MSCs or unengineered AD-MSC controls i.p. at 7 days 

post-tumor implantation (Figure 4.10A(ii)). Mice were then harvested after an additional 

7 days (Figure 4.10A(iii)). Multimodality imaging was used to identify the various 

components; luciferase was used to identify the A2780 ovarian cancer cells (Figure 

4.10B) and a lipophilic DiD dye was used to label the engineered and unengineered AD-

MSCs. From Figure 4.10C and Figure 4.10D, it can be observed that, after the tumors 
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were collected (week 3), the DiD-labeled engineered AD-MSCs (Figure 4.10C) co-

localized with the luciferase labeled A2780 cells (Figure 4.10D) within one week of AD-

MSC injection (Figure 4.11). Importantly, it can be seen that there was no significant 

difference between the co-localization of engineered AD-MSCs and unengineered AD-

MSC controls. As such, these results suggest that the engineered AD-MSCs can act as an 

effective delivery vehicle for gene therapy. 

 

Figure 4.10 Migration of AD-MSCs Engineered with MCNP-PEI/Plasmid 

Complexes 

A) Timeline of the studies used to evaluate the tumor homing ability of the engineered 

and unengineered AD-MSCs. B) Luciferase was used to identify the A2780 cells. 

Luminescence imaging shows the establishment of disseminated A2780 tumors. The 

luminescence intensity goes from blue to red, wherein blue is the weakest and red is the 

strongest. C) One week after the injection of AD-MSCs, tumors were collected. 

Fluorescence imaging shows the DiD-labeled engineered and unengineered AD-MSCs. 

The fluorescence intensity goes from dark red to yellow, wherein dark red is the weakest 

and yellow is the strongest. D) Luminescence imaging of the conglomerated tumors 

demonstrates that the AD-MSCs are able to colocalize with the tumors. 

 

4.2.5. Mild Magnetic Hyperthermia-Activated TRAIL Expression from AD-MSCs 

Can Effectively Induce Apoptosis in Ovarian Cancer Cells. 

Previous studies have demonstrated that TRAIL-expressing MSCs can induce 

cancer cell apoptosis and decrease the development of tumors and metastases in vivo.274 

In these experiments, the TRAIL expression was either constitutively active or 

conditionally activated with the addition of doxycycline. However, while TRAIL is 
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largely biocompatible with normal cells, as mentioned previously, there have been 

reports demonstrating potential hepatotoxicity in preclinical models when treated with 

recombinant TRAIL.176,278  

 

 

Figure 4.11 Tumor Homing of the Engineered and Unengineered AD-MSCs 

1 week after the injection of engineered or unengineered AD-MSCs, animals were 

sacrificed and organs and tumors were collected. A) Luminescence image showing 

A2780 ovarian cancer cells. B) Fluorescence image showing co-localization of DiD-

labeled unengineered AD-MSCs controls with the tumors and not in other organs. C) 

Luminescence image showing A2780 ovarian cancer cells. D) Fluorescence image 

showing co-localization of DiD-labeled engineered AD-MSCs controls with the tumors 

and not in other organs. 

 

Addressing this major limitation, we engineered AD-MSCs with MCNP-

PEI/plasmid complexes, where the plasmid was the heat-inducible HSP-sTRAIL, in order 

to gain spatiotemporal control over therapeutic gene expression. Having already 

determined that mild hyperthermia (induced using a water bath) could be used to activate 

this plasmid, we next sought to induce TRAIL expression from the engineered AD-MSCs 

using mild magnetic hyperthermia, which can be induced remotely and non-invasively by 
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exposing the engineered AD-MSCs to an AMF. To this end, we employed the 

experimental design illustrated in Figure 4.12A. In particular, 24 hours after transfection 

of the AD-MSCs with MCNP-PEI/plasmid complexes, we exposed the cells to an AMF 

(same conditions as described previously) to maintain a temperature of approximately 

41°C for one hour (Figure 4.12B). About 72 hours after initial transfection, we collected 

the conditioned media from the engineered AD-MSCs, which contains TRAIL that was 

secreted from the engineered AD-MSCs, and added it (60:40 ratio with normal A2780 

growth media) to the A2780 ovarian cancer cells. Following an additional incubation of 

48 hours, its therapeutic efficacy was evaluated. Importantly, our first observation was 

that mild magnetic hyperthermia alone did not significantly affect AD-MSC viability, 

which agrees with previously published results on the effects of heat on stem cell 

viability (Figure 4.12C).285 In terms of its therapeutic efficacy, A2780 ovarian cancer 

cells treated with conditioned media from the engineered AD-MSCs that were exposed to 

mild magnetic hyperthermia showed a remarkable decrease in cell viability (40% 

decrease) when compared to those treated with conditioned media from engineered AD-

MSCs controls that had not been exposed to mild magnetic hyperthermia (Figure 4.12D).  
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Figure 4.12 Engineered AD-MSCs Can Effectively Induce Apoptosis When 

Exposed to Heat 

A) Timeline of the in vitro study. B) Mild magnetic hyperthermia with an average 

temperature of 41.5°C was maintained for one hour by periodically exposing the 

engineered AD-MSCs to an AMF (5 minutes on, 5 minutes off). C) Mild magnetic 

hyperthermia alone did not significantly affect AD-MSC viability. Moreover, the 

process of engineering the AD-MSCs with MCNP-PEI/plasmid complexes did not 

significantly affect cell viability. D) To test therapeutic efficacy, A2780 ovarian cancer 

cells were treated with conditioned media from the engineered AD-MSCs that were 

exposed to mild magnetic hyperthermia. A2780 cells showed a remarkable decrease in 

cell viability when compared to those treated with conditioned media from engineered 

AD-MSCs that had not been exposed to mild magnetic. 

 

To confirm that this loss in viability was a function of the mild magnetic 

hyperthermia-activated secretion of TRAIL from the engineered AD-MSCs, the 

underlying mechanism was explored. It is well-established that TRAIL primarily induces 

apoptosis by binding to death receptor 4 (DR4) and death receptor 5 (DR5), which we 

confirmed to be expressed in A2780 ovarian cancer cells via qPCR (Figure 4.13A).279 As 

such, we first investigated the contribution of the death receptors to the observed decrease 

in cell viability by treating the A2780 cells with monoclonal antibodies blocking DR4 

and/or DR5 selectively prior to exposure to conditioned media from the engineered AD-

MSCs that were exposed to mild magnetic hyperthermia. We found that blocking DR4 
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alone (82.7% cell viability), DR5 alone (75.7% cell viability), and both DR4 and DR5 

(87.7% cell viability) were able to abrogate the effect of the conditioned media (Figure 

4.13B). This agrees with our qPCR (Figure 4.13A) and previous results from the 

literature,286 which show/state that DR4 is expressed at higher levels than DR5. 

Moreover, upon immunodepletion of TRAIL from conditioned media of engineered AD-

MSCs that were exposed to mild magnetic hyperthermia using magnetic nanoparticles 

functionalized with anti-TRAIL antibody, it was observed that the apoptotic effect of the 

AD-MSC conditioned media was reversed (90.1% cell viability). Next, as it has been 

reported that TRAIL acts primarily through the activation of caspase-8 and subsequent 

activation of caspase-3,287 we confirmed that A2780 ovarian cancer cells that have been 

exposed to conditioned media from the engineered AD-MSCs that were exposed to mild 

magnetic hyperthermia exhibited significant activation of caspases when compared to 

those treated with conditioned media from engineered AD-MSCs controls that had not 

been exposed to mild magnetic hyperthermia (Figure 4.13C). Lastly, we demonstrated 

that specific inhibition of caspase-8 (85.2% cell viability) and non-specific inhibition of 

caspases (97.9% cell viability) were able to neutralize the effect of the conditioned media 

(Figure 4.13D). As such, these results confirm that the observed decrease in A2780 cell 

viability is due to the mild magnetic hyperthermia-activated secretion of TRAIL from the 

engineered AD-MSCs.  
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Figure 4.13 Mechanistic Studies 

A) qPCR shows that DR4 and DR5 are both innately expressed at much higher levels in 

A2780 ovarian cancer cells as compared to AD-MSCs. The results were normalized to 

AD-MSCs. GAPDH was used as the housekeeping gene. B) Blocking DR4 and/or DR5 

with monoclonal antibodies could reverse the apoptotic effect of mild magnetic 

hyperthermia-activated secretion of TRAIL from the engineered AD-MSCs on A2780 

cells. A2780 cell viability was measured 24 hours after treatment. C) To confirm the 

mechanism of action, qPCR for caspases, which are downstream of TRAIL, was 

performed. D) Inhibition of caspase-8 and non-specific inhibition of caspases could also 

neutralize the effect of mild magnetic hyperthermia-activated secretion of TRAIL from 

the engineered AD-MSCs on A2780 cells. A2780 cell viability was again measured 24 

hours after treatment. 

 

Finally, we have also conducted in vivo studies, wherein engineered AD-MSCs 

were delivered into a metastatic ovarian cancer mouse model via i.p. injection. Our 

results suggest that engineered AD-MSCs, which secrete TRAIL, are efficacious and can 

significantly decrease tumor volume when compared to unengineered AD-MSC controls 

as well as treatment with a single dose of recombinant TRAIL (5 mg/kg via i.p. injection) 
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over a two-week period (Figure 4.14A). Specifically, we found that even after a single 

dose of half a million engineered AD-MSCS (sTRAIL-EGFP plasmid), the overall tumor 

volume, as measured by luminescence intensity, decreased by over 50% (Figure 4.14B). 

On the other hand, treatment with a single dose of recombinant TRAIL (5 mg/kg) did not 

decrease tumor size. Instead, the size of the tumor in mice that were treated with a single 

dose of recombinant TRAIL remained nearly constant over the two-week period. This 

agrees with previous reports from the literature as recombinant TRAIL is limited by its 

short half-life. As such, treatment with recombinant TRAIL typically requires high doses 

(1 – 10 mg/kg) that are injected daily.288  

 

Figure 4.14 In Vivo Efficacy of the Engineered AD-MSCs. 
A) To evaluate in vivo efficacy, we injected half a million AD-MSCS engineered with 

MCNP-PEI/plasmid complex, wherein the plasmid was sTRAIL-EGFP. Unengineered 

AD-MSCs and a single dose of recombinant TRAIL (5 mg/kg) were injected as controls. 

Tumor volume was followed over two weeks, we found that the size of the tumors 

decreased significantly (max value at day 0 was 6 x 104 whereas the max value on day 

14 was 8 x 103) when treated with the engineered AD-MSCs. B) Quantification of 

luminescence intensity shows that the engineered AD-MSCs are significantly better than 

treatment with a single dose of recombinant TRAIL. 
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4.3. Conclusions 

In this work, a stimuli-responsive stem cell-based gene therapy was developed to 

enhance the treatment of ovarian cancer. In particular, MCNPs were used for the dual 

purpose of delivering a heat-inducible plasmid encoding TRAIL and remotely activating 

TRAIL secretion in the engineered AD-MSCs via mild magnetic hyperthermia. As such, 

by combining the tumor tropism of the AD-MSCs with the spatiotemporal MCNP-based 

delivery and activation of TRAIL expression, this platform provides an attractive means 

with which to enhance our control over the activation of stem cell-based gene therapies. 

Importantly, we demonstrated that the process of engineering the AD-MSCs did not 

significantly affect their innate proliferation, differentiation, and tumor homing 

capabilities. Moreover, mild magnetic hyperthermia resulted in the selective expression 

of TRAIL in the engineered MSCs, thereby inducing significant ovarian cancer cell 

apoptosis and death in vitro and in vivo.  

Previous studies have demonstrated that mild hyperthermia can be used to 

activate genes.289 However, these reports have primarily focused on simple proof-of-

concept studies wherein reporter genes were activated in cancer cells. For instance, 

Ortner et al. used iron oxide nanoparticles to deliver a heat-inducible luciferase or GFP 

plasmid to Human embryonic kidney 293 (HEK293) cells.289b In particular, they 

demonstrated that they could regulate reporter gene expression in vitro using magnetic 

hyperthermia. On the other hand, Yamaguchi et al. demonstrated a heat-inducible system 

for cancer treatment, wherein magnetic nanoparticles were used to deliver a heat-

inducible plasmid encoding tumor necrosis factor alpha (TNF-α).289a In this case, these 

magnetic nanoparticle-plasmid complexes were delivered directly to the human lung 
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adenocarcinoma cells (A549) in order to induce apoptosis of the lung adenocarcinoma 

cells. Using this system, the authors were able to control the expression of TNF-α in the 

transfected cancer cells both in vitro and in vivo using magnetic hyperthermia, thereby 

demonstrating a local and effective cancer therapy.  

While promising, these previous demonstrations are still plagued by the difficulty 

of actually delivering the magnetic nanoparticles and plasmids to the tumor in vivo. As 

such, they would be unable to target cancers in distinct parts of the body where the cancer 

has metastasized and, as a result, would be extremely difficult to translate to the clinic. 

Moreover, the cell lines used in these previous studies are relatively easy to transfect. 

Addressing these challenges, we have demonstrated an advanced heat-activated gene 

therapies in this report, wherein we engineered stem cells in order to take advantage of 

their innate tumor targeting ability. In particular, we are the first to report the use of mild 

magnetic hyperthermia to remotely activate a heat-inducible gene in stem cells. In the 

future, we envision that the biocompatible mSi shell of the MCNP can be filled with 

chemotherapy in order to enhance the effect of TRAIL. For instance, while the delivery 

of TRAIL has already been shown to be effective against cancer cells that have acquired 

resistance to conventional chemotherapy via p53 inactivation, tumor cells have also 

developed a number of mechanisms with which to escape TRAIL-induced apoptosis.265 

To this end, numerous studies have identified novel combinations that could be used with 

TRAIL to enhance its therapeutic efficacy. For instance, Kelly et al. has demonstrated 

that the pretreatment of prostate cancer cells with doxorubicin can increase their 

sensitivity to TRAIL.290   
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In conclusion, we have successfully combined synthetic biology with 

nanotechnology, wherein mild magnetic hyperthermia was used to specifically activate 

genes in stem cells. Owing to the great potential of stem cells, the implications of this 

study go well beyond cancer applications, and can potentially be used for a host of 

applications that range from the stimuli-guided differentiation of stem cells for the 

treatment of injuries such as spinal cord or traumatic brain injury to other diseases such 

as those involving inflammation, wherein stem cells can be engineered to conditionally 

secrete anti-inflammatory molecules. As such, we have demonstrated a stimuli-

responsive stem cell-based gene therapy using multifunctional MCNPs, which could have 

great potential for both cancer and other regenerative applications. 

 

4.4. Materials and Methods 

4.4.1. Nanoparticle Synthesis and Characterization 

The synthesis of ZnFe2O4 magnetic nanoparticles (MNPs) has previously been 

reported and modified by our group.29,67,149,153,261 Briefly, 1.35 mmol, 0.3 mmol, and 0.7 

mmol of Fe(acac)3, ZnCl2, and FeCl2, respectively, were mixed into a round bottom flask 

with 20 mL of tri-n-octylamine, 6 mmol of both oleic acid and oleylamine, and 10 mmol 

of 1,2 hexadecanediol. The reaction mixture was then heated up to 200°C for 2 hrs. From 

here, the mixture was heated to 305°C for 2 hrs and the nanoparticles were purified by 

repeatedly washing with ethanol.  

To coat the MNP cores with a mSi shell, a modified procedure from what was 

reported by Hyeon et al. was used.252 5 mg of the alkyl-capped MNP cores dispersed in 

chloroform were sonicated using a probe type sonicator in a 0.1 M aqueous 
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cetyltrimethylammonium bromide (CTAB) solution. Upon evaporation of chloroform, 

the CTAB capped MNP cores were diluted to 50 mL with water and the pH of this 

mixture was adjusted to ~ 11 using a 2M NaOH solution. This reaction mixture was 

heated to 70°C and, under vigorous stirring, 0.4 mL of tetraethylorthosilicate (TEOS) in 

2.4 mL of ethyl acetate was added. After the addition of TEOS, the reaction was allowed 

to continue for 4 hrs. The MCNPs were collected and washed several times with ethanol. 

To remove the template, the nanoparticles were heated to 60°C in an ammonium nitrate 

solution. The extracted MCNPs were again washed with ethanol. Finally, the MCNPs 

were characterized by high-resolution Transmission electron microscopy (HR-TEM) and 

Fourier-transform infrared spectra (FTIR). 

 To characterize the magnetic properties of the nanoparticles, the resulting MCNPs 

(25 µg/mL in H2O) were exposed to an AMF (5 kA/m, 225 kHz) using a solid-state 

induction heating system (Superior Induction Company) for one hour. The temperature of 

the solution was monitored using a fiber optic temperature probe (LumaSense 

Technologies). To calculate the specific absorption rate (SAR), the following equation 

was used: 

𝑆𝐴𝑅 (𝑊/𝑔)  = 𝐶 (
𝑑𝑇

𝑑𝑡
) (

𝑚𝑠

𝑚𝑚

) 

where C is the specific heat capacity, ms is the mass of the solution, mm is the mass of the 

magnetic nanoparticles, T is the temperature, and t is the time.262 

 

4.4.2 Construction of the Plasmids 

To construct the plasmids, we first cloned the recombinant gene that encodes a 

secreted form of the human TRAIL protein into the pEGFNP-N1 backbone (Clonetech) 
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thereby creating a secretable TRAIL-EGFP fusion that is constitutively active (e.g. via 

CMV promoter) to allow for monitoring (sTRAIL-EGFP plasmid). In particular, the 

secreted form of TRAIL was kindly provided by Drs. Leaf Huang (Department of 

Biomedical Engineering, University of North Carolina at Chapel Hill) and Yukai He 

(Cancer Center, Georgia Health Sciences University).282 This recombinant TRAIL gene 

(sTRAIL) was composed of the soluble form of the human Flt3L gene (hFlex) at the 5’ 

end and the human TRAIL gene at the 3’ end (aa residues 95-281) with an isoleucine 

zipper at the N-terminal of TRAIL, which was previously shown to significantly enhance 

trimerization of the fusion protein as well as its anti-tumor activity.282 As such, the cDNA 

for sTRAIL was amplified using PCR by employing the 5’ and 3’ primers 5’- 

CGGCCGCTCGAGATGACAGTGCTGGCGCCA-3’ and 5’-

CGCCGCAAGCTTTTAGCCAACTAAAAAGGC-3’, respectively. In this way, the 5’ 

end of the PCR product contained the XhoI restriction site and the 3’ end of the PCR 

product contained the HindIII site. This 1 kb PCR product was digested with 

XhoI/HindIII and then cloned into pEGFNP-N1 to create the sTRAIL-EGFP fusion. The 

plasmid was denoted sTRAIL-EGFP. Similarly, HSP70B’ was ordered from Addgene 

(Plasmid #19486).291 The cDNA for the HSP70B’ promoter was amplified using PCR by 

employing the 5’ and 3’ primers 5’- 

GACAATTAATACCATGCAGGCCCCACGGGAGCT-3’ and 5’- 

CGGCGCTCGAGTCAATCAACCTCCTCAATGA-3’, respectively. In this way, the 5’ 

end of the PCR product contained the AseI restriction site and the 3’ end of the PCR 

product contained the XhoI site. This 200 bp PCR product was digested with AseI/XhoI 

and then cloned into the sTRAIL-EGFP plasmid thereby creating the final HSP-sTRAIL 
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plasmid. The open reading frames of the fusion proteins were confirmed by DNA 

sequencing (Macrogen). 

 

4.4.3 Formation of MCNP-PEI/Plasmid Complexes 

To prepare the aforementioned MCNPs for plasmid delivery, the negatively 

charged MCNPs were coated with a branched cationic polymer, polyethyleneimine (PEI), 

which affords the MNPs with an overall positive charge. PEI is a polymer that is partially 

protonated under physiological conditions, thus allowing for the formation of complexes 

in the presence of nucleic acids.228 PEIs have been used extensively for the delivery of 

plasmids and nucleic acids including small interfering RNAs (siRNAs) and 

microRNAs.228-229 Specifically, it has been demonstrated that PEI-based complexes are 

able to enter the cell through caveolae- or clathrin-dependent routes and are able to 

facilitate release from the endosome with high efficiency via the “proton sponge 

effect.”230 

To obtain PEI-coated MCNPs, the MCNPs, dispersed in a minimal amount of 

ethanol, were added to a stirring solution containing excess PEI (MW=25,000; 

Mn=10,000) and 20 mM NaCl. This PEI molecular weight (MW) and structure was 

chosen based on previous reports.241 After spinning overnight, the PEI-coated MCNPs 

were filtered (EMD Millipore, 10,000 MW). To complex the PEI coated MCNPs with 

plasmid, MCNP-PEI were diluted in a 20 mM NaCl solution and plasmid was added to 

the solution. Complexing was allowed to occur for 20 minutes.  

To determine the initial concentration of MCNP-PEI that needed to be added to 

complex 200 ng/mL of plasmid, complexes with increasing concentrations of MCNP-PEI 
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were incubated with 200 ng/mL of plasmid. Afterwards, 100 μL of solution was 

transferred to a 96-well (black-walled, clear-bottom, non-adsorbing) plate. 100 μL of 

diluted PicoGreen dye (1:200 dilution in Tris-EDTA (TE) buffer) was added to each well. 

Following 10 minutes of incubation at room temp, fluorescence measurements were 

obtained using a M200 Pro Multimode Detector (Tecan USA Inc, NC, USA), at an 

excitation and emission wavelength of 485 and 535 nm, respectively. Background 

fluorescence was subtracted by measuring a solution containing only buffer and 

PicoGreen dye. 

Dynamic light scattering (DLS) and Zeta Potential analyses were performed using 

a Malvern Instruments Zetasizer Nano ZS-90 instrument (Southboro, MA). 

Nanoparticle/miRNA complexes (miRNA concentration = 100 nM) were prepared using 

water. DLS measurements were performed at a 90° scattering angle at room temp. Zeta 

potential was collected at room temp and the zeta potentials of three sequential 

measurements were collected. 

 

4.4.4. Transfecting Cells with MCNP-PEI/Plasmid Complexes 

Twenty-four hours before the magnetofection of MCNP complexes, A2780 

ovarian cancer (ATCC) or human adipose-derived mesenchymal stem cells (AD-MSCs 

from Lonza [catalog # PT-5006]) were seeded into each well of a 12-well plate (80% 

confluency). MNP-PEI/plasmid complexes were formed as described above. Thereafter, 

the MCNP complexes were mixed with Opti MEM (Life Technologies) and added to 

each well to attain the desired final concentration of plasmid/well. Subsequently, the cell 

culture plates were placed on a static Nd-Fe-B magnetic plate (OZ Biosciences, France) 
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for 10 minutes (as optimized from previous reports).67 The culture plates were then 

placed back into the incubator for 5 hrs and afterwards, the cells were washed with DPBS 

and fresh growth medium was added. The growth mediums for the cell lines (obtained 

from ATCC or Lonza) used in the study are as follows: A2780 (DMEM supplemented 

with 10% FBS, 1% Penicillin-Streptomycin, and 1% Glutamax) and AD-MSCs (Lonza 

ADSC Basal Medium [Catalog # PT-3273] with ADSC-GM SQ kit [Catalog # PT-

4503]).  

 

4.4.5. Magnetic Hyperthermia 

Twenty-four hours after transfection, cells were washed with DPBS, trypsinized, 

and exposed to an AMF (5 kA/m, 225 kHz). In particular, to achieve a constant 

temperature of ~41°C, the cells were initially exposed to an AMF for 20 minutes to 

achieve a temperature of ~43 °C. Afterwards, the cells were periodically exposed to the 

AMF (5 minutes on, 5 minutes off) to maintain the temperature at ~41°C. Finally, fresh 

growth media was added to the treated cells and they were plated back into 12-well 

plates.  

 

4.4.6. Cell Viability Assays 

The cell viability was determined using MTT assay following the standard 

protocol that was provide by the manufacturer. All measurements were made 48 hrs after 

initial transfection. All experiments were conducted by averaging triplicates. Absorbance 

at 490 nm was measured and the control (untreated) cells were normalized as 100% 

viable. 
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4.4.7. Mild Magnetic Hyperthermia-Activated TRAIL Expression from AD-MSCs 

to Induce Apoptosis in Ovarian Cancer Cells. 

24 hours after the transfection of AD-MSCs with MCNP-PEI/plasmid complexes 

(50 µg/mL MCNP, 200 ng/mL of plasmid), we exposed the cells to an AMF (same 

conditions as described previously) to maintain a temperature of approximately 41°C for 

one hour. About 72 hours after initial transfection, we collected the conditioned media 

from the engineered AD-MSCs, which contains TRAIL that was secreted from the 

engineered AD-MSCs, and added it (60:40 ratio with normal A2780 growth media) to the 

A2780 ovarian cancer cells. Following an additional incubation of 48 hours, its 

therapeutic efficacy was evaluated using MTT assay. 

 

4.4.8. Cell Differentiation 

To confirm that the MSCs could still differentiate, we performed osteogenic 

differentiation. To this end, AD-MSCs were incubated in CEM until they were confluent. 

Afterwards, osteogenic differentiation medium was then added (IMDM supplemented 

with 9 % FBS, 9 % HS, 2 mM L-glutamine, 100 U/mL penicillin, 100 μg/mL 

streptomycin, 50 ng/mL L-thyroxine (Sigma Aldrich), 20 mM β-glycerol phosphate, 

(Sigma Aldrich), 100 nM dexamethansone (Sigma Aldrich), and 50 μM ascorbic acid 

(Sigma Aldrich)). This medium was changed every 3-4 days. After 21 days of 

differentiation, cells were fixed in 10% formalin, rinsed with DPBS and Alizarin Red S 

assay was used to assess calcium deposition. In particular, DPBS was removed and the 

Alizarin Red solution (40mM, pH 4.2) was added to each well and kept for 30 min with 
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gentle shaking. The pH of the Alizarin Red solution was carefully adjusted using a pH 

meter (Accumet Basic, AB15, Fisher Scientific, USA). The solution was then removed 

and cells were washed with DI water five times. Following, the calcium-stained cells 

were imaged using an optical microscope (Eclipse Ti-U, Nikon, Japan). To quantitative 

these results, cells were destained using 10% cetylpyridinium chloride (CPC) in 10 mM 

sodiumphosphate (pH 7.0) for 30 minutes at room temperature. Finally, the concentration 

Alizarin Red S was determined by measuring its absorbance at 562 nm on a multiplate 

reader (Tecan, Switzerland). 

 

4.4.9. Immunocytochemistry 

Cell cultures were fixed with 4% formaldehyde (ThermoScientific) for 15 min, 

blocked for 1 hr with 5% normal goat serum (NGS, Life Technologies), and 

permeabilized with 0.3% Triton X-100 when staining for intracellular markers (Ki-67). 

The primary antibody for Ki-67 (1:400, Cell Signaling, catalog # 9449S) was incubated 

overnight at 4°C. Alexa Fluor 546-conjugated secondary antibodies were used to detect 

the primary antibodies (1:200, Molecular Probes) and Hoechst 33342 (1:100, Life 

Technologies) was used as a nuclear counterstain. The substrates were mounted on glass 

slides using ProLong® Gold antifade (Life Technologies) and were then imaged using a 

Nikon TE2000 Fluorescence Microscope. 

 

4.4.10. PCR Analysis 

Total RNA was extracted 48 hrs after initial transfection using Trizol Reagent 

(Life Technologies) and the expression level of mRNA of the target genes (Table 3) were 
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analyzed using quantitative PCR (qPCR). In particular, 1 μg of total RNA was used to 

generate cDNA using the Superscript III First-Strand Synthesis System (Life 

Technologies). mRNA expression was then quantified using specific primers for each 

target mRNA. qPCRs were performed on a StepOnePlus Real-Time PCR System 

(Applied Biosystems) using SYBR Green PCR Master Mix (Applied Biosystems). The 

Ct values that were obtained were normalized to GAPDH. Standard cycle conditions 

were used with a primer melting temperature of 60C.  Primers are listed in Table 3. All 

primers were obtained from the PrimerBank database.243 

 

Table 3. Table of Primers Used for qPCR. 

  Forward Primer Reverse Primer 

GAPDH CATGTTCCAATATGATTCCACC GATGGGATTTCCATTGATGAC 

DR4 GCGGGGAGGATTGAACCAC CGACGACAAACTTGAAGGTCTT 

DR5 GCCCCACAACAAAAGAGGTC AGGTCATTCCAGTGAGTGCTA 

CASP3 AGAACTGGACTGTGGCATTGA GCTTGTCGGCATACTGTTTCAG 

CASP8 CATCCAGTCACTTTGCCAGA GCATCTGTTTCCCCATGTTT 

CASP10 GCTTCCCAAAACTGAAATGACC CCTTGATACGACTCGGCTTCC 

 

4.4.11. Mechanistic Studies 

 For the blocking experiments, A2780 ovarian cancer cells were incubated in 

growth medium containing 10 ug/mL of the respective blocking antibodies for 1 hour 

before the addition of conditioned media from the engineered AD-MSCs (60:40 ratio 

with normal A2780 growth media). In particular, mouse monoclonal TRAIL-R1/DR4 

(Enzo Life Sciences) and mouse monoclonal TRAIL-R2/DR5 (Enzo Life Sciences) 

antibodies were used for these experiments. Cell viability was then evaluated 24 hrs after 

the addition of conditioned media using MTT assay. 
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 To inhibit caspases, the pan-caspase inhibitor, Z-VAD-FMK (Enzo Life 

Sciences), and the caspase-8 inhibitor, Z-IETD-FMK (Enzo Life Sciences), were used. 

For Z-VAD-FMK, a 10 mM stock solution of the inhibitor was prepared using DMSO 

and the final concentration of the inhibitor and DMSO that the A2780 ovarian cancer 

cells were exposed to was 20 µM and 0.1%, respectively. For Z-IETD-FMK, a 10 mM 

stock solution of the inhibitor was prepared using DMSO and the final concentration of 

the inhibitor and DMSO that the A2780 ovarian cancer cells were exposed to was 2 µM 

and 0.1%, respectively. The A2780 ovarian cancer cells were treated with the inhibitors 

at the same time as the addition of the conditioned media (60:40 ratio with normal A2780 

growth media). Cell viability was then evaluated 24 hrs after the addition of conditioned 

media and inhibitors using MTT assay. 

 For TRAIL immunoprecipitation, MCNPS were conjugated with TRAIL 

monoclonal antibodies (Santa Cruz Biotechnology). For this purpose, the MCNPs were 

first functionalized with primary amines via the grafting of aminopropyltriethoxysilane 

(APTES). This was performed by refluxing up to 50 mg of MCNPs in 40 mL of toluene 

with 20 uL of APTES overnight under dry conditions. The resulting amine-functionalized 

MCNPs were then washed several times with ethanol and resupended in DMF. The 

TRAIL antibody (30 uL of 0.1 mg/mL solution) was activated with EDC/NHS coupling 

in 250 uL of DMF. Then, 1 mg of MCNPs dispersed in 250 uL of DMF was added to the 

activated TRAIL antibody and allowed to stir overnight. The resulting particles were 

washed several times with water and finally resuspended in DPBS. To perform MCNP-

based immunoprecipitations, 200 µl of the antibody-conjugated MCNPs (1 mg/mL) was 

added to 500 µl of conditioned media and incubated on ice for 30 min. To separate the 



158 
 

 
 

nanoparticles from the conditioned media, a magnet was placed on the side of the tube for 

5 minutes and the supernatant was carefully collected and transferred to a new tube. The 

supernatant was then added to A2780 cells (60:40 ratio with normal A2780 growth 

media) and cell viability was evaluated 24 hrs later using MTT assay. 

 

4.4.12. Animal Studies 

Human ovarian cancer cells (A2780) expressing the luciferase enzyme were 

purchased from Cell Biolabs, Inc (San Diego, CA). The cells were cultured in DMEM 

with L-glutamine (Lonza, Walkersvile, MD) supplemented with 10% fetal bovine serum 

(Invitrogen, Carlsbad, CA), and 1% penicillin-streptomycin (Gibco, Grand Island, NY).  

 6-8 weeks old Athymic nu/nu mice (NCRNU-M, CrTac: NCr-Foxn1nu) were 

obtained from Taconic (Hudson, NY, USA). All of the mice were maintained in cages 

under pathogen-free conditions in the animal facilities of Rutgers, The State University of 

New Jersey and the research has been reviewed and approved by the Institutional Animal 

Care and Use Committee. Orthotopic (intraperitoneal) ovarian cancer model was created 

by intraperitoneally injecting 2 x 106 ovarian cancer cells (A2780) labeled with luciferase 

into the mice. Luciferase transfected cancer cells were visualized using an IVIS system 

(Xenogen, Alameda, CA). To this end, Luciferin (150 mg/kg) was administered 

intraperitoneally 10 min prior to imaging. For imaging, mice were anesthetized with 

isoflurane (4% initially and 1–2% for maintenance) using a XGI-8 Gas Anesthesia 

System (Xenogen, Alameda, CA) as previously described.292 

 After allowing up to 2 weeks for the tumors to develop, AD-MSCs were 

administered. For AD-MSC injection, AD-MSCs were engineered with MCNP-
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PEI/plasmid complexes as described above. 24 hours after transfection, Vybrant DiD 

Cell-labeling solution was used (Molecular Probes, Catalog # V-22887) to label the cells 

prior to administration to animals. Specifically, staining media was prepared by adding 5 

µL of the supplied DiD solution for every 1 mL of normal growth media required. The 

media from the engineered or unengineered AD-MSCs were then removed and replaced 

with staining media. AD-MSCs were incubated with staining media for 30 minutes. 

Afterwards, the labeled AD-MSCs were washed three times with DPBS, trypsinized, and 

then resuspended such that there were 5 x 105 cells per 300 µL DPBS. As such, each 

animal received an intraperitoneal injection of 5 x 105 cells in 300 µL of DPBS. As a 

control, a single dose of 200 µL (5 mg/kg) of recombinant TRAIL (ProSpec) in DPBS 

was injected intraperitoneally on day 0. Tumor volume of all animals was then monitored 

over two weeks by monitoring tumor luminescence. Please note that each group in each 

experiment had at least three mice.  
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Chapter 5 : 

Conclusions and Perspectives 

 

Parts of the text used in this chapter have been previously published, at least in part, in 

Small as an original manuscript (Yin PT, Shah BP, Lee KB. Small, 2014. 10(20): p. 

4106-12.) and Perry Yin was the first author. 

 

As can be seen from the earlier chapters, nanotechnology, and especially MNPs, 

have tremendous potential for use in various biomedical applications such as for the 

treatment of cancer. Previous biomedical demonstrations using MNPs have focused on 

their use as MRI contrast agents, magnetic hyperthermia agents, as well as for cancer 

drug delivery, wherein an exterior magnetic field can be used to enhance uptake/targeting 

of the MNPs. This thesis has demonstrated a few examples wherein multimodal or 

multifunctional MNPs were developed for combined therapies to overcome the major 

limitations that exist with current treatments – namely, their lack of tumor tropism and 

the existence of chemoresistance. In particular, as a summary, MNPs offer a number of 

advantages, which we have demonstrated in this thesis. First, the use of MNPs allows for 

the enhancement of transfection using magnetofection as well as magnetic targeting. 

Second, MNPs can be used for the delivery of multiple therapeutics (e.g. small molecule 

drugs, nucleic acids). Third, MNPs provide a powerful platform for the induction of heat, 

which can not only be used directly for the treatment of cancer but can also be used to 

manipulate gene expression in stem cells. Fourth, though it was not shown in this work, 

treatment can potentially be monitored via magnetic resonance imaging (MRI) owing to 
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the use of MNPs. To conclude this thesis, a brief summary of each chapter will be 

presented below. 

In chapter 2, we successfully demonstrated the effective MNP-based delivery of 

miRNA to cancer cells as well as the novel combined MNP-based miRNA and magnetic 

hyperthermia therapy to enhance apoptosis in brain cancer cells. As mentioned 

previously, to maximize the therapeutic effects of hyperthermia, a number of therapeutics 

have been developed to target HSP-mediated pathways including the HSP70 and HSP90 

inhibitor, bortezimab208 and geldanamycin, which targets HSP90.209 While promising, 

each individual of the HSP family (e.g. HSP27, HSP70, HSP72, HSP90) has numerous 

subsequent targets.207b As such, we sought to deliver a miRNA (let-7a), which 

simultaneously targets multiple key downstream effectors of HSPs on a MNP platform 

that also acts as an excellent magnetic hyperthermia agent to enhance apoptosis in brain 

cancer cells. The results indicate that combined MNP-based let-7a delivery and magnetic 

hyperthermia showed an additive effect resulting in significantly more apoptosis in brain 

cancer cells than either let-7a treatment or magnetic hyperthermia alone. Moreover, our 

results suggest that the targeting of pathways such as IGF1R and RAS by let-7a may lead 

to an increase in caspase-3 mediated apoptosis.  

In chapter 3, we have successfully demonstrated that the novel combination of 

DOX and microRNA can act as a potent therapy for breast cancer. For this purpose, we 

developed MCNPs consisting of a highly magnetic core and a biocompatible mesoporous 

silica shell. As such, DOX could be loaded in the pores of the mesoporous silica shell 

while let-7a microRNA was complexed on the surface through electrostatic interaction. 

We found that treatment of triple-negative breast cancer cells (e.g. MDA-MB-231) with 
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our combination therapy resulted in a synergistic decrease in cell viability, wherein 100 

µg/mL of this combination therapy decreased the cell viability by over 90%, which is 

significantly greater than either treatment modality alone. Moreover, from our 

preliminary analysis of the underlying mechanism, we believe that this unique 

combination acts primarily through the down-regulation of drug efflux pumps, DNA 

repair mechanisms, and tumor proliferation. In particular, let-7a microRNA has the 

ability to simultaneous down-regulate multiple gene targets, including members of the 

RAS family, HMGA2, ABCG2, and BRCA2. As a result, this sensitizes triple-negative 

breast cancer cells to the slow release of DOX from the pores of our MCNPs. 

In chapter 4, a stimuli-responsive stem cell-based gene therapy was developed to 

enhance the treatment of ovarian cancer and overcome challenges with tumor targeting. 

In particular, MCNPs were used for the dual purpose of delivering a heat-inducible 

plasmid encoding TRAIL and remotely activating TRAIL secretion in the engineered 

AD-MSCs via mild magnetic hyperthermia. As such, by combining the tumor tropism of 

the AD-MSCs with the spatiotemporal MCNP-based delivery and activation of TRAIL 

expression, this platform provides an attractive means with which to enhance our control 

over the activation of stem cell-based gene therapies. Importantly, we demonstrated that 

the process of engineering the AD-MSCs did not significantly affect their innate 

proliferation, differentiation, and tumor homing capabilities. Moreover, mild magnetic 

hyperthermia resulted in the selective expression of TRAIL in the engineered MSCs, 

thereby inducing significant ovarian cancer cell apoptosis and death in vitro and in vivo.  

We believe the treatment strategies that were developed in this work can 

significantly enhance the treatment of cancer. In particular, as it is well known that 
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cancers are heterogeneous, treatment strategies must be multimodal in nature. To this 

end, based on the studies in Chapters 2 and 3 we envision that as we gain a better 

understanding of the underlying mechanisms of cancer as well as the biology of 

microRNAs, we can choose cancer-specific microRNAs that can be used to enhance the 

treatment of cancers and even cancer stem cells either by itself or in combination with 

conventional therapies. Moreover, the application of hyperthermia and magnetic targeting 

can be used to not only enhance the effect of microRNA but also to sensitize cancers to 

conventional small molecule drugs thereby overcoming chemoresistance. As for the 

study performed in Chapter 4, this technology provides a truly novel platform that has 

vast potential. While the focus of Chapter 4 was on the development of a vehicle that can 

home to tumors for cancer therapy (e.g. TRAIL delivery), the therapeutic molecule can 

be replaced with any gene. Moreover, the promoter can be replaced for use with other 

stimuli (e.g. light). As such, this stem cell-based stimuli-responsive gene expression 

system can be applied not only to cancer but also to various other application such as 

spinal cord injury, where NSCs can be injected into the body, innately migrate to the site 

of injury, and be induced to differentiate into neurons or oligodendrocytes (e.g. via an 

external stimuli) only once the NSCs have reached the site of injury. 

In conclusion, this work develops two approaches using multifunctional MNPs to 

overcome chemoresistance and enhance tumor tropism. Importantly, this work has the 

potential of being extended to clinical applications on its own or in combination with the 

other therapeutic strategies that are currently being employed. As such, I hope that the 

research I have conducted in this thesis helps to advance the use of MNPs toward the 
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clinic and further the fields of nanotechnology and nanomedicine for the treatment of 

solid tumors.  
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