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Gene therapy shows promise for individualized cancer therapies. Compared to conventional 

treatments, this approach offers a variety of advantages, including a multiplicity of gene targets 

that define tumor clinical behavior, high specificity, low off target toxicity, and suppression of 

drug resistance. However, the lack of efficient delivery strategies for gene-specific agents and 

preclinical models for evaluation of the efficacy of gene-based therapeutics has impeded its 

clinical application. Nanoparticles provide a flexible platform for fabricating novel delivery 

vehicles capable of transporting gene-specific therapeutic agents to target tumors. Among the 

various types of nano-carriers for cancer therapy, superparamagnetic iron oxide nanoparticles 

have emerged as a leading candidate as they have a host of advantages compared to other 

formulations. The iron oxide core facilitates the condensation of other molecules to it that confer 



  

biological properties that promote stability during transport through the circulation, penetration 

of physiological barriers such as the blood brain barrier, and targeted uptake by tumor cells by 

pinocytosis and endocytosis. Nanoparticles are formulated to minimize off target toxicity by 

using materials that are inherently biocompatible and facilitate rapid clearance from the 

circulation. Most importantly, these properties are maintained when the nanoparticles are 

derivatized to transport biologically active nucleic acids to affect tumor gene expression. 

This dissertation documents the development of multifunctional drug delivery nanoparticles 

to improve cancer gene therapy. We first developed and characterized the functionality of an iron 

oxide-based nanoparticle containing a copolymer that binds a biologically active gene that 

activates an inherent tumor cell death pathway. This nanoparticle was also derivatized with a 

targeting peptide to improve tumor-specific gene delivery. The nanoparticle displayed little 

intrinsic toxicity and mediated excellent uptake of biologically active gene as evidenced by 

elevated glioblastoma (GBM) cell killing in vitro and suppression of GBM xenograft growth in 

vivo. 

We next modified the nanoparticle to deliver RNA interference (RNAi)-based gene therapy. 

In collaboration with faculties in the Department of General Surgery, we demonstrated that 

nanoparticle-mediated small interfering RNA (siRNA) delivery can effectively suppress 

expression of target genes in cancer cells without notable cytotoxicity in vitro. Importantly, we 

have shown that recognition of a tumor cell surface epitope by an antibody-derivatized 

nanoparticle improves binding to target cells and greatly enhances inhibition of target gene 

expression in an orthotopic liver cancer mouse model in vivo. 

After evaluating the efficacy of targeted delivery of siRNA, we determined the effect of 

siRNA-mediated suppression of biochemical pathways associated with malignancy and of 



  

another with drug resistance in GBM cells in vitro. siRNA-mediated gene suppression reduced 

GBM cell motility, a hallmark of aggressive behavior, increased endogenously-induced 

apoptosis and increased sensitivity to temozolomide, the standard drug for GBM, by reducing the 

level a of key DNA repair enzyme, O6-methylguanine-DNA methyltransferase (MGMT). 

Systemic delivery of tumor targeting-nanoparticles carrying anti-MGMT-siRNAs reduced 

MGMT expression in an orthotopic xenograft model of a human GBM. Of clinical significance, 

reduction of tumor xenograft MGMT activity was accompanied by statistically significantly 

longer survival compared to control-treated animals. Our findings are the first substantive 

demonstration of a potential anti-resistance therapy that may enhance the efficacy of current 

GBM treatments and prolong survival. 

Finally, we have developed a three-dimensional (3D) tissue culture model to better mimic of 

tumor microenvironment for the evaluation of nanoparticle-mediated gene delivery. Significantly, 

we found that targeted gene delivery was only observed in cells cultured in scaffolds whereas 

cells cultured on two-dimensional (2D) plates showed no difference in gene delivery between 

targeted and non-target control nanoparticles. In vivo evaluation of gene delivery in a xenograft 

tumor mouse model further demonstrated that 3D culture system can correctly modeled 

nanoparticle-mediated targeted delivery in vivo. 
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1. INTRODUCTION 

Despite considerable advances in cancer research in the last two decades, cancer remains the 

second leading cause of death in the U.S., and is expected to surpass heart diseases as the leading 

cause of death in the near future [1]. Current standard treatments including surgery, radiation, 

and chemotherapy, are usually effective against local disease. However, there are a sizeable 

number of newly diagnosed tumors that remain refractory to treatment (e.g, malignant gliomas, 

pancreatic adenocarcinoma, non-small cell lung adenocarcinoma). Moreover, the prognosis for 

metastatic and recurrent tumors remain grim, in large part due to intrinsic and acquired resistance 

as well as the debilitating effects of salvage therapies [2]. Additional safe and effective 

therapeutic regimens are urgently needed to improve overall cancer outcome. Gene therapy that 

targets the expression of genes responsible for tumor malignant behavior and resistance to 

treatment-induced cell death has the potential of overcoming limitations of conventional 

treatments. However, clinical application of cancer gene therapy is impeded by the lack of safe 

and efficient delivery strategies. In addition, the discordance between in vitro and in vivo 

evaluation of the utility of gene therapy limits its development and translation to clinical 

application. 

Nanoparticles are potentially effective gene delivery vehicles. To successfully deliver 

therapeutic agents, nanoparticles must be designed to (1) avoid elimination from the circulation 

by clearance organs, (2) protect anti-tumor agents during transport, (3) circumvent physiological 

barriers that protect tumors, and (4) be taken up preferentially by tumor cells [3]. This requires 

the fabrication of nanomaterials into multifunctional particles that possess appropriate 

physiochemical properties. Nanoparticles can be synthesized from a variety of materials 

including polymers, dendrimers, liposomes, carbon nanotubes, metal, metal-oxide, and so forth 

[4]. Multifunctional nanoparticles, typically through nanocrystalline synthesis, advanced 

polymer processing, coating and functionalization strategies, can simultaneously provide 

detection and therapeutic delivery capacities. In addition to nano-carriers, nanomaterials can also 

be applied in the synthesis of three-dimensional (3D) in vitro tissue culture model that better 

mimics tumor physiological behavior to facilitate preclinical evaluation of gene therapy 
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strategies by bridging the gap between in vitro and in vivo analyses [5]. The goal of the work 

presented in this dissertation was to develop nanomaterials to overcome these limitations. 

This dissertation documents the development of an iron oxide nanoparticle coated with 

polycationic copolymer composed of chitosan, polyethylenimine (PEI), and polyethylene glycol 

(PEG), and its application as a gene delivery vehicle. Chitosan is a natural polymer derived from 

crustacean shells. It can form an effective coating to stabilize the iron oxide nanoparticle and has 

ample functional groups to attach functional ligands [6]. PEI is still considered as the most potent 

gene delivery polymer due to its high nucleic acid binding capacity and facilitation of endosomal 

release [7]. PEG serves as a stabilizer that prevents particle agglomeration that promote 

biodistribution and prolongs blood half-life [8]. Of note, it is also able to reduce the toxicity 

induced by PEI. Target-specific delivery of a suicide gene capable of inducing apoptosis and 

small interfering RNA (siRNA) against a known resistance mechanism were demonstrated both 

in vitro and in vivo. Importantly, delivery of either gene prolonged survival in mouse human 

tumor xenografts. Finally, a 3D porous chitosan-alginate (CA) polyelectrolyte complex scaffold 

was developed, which has been demonstrated to better represent the tumor microenvironment 

than standard two-dimensional (2D) cultures [9, 10]. Nanoparticle-mediated gene delivery was 

evaluated in cancer cells cultured on CA scaffolds, which was further compared with that in mice 

bearing xenograft tumor in vivo. Taken together, this dissertation demonstrate that the iron 

oxide-based nanoparticle can provide a means for safe and efficient cancer gene therapy, and 3D 

CA scaffolds can serve as a platform for preclinical evaluation of novel gene therapeutics. 

This dissertation is organized as follows: 

Chapter 1 provides an introduction and rationale for the work, highlighting the current challenges 

in clinical application of cancer gene therapy. 

Chapter 2 reviews cancer gene therapy, including its mechanisms, delivery strategies, and 

limitations that prevents its translation to the clinic. 

Chapter 3 describes the development of an effective gene therapy nano-vehicle that provides 

targeted suicide gene delivery to brain tumor in vitro and in vivo. 

Chapter 4 investigates the application of the nanoparticle system developed in Chapter 3 in 

siRNA-mediated RNAi in cancer. 

Chapter 5 presents the development of two RNAi-based gene therapies for brain cancer in vitro. 
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Chapter 6 evaluates the therapeutic combining siRNA-mediated gene suppression and 

chemotherapy developed in Chapter 5 in vivo. 

Chapter 7 investigates the use of a 3D in vitro tissue culture model to more accurately represent 

the behavior nanoparticle-mediated gene delivery to tumors in vivo. 

Chapter 8 summarizes the work and provides conclusions.  



4 

 

 

2. GENE THERAPY 

2.1 BACKGROUND 

Gene therapy was initially designed to treat germ line genetic diseases by introducing normal 

version of a defective or missing gene [11]. The introduced nuclei acids included whole genes, 

gene segments, or oligonucleotides. Gene delivery was first achieved using mammalian viruses 

capable of integrating their genome with that of infected cells. Viral mediated delivery, however, 

soon fell out of favor due to the inability to target gene insertion in target cells. Enthusiasm was 

further diminished by the death of a young subject in an adenovirus-based gene therapy for 

treatment of partial ornithine transcarbamylase deficiency in 2000 [12]. While these findings 

emphasized the need to develop novel gene locus delivery vehicles, they provided proof of 

principal of the potential of gene therapy in treating human disease, especially diseases caused 

by somatic mutation such as cancer. 

 

2.2 GENE THERAPY FOR CANCER 

Despite advances for a number of hematologic and solid tumors, many current cancer therapies 

fail to produce durable remissions in an appreciable fraction of patients. For pancreatic, lung, 

liver, and glial brain tumors, five-year survival rates remain abysmally low. Even tumors that are 

highly responsive to initial treatment (e.g., prostate and breast cancer) frequently display lethal 

treatment resistance upon recurrence [13]. While conventional treatments can produce lasting 

remissions, survival following aggressive surgical intervention followed by radio- and 

chemotherapy is often accompanied by deleterious physical and/or cognitive consequences that 

degrade quality of life. Although better controlled than in the past, the systemic toxicity of 

chemotherapy still results in acute and delayed nausea, mouth ulcerations, and mild cognitive 

impairments [14]. The long-term side effects can also increase the risk of developing other types 

of cancers. Similarly, radiation therapy can also cause a host of side effects, including diarrhea, 

mucositis, skin toxicity, and xerostomia [15]. As a result, considerable research has been devoted 

to the development of novel therapies that minimize off target toxicity. Gene therapy holds 

unique promise of meeting this goal by offering a means of specific targeting of tumor genes that 
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promote malignant behavior and treatment resistance. 

Since the first gene therapy study approved by the U.S. Food and Drug Administration 

(FDA) in 1990 for severe combined immunodeficiency disorder [15], the majority of gene 

therapy trials worldwide are aiming at the treatment of solid and hematological malignancies 

[16]. To date, successful trails have been reported in patients with chronic lymphocytic leukemia, 

acute lymphocytic leukemia, brain tumors, as well as others. Several gene therapy products are 

successful in the clinic, including ONYX-15 (Onyx Pharmaceuticals) for refractory head and 

neck cancer [17]; human papilloma virus vaccine (Gardasil) (Merck Sharp & Dohme) for the 

prevention of cancer cervix [18]; and modified dendritic cells, sipuleucel-T (Provenge) 

(Dendreon Corporation), for metastatic, asymptomatic, hormone-refractory prostate cancer [19]. 

 

2.3 APPROACHES OF CANCER GENE THERAPY 

2.3.1 Gene Silencing 

Suppression of gene expression utilizing RNA interference (RNAi) may provide a means to 

target malignant cells while avoiding the systemic toxicity. In principle, this approach would 

specifically deliver small interfering RNA (siRNA) or short hairpin RNA (shRNA) to target 

cells. Duplex RNA formed by binding of target mRNA and therapeutic siRNA would then be 

degraded by the RNA-induced silencing complex (RISC), thus suppressing gene expression 

within the target cells [20]. This process offers the opportunity to target genes uniquely 

expressed in tumor cells that are responsible for malignant behavior while sparing normal tissue. 

Such specificity and low toxicity would be far superior to conventional treatment regimens [21-

23]. Genes involved in tumor behavior such as oncogenes, and mutated tumor suppressor genes, 

and genes that promote resistance to apoptosis are potential targets for RNAi-based therapies. 

Unlike most contemporary treatment regimens genes in multiple pathways determining tumor 

behavior can be simultaneously targeted for greater therapeutic effect [24]. However, due to the 

extreme sensitivity of therapeutic RNAs to degradation by endogenous nucleases, only a few 

siRNA therapeutics have reached clinical trial [25, 26]. 
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2.3.2 Suicide Gene 

Suicide gene therapy is based on the use of transgenes that produce therapeutic proteins or 

conversion of a non-toxic compound into a lethal drug after being introduced into tumor cells. 

Among the suicide systems that have been reported, herpes simplex virus type-1 thymidine 

kinase with ganciclovir (HSV-tk/GCV), cytosine deaminase (CD), the bcl-2-like protein 4 (Bax), 

and human tumor necrosis factor α-related apoptosis-inducing ligand (TRAIL), are the most 

extensively studied due to their cytotoxicity in tumor cells [27-29]. 

HSV-tk/GCV is one of the most thoroughly studied gene therapy systems. The HSV-tk gene 

can produce viral thymidine kinase that metabolizes GCV to ganciclovir monophosphate and 

further converted into ganciclovir triphosphate, which inhibits DNA polymerization, leading to 

tumor cell death. This approach has shown promising preclinical efficacy in a number of cancers, 

including melanoma, neuroblastoma, leukemia, bladder cancer, intrahepatic metastasis of liver 

cancer, colon adenocarcinoma, and oral cancer [30-35]. Using a similar strategy, CD is used to 

catalyze the non-toxic prodrug 5-FC to 5-FU that is subsequently converted by endogenous 

enzymes into potent pyrimidine antimetabolites (5-FdUMP, 5-FdUTP, 5-FUTP) that induce 

apoptosis. The efficacy of CD/5-FC system has been demonstrated in fibrosarcomas, carcinomas, 

gliomas and metastatic formations of different origin [36-39]. 

BAX was the first identified pro-apoptotic member of the bcl-2 protein family. Bax relays 

pro-apoptotic signals within cells by activating the caspase pathway and inducing release of 

apoptotic molecules such as cytochrome c from the mitochondria to the cytosol. By this 

mechanism, over-expression of BAX induces cells to undergo apoptosis. This has been shown to 

induce apoptosis in a wide variety of cell lines including those derived from prostate, colon, 

cervical, and ovarian cancers [40-44]. TRAIL is a TNF cytokine superfamily member, which 

forms a homotrimer that crosslinks death receptors (DRs) on the cell surface leading to 

downstream signaling of apoptosis [45, 46]. TRAIL is an attractive anticancer agent due to its 

ability to induce apoptosis in various types of tumors without significant cytotoxicity towards 

normal cells [47-49]. 
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2.3.3 MicroRNA (miRNA) 

As endogenous regulators of mRNA expression and function, miRNAs are attractive targets for 

gene therapies for cancer. Since their discovery, the abnormal expression of miRNA have been 

associated with tumor formation, progression and metastasis, as well as chemo-resistance [50]. 

The goal of miRNA-based is to restore normal function by either suppressing or eliciting 

expression of tumor-associated miRNAs. Thus, in contrast to siRNA/shRNA-mediated gene 

therapy, both antagonists and mimics are used depending on miRNA function and its status in 

the diseased tissue. miRNA antagonists are designed to interrupt the suppressive miRNA 

processing and RISC assembly, resulting in increased gene expression that can reverse malignant 

behavior (e.g., tumor suppressor genes). In contrast, the aim of miRNA mimics, also known as 

miRNA replacement therapy, is to stimulate expression of silenced genes. In practice, miRNA 

antagonism is achieved by directly modifying nucleic acids that can bind and inhibit the mature 

miRNA [51], while miRNA mimics are typically packaged and delivered by vesicles. Successful 

preclinical studies have appreciated the therapeutic potential of several miRNA, including 

restoring the expression Let 7, miR-16, and miR-31. In particular, a liposome-based mimic of 

miR-34 has reached clinical trial [52]. 

 

2.3.4 Immunomodulation 

Immunotherapy, the use of a person’s own immune system to treat an infection or disease, has 

recently been at the forefront of cancer research. The curative potential largely depends on the 

administration of allogeneic T cells, especially for adoptive immunotherapy. In this treatment 

modality, patients’ T cells are modified ex vivo to better recognize and respond to tumor 

antigens. The genetically modified T cells are then infused back into the patient. The 

modification typically involves the genetic engineering of those autologous T cells to express 

either chimeric antigen receptor (CAR) or affinity-enhanced T cell receptor (TCR) that recognize 

tumor target antigens, both are usually conducted by oncoretroviral vector transduction [53]. The 

CAR consists of an antibody-derived targeting domain fused with T cell signaling domains. 

When expressed by a T cell, it endows the T cell with antigen specificity determined by the 

targeting domain of the CAR. Immunotherapy using CAR T cells has been under development 
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for almost three decades, but until recent years the clinical successes with CD19-targeted CAR T 

cells pave the way for broader clinical application, particularly in the arena of solid cancers [54]. 

TCR-engineered T cells have been employed in a number of early-stage clinical trials for 

melanoma [55], and significant clinical response has been identified in myeloma using TCR-

engineered T cells [56]. Overall, immunotherapy has indicated the potential to change the course 

of cancer treatment and may offer the long-elusive possibility of a cure for some types of cancer. 

But a collaborative and integrative approach will be the key to maximizing the impact of the 

field as a whole. 

 

2.4 GENE DELIVERY STRATEGIES 

Efficient delivery of therapeutics into target tissues is critical for the success of gene therapy. 

Several methods have been developed to facilitate the entry of transgene products into target 

cells. In general, they are broadly divided into two major categories: viral and non-viral vectors. 

  

2.4.1 Viral-Based Vectors 

Viral-based gene delivery represents one of the most efficient means of gene transfer among all 

current methods. They have been widely studied in detail and many have been tested in clinical 

trial. They can provide robust expression of transgenes in diseased tissues, are easily produced in 

quantity, and are amenable to genetic manipulation to suppress immunogenicity and improve 

safety [57]. The main groups of viral vectors include adenoviruses, retroviruses, adeno-

associated viruses, and lentiviruses, which vary in packaging capacity, host specificity, gene 

expression profile, and tendency to elicit immune responses, particularly when repeated 

administrations are required.  In general, viral vectors fall into one of two main categories: 

integrating vectors (such as retroviral and lentiviral vectors), which insert into the recipient’s 

genome; and non-integrating vectors (adenoviral vectors and adeno-associated vectors).  Both 

have been utilized in delivering a wide range of therapeutic nucleic acids. 
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2.4.2 Bacteria 

Bacteria are an emerging family of vectors for cancer gene therapy. Several strains of Clostridia, 

Bifidobacteria, and Salmonellae were originally found selectively colonize the hypoxic areas of 

tumors and destroy the tumor cells, and thereby provide a more selective tumor-targeted therapy 

[58]. Besides direct cell killing, these bacteria can be further enhanced by genetic modifications 

for targeted delivery of gene products to tumors. In such application, bacteria can deliver suicide 

genes, cytokines to evoke immune-response of the host, tumor-associated antigens as DNA 

vaccines, or a gene/enzyme able to convert systemically administered prodrug into its active 

compound specifically in tumor tissue [59]. Additionally, the anti-cancer effect of tumor-

targeting bacteria can be achieved through oral administration, which may circumvent the use of 

the intravenous route of delivery and its associated adverse events. 

 

2.4.3 Mammalian Stem Cell-Based Delivery 

Mammalian cells, especially stem cells, can serve as an alternative delivery vehicle for tumor-

targeted gene therapy. Stem cells hold therapeutic advantages such as tumor homing ability and 

ease of acquisition when compared to other vehicles such as proteins, antibodies, nanoparticles, 

and viruses. Mesenchymal stem cells, usually isolated from human bone marrow or adipose 

tissue, have been demonstrated feasible in delivering a wide range of gene therapeutics into 

various types of tumors, inhibiting their growth, and extending animal survival [60]. Besides 

mesenchymal stem cells, neural stem cells and hematopoietic stem cells have also been 

considered as vehicles for delivering anticancer therapeutics [61]. 

 

2.4.4 Nanoparticle Carriers 

Many types of nano-sized constructs, including liposomes, polymer-based and metal-based 

nanoparticles, have been developed to deliver gene therapeutics. Among all the nano-carriers, 

liposomes are the oldest and most studied. Liposomes are microscopic vesicles of synthetic 

phospholipids and cholesterol that can enter into cells by endocytosis [62]. Their advantages 

include selective uptake by endothelial cells, relatively high gene transfer efficiency, 
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biocompatibility, and biodegradability [26]. Their abilities to deliver a variety of therapeutic 

molecules, such as drugs, nucleotides, proteins, plasmids, and large genes, have been 

demonstrated in many cancer models.  Of note, the PEGylated form of doxorubicin (DOXIL in 

the U.S.) is used to treat a variety of human tumors [63]. 

Polymeric particles are among the most widely explored organic nanoparticles. They offer 

several advantages, including the ability to encapsulate a wide variety of drugs and release them 

over prolonged periods. They can be modified with targeting ligands on the surface, and show 

excellent stability in vitro and in vivo. Biodegradable polyesters such as poly (lactic acid) (PLA), 

poly (glycolic acid), poly (ε-caprolactone), poly (orthoesters), and poly (anhydrides) have been 

widely explored for various drug delivery applications. Copolymers of hydrophobic polymers, 

such as those listed above, with hydrophilic polymers such as poly (ethylene glycol) (PEG), poly 

(ethylene oxide) (PEO), and poly (propylene oxide) (PPO) are used to synthesize self-assembled 

therapeutic carriers. In addition, polymers that can respond to external stimulus such as 

temperature, pH, or electromagnetic radiation, are also being actively explored to facilitate drug 

delivery [64]. 

Inorganic nanoparticles made of metal, metal oxide, semiconductor, and silica are another 

important class of nano-sized structures. These nanoparticles often possess unique electric, 

magnetic, optical, and plasmonic properties due to quantum mechanical effects observed at nano-

scales. Most of the nanoparticles can be generated with a great deal of control over size, shape, 

and composition, as well as chemical properties. As a result, many inorganic nanoparticles are 

now commercially available. Several types of inorganic nanoparticles are multifunctional due to 

the nature of the materials. For instance, gold nanoparticles are remarkable contrast agents for 

optical imaging, photoacoustic imaging, computed tomography, and photothermal properties 

[65]. Magnetic iron oxide nanoparticles have potential as MRI contrast agents [66]. Magnetic 

nanoparticles within the size limit of the magnetic domain wall become superparamagnetic, 

which can significantly increase MRI. In this dissertation, we developed a superparamagnetic 

iron oxide nanoparticle, and its physicochemical property was further tuned by coating with 

biocompatible copolymers and functionalized with targeting agents.  
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2.5 CHALLENGES OF CANCER GENE THERAPY 

It is well recognized that the fundamental engineering challenge of successful gene therapy lies 

in the development of safe and effective delivery vectors that can deliver efficacious doses of 

therapeutic agent while circumventing biological barriers that impede delivery. However, the 

poor correlation between in vitro and in vivo drug evaluation outcomes has limited the 

development of novel gene therapy. A detailed understanding of the impediments to gene 

therapy and developing approaches to circumvent these obstacles are essential for achieving its 

ultimate potential.  

 

2.5.1 Limitation of Current Delivery Strategies 

Although many types of gene delivery strategies have been developed with several under clinical 

trial, limitations remain that prevent their translation to the clinic. The major unresolved problem 

in viral-based cancer gene therapy is the host immune response and the resulting toxic side 

effects, especially adenovirus-associated liver toxicity. Repeated administration of viral vectors 

is often required to achieve successful therapeutic effect, but this strategy can also promote 

immune response against the vector. But the host immune response can significantly hamper the 

viral-mediated gene transfer although the viral vectors are engineered to reduce their 

immunogenicity. Progress has been made to overcome vector immunogenicity, including 

modification of the virus [67] or co-administering an immune-suppressing agent to suppress the 

host immune response [68]. Specificity of transgene delivery is another potential issue of viral-

based gene delivery as the systemic delivery of vector generally leads to unwanted vector uptake 

by many different cell types in multiple organs. All these issues need to be fully addressed before 

this type of delivery can be applied in clinical. 

As compared to the cumbersome, time consuming, and expensive generation process of 

viral vectors, bacterial vectors are easier to manufacture. The biggest challenge of using 

recombinant bacteria in humans is the prevention of biological contamination. Particular care 

must be taken to prevent lateral gene transfer to other bacteria and to limit environmental spread 

of the vector. Further work is also required to limit potential adverse side-effects and to optimize 

delivery. Similarly, although remarkable progress has been made at the preclinical level, clinical 
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application of stem cells as gene delivery strategies requires further optimization due to the lack 

of a suitable method for ex vivo expansion and poorly understood in vivo kinetics of delivery.  

To date, most nanoparticle systems are non-toxic, being composed of biocompatible and 

biodegradable materials to facilitate clinical use. In this regard, they are considered as safer 

delivery approach than viral- and bacteria-based vectors. Although many nanoparticle systems 

have shown promise in vitro as tumor-specific gene delivery vehicles, their clinical application 

continues to be limited by poor potency, uncertain target specificity, and unacceptable levels of 

systemic toxicity [69-71]. 

 

2.5.2 Lack of Efficient In Vitro Models 

Another hurdle impeding the development of novel gene therapeutics is the lack of a 

physiologically relevant in vitro model of many human tumors. Currently, evaluating 

nanoparticle-based gene delivery, including target specificity, is a time-consuming, uncertain, 

expensive and low yield process for a number of reasons [72]. Typically, in vitro study of the 

nanoparticle delivery on two-dimensional (2D) cell culture is followed by extensive in vivo 

evaluation in animal models of human tumors prior to translation to clinical trials. However, 

successful nanoparticle delivery observed in 2D cell culture studies does not usually translate 

well to in vivo studies. This is in part due to the inability of monolayer cultures to replicate the 

three-dimensional (3D) morphology of solid tumors, the tumor microenvironment and the 

extracellular physiological barriers present in vivo [73]. 

3D cell cultures are employed to address these limitations as they provide a more realistic 

model of the in vivo tumor morphology and pathophysiology than adherent cells cultured on 

conventional 2D plates [5, 74]. During the last decades, numerous types of 3D cell culture 

systems have been developed, composed mostly of natural materials, such as collagen, gelatin, 

polysaccharides and so forth [75]. However, use of 3D cultures to evaluate nanoparticle delivery 

is not widespread, primarily due to the difficulties in manipulating 3D cultures, uniformly 

introducing nanoparticles into cells grown as tumor spheroids in the 3D matrix [76]. As a result, 

there have been few studies examining the correlation between the nanoparticle-based drug 

delivery in 3D cultures and in vivo. 
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3. IRON OXIDE NANOPARTICLE FOR SUICIDE GENE-BASED 

GENE THERAPY 

 

Human tumor necrosis factor α-related apoptosis-inducing ligand (TRAIL) is an attractive cancer 

therapeutic because of its ability to induce apoptosis in tumor cells while having a negligible 

effect on normal cells. However, the short serum half-life of TRAIL and lack of efficient in vivo 

administration approaches have largely hindered its clinical use. Using nanoparticles (NPs) as 

carriers in gene therapy is considered as an alternative approach to increase TRAIL delivery to 

tumors as transfected cells would be induced to secrete TRAIL into the tumor microenvironment. 

To enable effective delivery of plasmid DNA encoding TRAIL into glioblastoma (GBM), we 

develop a targeted iron oxide NP coated with chitosan-polyethylene glycol-polyethyleneimine 

copolymer and chlorotoxin (CTX), and evaluate its effect in delivering TRAIL in vitro and in 

vivo. NP-TRAIL successfully delivers TRAIL into human T98G GBM cells and induces 

secretion of 40 pg/ml of TRAIL in vitro. Transfected cells show 3-fold increased apoptosis as 

compared to the control DNA bound NPs. Systemic administration of NP-TRAIL-CTX to mice 

bearing T98G derived flank xenografts delays tumor growth by 60 mm
3
 and induces apoptosis in 

tumor tissue. Our results suggest that NP-TRAIL-CTX could potentially serve as a targeted 

anticancer therapeutic for more efficient TRAIL delivery to GBM. 

 

3.1 INTRODUCTION 

Glioblastoma (GBM) is the most common and deadly primary brain tumor in humans [77]. Even 

with aggressive surgical resection combined with radio-chemotherapy, the prognosis for GBM 

patients remains dismal with a median survival of approximately 14 months after initial 

diagnosis [78, 79]. The highly invasive and infiltrative nature of GBM prevents complete 

resection and the inherent resistance to current radiation and chemotherapeutic agents limits their 

usefulness as adjuvant therapies [80].  

Gene therapy is considered to hold unique promise to overcome treatment resistance [81-

83]. Suicidal genes or genes expressing therapeutic proteins and pro-drug activated enzymes 
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such as Bcl-2-related protein, herpes simplex virus type-1 thymidine kinase, bone morphogenetic 

protein 2, cytosine deaminase, and human tumor necrosis factor α-related apoptosis-inducing 

ligand (TRAIL), have attracted research interests due to their capacity in inducing apoptosis in 

cancer cells [27-29]. TRAIL is a strong candidate for GBM treatment because the majority of 

GBM express death receptors (DRs) [84], and recombinant TRAIL displays good tolerability in 

preclinical and early-phase clinical studies [85, 86]. Importantly, early-phase clinical trials 

demonstrated that it has no negative effect on non-neoplastic tissue [87-90]. In addition, TRAIL 

has shown a therapeutic effect when combined with chemo or radio-therapy in preclinical studies 

[49, 91]. 

Much effort has been devoted on delivering recombinant TRAIL using cell-based vehicles 

and vectors at nanoscale or microscale, but the translation of TRAIL-based therapies into clinical 

use for GBM treatment remains limited by the failure to deliver sufficient protein into the tumor 

to generate a therapeutic effect [92-94]. TRAIL gene therapy can potentially overcome this 

limitation by delivering TRAIL encoding DNA specifically to tumor cells so that they express 

and secrete this therapeutic protein into the tumor microenvironment [95, 96]. This strategy has 

been utilized in treating several types of cancer using both viral and non-viral based vectors [97, 

98]. However, gene delivery to GBM is still hindered by low in vivo gene transfection efficiency 

with most delivery vehicles, especially with the presence of the blood-brain barrier (BBB) that 

has to be overcome before any therapeutics can reach tumor sites in the brain [99].  

With this in mind, we designed a nanoparticle (NP) delivery vehicle for targeted gene 

transfection in GBM cells. The NP is comprised of an iron oxide core coated with a shell of 

chitosan-polyethylene glycol (PEG) grafted polyethyleneimine (PEI) copolymer (CP-PEI) and 

conjugated with chlorotoxin (CTX). Iron oxide is used as the core material because of its 

biocompatibility, biodegradability, and intrinsic superparamagnetic properties, and can serve as a 

magnetic resonance imaging (MRI) contrast agent for disease diagnosis and treatment 

monitoring [100, 101]. Chitosan is a natural polymer derived from crustacean shells and has 

ample functional groups allowing for attachment of functional ligands [6]. The PEG grafted 

chitosan (herein termed CP) serves as a stabilizer that prevents particle agglomeration and leads 

to excellent biodistribution and blood half-life [8]. We previously demonstrated that CP-PEI 

based NPs can effectively complex and deliver plasmid DNA to GBM cells in vitro and in vivo 

[102]. These NPs were derivatized with CTX to enhance their affinity towards GBM by binding 
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to cell surface lipid rafts containing MMP-2 and Annexin A2 [103, 104], and increase the in vivo 

transfection efficiency of gene delivery NPs [6]. Furthermore, CTX can promote BBB 

penetration through receptor-mediated transcytosis [8, 105]. In this study, we use the same CP-

PEI based NPs to deliver TRAIL encoding plasmid DNA to study its efficacy in treating GBM. 

We first characterized the physicochemical properties of the NPs. We then examined the effect 

of NP bound TRAIL (NP-TRAIL) on cell viability and apoptosis in human T98G GBM cells in 

vitro, and the ability of CTX conjugated NP-TRAIL (NP-TRAIL-CTX) to induce apoptosis and 

reduce the tumor growth of T98G derived flank xenografts in mice in vivo. 

 

3.2 EXPERIMENTAL 

3.2.1 Materials 

All chemicals were purchased from Sigma-Aldrich unless otherwise specified. All tissue culture 

reagents were purchased from Life Technologies unless otherwise specified. 

 

3.2.2 Plasmid DNA Preparation 

The plasmid pEGFP-TRAIL was purchased from Addgene (plasmid # 10953) [106]. It was 

propagated in DH5α E. Coli and purified using the Plasmid Giga Kit (Qiagen). Salmon DNA 

purchased from Sigma-Aldrich was used as the control plasmid DNA. 

 

3.2.3 NP Synthesis 

Chitosan-PEG (CP), chitosan-PEG-PEI copolymers (CP-PEI), and iron oxide nanoparticles with 

a siloxane PEG monolayer (IOSPM) were synthesized as described previously [107, 108]. The 

IOSPM was coated with CP-PEI copolymer through crosslinking N-succinimidyl iodoacetate 

(SIA) and 2-Iminothiolane (Traut’s regents) (Molecular Biosciences) before purification using a 

S-200 sephacryl resin (GE Healthcare) equilibrated with 20 mM HEPES buffer (pH 7.4). NPs 

were complexed with plasmid DNA at a NP:DNA weight ratio of 1:2 (iron mass:DNA mass) 

prior to CTX attachment using SIA and Traut’s reagent. 
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3.2.4 NP Characterization 

For transmission electron microscopy (TEM) analysis, 5 µL of the NP-TRAIL-CTX (60 µg/mL) 

were placed on a formvar/carbon coated 300 mesh copper grid (Ted Pella). After 5 min, NP 

solution was removed and the grid was allowed to dry overnight before imaging using a Tecnai 

G2 F20 transmission electron microscope (FEI) operating at a voltage of 200 kV. All 

hydrodynamic size and zeta potential analyses were acquired in HEPES buffer (pH 7.4) using a 

DTS Zetasizer Nano analyzer (Malvern Instruments). 

DNA binding was characterized using gel retardation assay. NP-TRAIL and NP-TRAIL-

CTX were prepared by mixing 0.5 μg NP with 1 μg plasmid DNA in 60 μl of 20 mM HEPES 

buffer (pH 7.4). The complex was treated with heparin (50 µL of 1000 units/ml Heparin/1 µg 

DNA) and incubated for 30 min at room temperature to disrupt the electrostatic interaction 

between NP and DNA. Both heparin treated and untreated samples were subjected to 

electrophoresis on 1 % agarose gel for about 30 min at 120 V. Gels were stained with 0.5 µg/ml 

ethidium bromide and visualized using a Bio Rad Universal Hood II Gel Doc System. 

 

3.2.5 Cell Culture 

Human GBM derived T98G cells were purchased from American Type Culture Collection. 

T98G cells were grown in Dulbecco's Modified Eagle's Medium (DMEM) supplemented with 10 

% FBS and 1 % penicillin/streptomycin (0.5 mg/ml) at 37 °C in a humidified atmosphere with 5 

% CO2. The medium was changed every 2–3 days.  

 

3.2.6 In Vitro Gene Transfection 

Twenty-four hours after plating T98G cells at a concentration of 25,000 cells/ml (1 ml/well) in 

12 well plates, transfection was performed by replacing the cell culture medium with 1 ml of NP-

TRAIL complex-containing medium (2 µg plasmid DNA per well). Four hours after transfection, 

the complex-containing medium was removed and replaced with fresh growth medium. 
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3.2.7 Quantitative RT-PCR (qRT-PCR) 

RNA was extracted from T98G cells using the Qiagen RNeasy kit (Qiagen). cDNA was prepared 

using the iScript cDNA synthesis kit (Bio-Rad) following the manufacturer’s protocol. Human β-

actin served as a reference gene. SYBR Green PCR Master mix (Bio-Rad) was used for template 

amplification with a primer for each of the transcripts in a Bio-Rad CFX96 real-time PCR 

detection system. Quantitative amplification was monitored by the level of fluorescence 

reflecting the cycle number at the detection threshold (crossing point) using a standard curve. 

Thermocycling for all targets was carried out in a solution of 20 µl containing 0.2 µM primers 

(Integrated DNA Technologies) and 4 pg of cDNA from the reverse transcription reaction under 

the following conditions: 95 °C for 2 min, 40 cycles of denaturation (15 sec, 95 °C), annealing 

(30 sec, 55 °C), and extension (30 sec, 72 °C). The primers are 5’-

CGGTTCCGATGCCCTGAGGCTC-3’/5’- CGTCACACTTCATGATGGAATTG-3 and 5’-

GTCTCTCTGTGTGGCTGTAAC-3’/5’-CTCTCTGAGGACCTCTT TCTCT-3’ for β-actin and 

TRAIL, respectively. 

 

3.2.8 Enzyme-Linked Immunosorbent Assay (ELISA) 

Production of TRAIL protein levels following NP-TRAIL transfection in culture supernatants 

and cell lysates were measured by ELISA (Quantikine Human TRAIL Immunoassay; R&D 

Systems). Briefly, T98G cells were transfected with NP-TRIAL as described above. After 6-day 

incubation, medium was collected. Both supernatants and cell lysates were tested for TRAIL 

expression by following the manufacturer’s specifications. Final color was evaluated at 450 nm 

(OD450) on a microplate reader (Molecular Devices). 

 

3.2.9 Cell Viability Assay 

The Alamar blue (AB) assay was used to evaluate cell viability following the manufacture’s 

protocol (Life Technologies). Briefly, T98G cells were plated and treated with NP-TRAIL as 

http://www.bio-rad.com/en-us/product/reverse-transcription-reagents/iscript-cdna-synthesis-kit
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previously described. Six days after treatment, cells were washed with Dulbecco’s phosphate-

buffered saline (DPBS) three times before adding 10% AB solution in complete growth medium 

to the wells. The samples were incubated at 37 °C for 2 hr. Then the AB solution was transferred 

to a 96-well plate, and fluorescence at an excitation wavelength of 556 nm and an emission 

wavelength of 586 nm was measured on a microplate reader (Molecular Devices). 

 

3.2.10 Apoptotic Assay 

The extent of apoptosis in vitro was determined by Annexin V and propidium iodide (PI) double 

staining using the Apoptotic, Necrotic & Healthy Cells Quantification Kit (Biotium). T98G cells 

were seeded on glass coverslip one day prior to treatment. Then, the cells were treated with NP-

TRAIL or NP-control as described previously. Six days after NP treatment, cells were collected 

and washed with DPBS. Annexin V binding buffer (500 µl) mixed with 5 µl Annexin V-

fluorescein isothiocyanate (FITC) and PI was added to cells, followed by incubation at room 

temperature in the dark for 15 min. The stained cells were then stained by DAPI to indicate 

nucleus, and visualized using a Nikon ECLIPSE TE2000-S microscope. 

For flow cytometric analysis, T98G cells were stained with Annexin V-FITC and PI 

following the same protocol and analyzed with a FACS Canto flow cytometer (BD Biosciences). 

Data were analyzed with FlowJo (Ashland). 

 

3.2.11 Cell Cycle Distribution Analysis 

Six days following NP-TRAIL treatment, cells were harvested, washed and fixed with 70% 

ethanol at 4 °C overnight, followed by treatment of 0.5 µg/ml RNase and 50 µg/ml PI at 4 °C for 

3 hr. The cells were then analyzed for their DNA content using a BD FACS Canto flow 

cytometer (BD Biosciences). All data were analyzed with FlowJo (Ashland). Results are 

presented as percentages of cells in the various phases, G0/1, S, G2/M. 
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3.2.12 In Vivo Studies 

All animal studies were performed in accordance with the University of Washington Office of 

Animal Welfare guidelines for the humane use of animals, and all procedures were reviewed and 

approved by the Institutional Animal Care and Use Committee. For the flank xenograft model, 6-

week-old female NOD-SCID mice (Jackson Laboratories) were anesthetized using 1.5% inhaled 

isoflurane and 6× 10
6 

T98G cells in 150 µl of a 1:1 mixture of RPMI media and Matrigel (BD 

Biosciences) were injected subcutaneously into their right flank. Palpable T98G xenografts 

developed within 6 days and tumors were measured using an external caliper and the volume 

was calculated using the formula: 4π/3× (length/2) × (width/2)
2
. Animals with 12 days-old 

xenografts (3 animals per group) were randomly divided into 3 groups: untreated, NP-control 

treated, and NP-TRAIL treated. Animals in the control group did not receive any treatment. Each 

animal in treated groups received one injection of NP-control or NP-TRIAL at 20 µg plasmid 

DNA. The treatment was terminated after 38 days; tumor tissues were harvested on day 9 and 

submitted for terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) staining. 

 

3.2.13 Statistical Analysis 

All of the data were statistically analyzed to express the mean ± standard deviation (SD) of the 

mean. Statistical significance was set at p  0.05 and tested with Student’s t-test. 

 

3.3 RESULTS AND DISCUSSION 

3.3.1 NP Development and Characterization 

The physiochemical properties of NPs, such as size and surface charge, are key factors 

determining their pharmacokinetics. Therefore, hydrodynamic sizes and zeta potentials of NP 

(i.e., the base NP with no TRAIL and CTX loaded), NP-TRAIL, and NP-TRAIL-CTX were 

characterized using dynamic light scattering (DLS). Z-average diameters of NP and NP-TRAIL 

were 34.2 ± 5.4 nm and 50.0 ± 1.1 nm, respectively (Figure 1a). Sizes of NP-TRAIL slightly 

increased to 57.1 ± 1.4 nm after CTX conjugation. Importantly, the size of NP-TRAIL-CTX is 
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within the preferred range (10–100 nm) for in vivo navigation and evasion of reticuloendothelial 

system and renal clearance [109, 110].
 

 

 

 

Figure 1. Physicochemical properties of NP-TRAIL-CTX. (a) Hydrodynamic size of NP, NP-

TRAIL and NP-TRAIL-CTX in HEPES buffer (pH 7.4) determined by DLS. (b) Zeta potential 

of NP, NP-TRAIL, and NP-TRAIL-CTX in HEPES buffer (pH 7.4). (c) Representative TEM 

image of NP-TRAIL-CTX. Scale bar in the magnified image represents 10 nm. (d) Agarose gel 

image of naked TRAIL encoding plasmid DNA, NP, NP-TRAIL, NP-CTX, and NP-TRAIL-CTX 

with and without heparin treatment in the gel retardation assay. A 1 kb DNA Ladder was used as 

marker.  
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Zeta potential is another important physicochemical property for DNA delivery applications 

[111]. The positive surface charge correlates with the capacities of NPs to electrostatically 

complex, protect, and transfect plasmid DNA into cells. NP exhibited a zeta potential value of 

17.75 ± 0.64 mV (Figure 1b). In agreement with the hydrodynamic size measurement, zeta 

potential was similar before and after CTX conjugation (16.70 ± 2.78 mV vs. 18.63 ± 1.27 mV), 

suggesting that CTX attachment does not compromise NP and TRAIL plasmid DNA 

complexation. TEM images revealed the spherical morphology and small size (10–12 nm) of the 

NP core (Figure 1c). Further, NP-TRAIL-CTX were well dispersed with no aggregation 

observed under TEM. This can be attributed to PEG coating on the surface of NPs and 

electrostatic repulsion between positively charged NPs. This suggests that DNA is fully 

incorporated within the polymer coating of a single NP rather than in aggregates of multiple NPs. 

The ability of NPs to complex plasmid DNA was evaluated using a gel retardation assay 

where NPs bound DNA would not migrate down the gel. Naked plasmid DNA can freely migrate 

on agarose gel, whereas both NP formulations indicated complete binding of DNA as no DNA 

was observed in the gel (Figure 1d). After incubated with heparin, a competing reagent that 

disrupts the electrostatic interaction between DNA and NP, DNA became visible in both 

samples. This confirms DNA is bound within the NPs and CTX conjugation does not inhibit the 

complexing capacity of NPs. Taken together, the characterizations suggest that this NP system 

can potentially function well as a vehicle for delivery of plasmid DNA. 

 

3.3.2  In Vitro Delivery of TRAIL 

Efficacy of NP mediated delivery of TRAIL was evaluated in vitro. TRAIL encoding plasmid 

DNA was transfected in T98G cells using NP-TRAIL with NP loaded with salmon DNA as a 

control (NP-control). qRT-PCR revealed TRAIL mRNA only in NP-TRAIL transfected T98G 

cells as compared to untreated and NP-control treated cells (Figure 2a). Since TRAIL can be 

released as a soluble ligand, we also used an ELISA assay to evaluate the expression of TRAIL 

in cell culture supernatants. In agreement with the qRT-PCR measurement, NP-TRAIL treated 

cells produced 11.68 ± 0.13 pg of TRAIL in 300 µL cell culture medium 6 days after 

transfection, while no TRAIL expression was detected in either untreated or NP-control treated 

groups (Figure 2b). Moreover, ELISA revealed a 24-fold more TRAIL in cell culture medium 



22 

 

 

than that intracellularly (11.68 ± 0.13  vs. 0.49 ± 0.08 pg) indicating the vast majority of 

expressed TRAIL was secreted. 

This is important for gene therapies since secreted therapeutic proteins could affect 

surrounding untransfected cells, which greatly reduces the transfection efficiency required to 

achieve a therapeutic effect. Previous studies have demonstrated that delivery of recombinant 

TRAIL using NPs can cause apoptotic activity of GBM [92]. In the current study, the 

concentration of secreted TRAIL is about 40 pg/ml, which is comparable with those reported in 

other studies where TRAIL was delivered by vehicles such as virus, neural stem cells, and 

lipofectamine [97, 112, 113]. Furthermore, multiple serial treatments required by recombinant 

TRAIL is not a necessity for our approach, which is preferable in clinical use. 

 

 

 

Figure 2. In vitro evaluation of TRAIL expression following NP-TRAIL treatment. (a) T98G 

cells were transfected with NP-TRAIL, with untreated cells and NP-control treated cells as 

controls. TRAIL mRNA expression was quantified by qRT-PCR at 6 days after transfection. (b) 

At day 6 after NP-TRAIL treatment, the concentration of secreted TRAIL in culture supernatant 

and intra-cellular TRAIL was analyzed by ELISA. 

 

3.3.3  In Vitro Toxicity of NP-TRAIL to Human GBM Cells 

Having demonstrated NP-mediated TRAIL gene delivery and expression in T98G cells, we 

investigated the therapeutic effects of NP-TRAIL in vitro. Six days post-transfection, cell 

viability was tested using the Alamar blue (AB) assay (Figure 3a). As expected, NP-control 
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showed little toxicity with approximately 81.9 ± 3.0 % viability. As a comparison, NP-TRAIL 

led to greatly reduced cell viability (51.4 ± 1.9 %). The AB results were also corroborated by 

optical imaging of cells shown in Figure 3b. Untreated and NP-control treated T98G cells 

exhibited similar normal cell morphologies whereas NP-TRAIL treated cells had significantly 

lower cell numbers and dramatic toxicity can be directly visualized. 

 

 

 

Figure 3. TRAIL gene therapy induces cellular toxicity in vitro. (a) Viability of T98G cells on 

day 6 post-transfection as determined by AB assay. (b) Bright-field microscopy images of 

transfected T98G cells on day 6 post transfection. Scale bars correspond to 10 µm. 

 

3.3.4  Apoptotic Effect of NP-TRAIL on GBM Cells In Vitro  

We examined the degree of apoptosis in T98G cells using Annexin V-FITC and PI double-

staining. In accordance with the cell viability measurement, NP-TRAIL treated cells showed 

positive staining for both Annexin V-FITC and PI by fluorescence microscopy (Figure 4a). As a 

comparison, no fluorescence signal was detected from either the untreated or NP-control treated 

cells. Additionally, DAPI staining showed significant nuclear fragmentation in NP-TRAIL 

treated cells whereas untreated and NP-control treated cells showed little evidence of apoptosis. 

Quantification of apoptosis using flow cytometry revealed a 47.9 ± 3.2 % apoptotic cell 

population by NP-TRAIL transfection. In contrast, untreated and NP-control treatment showed 

13.1 ± 3.4 % and 17.9 ± 2.6 % Annexin V-FITC and PI double positive populations (Figure 4b 

and c). 
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The TRAIL encoding plasmid DNA used here is expressed as a fusion with EGFP, which 

was shown to not affect its therapeutic efficacy [106]. In order to examine if EGFP expression 

has a negative effect on Annexin V-FITC staining, flow cytometry and microscopy analysis was 

conducted on NP-TRAIL treated T98G cells with and without Annexin V-FITC labeling. Both 

assays revealed that green fluorescence intensity of NP-TRAIL transfected cells after 6 days 

were similar with untreated T98G cells (Figure 5a). We believe that EGFP expression had 

receded into background color 6 days after NP-TRAIL transfection because of plasmid DNA 

dilution through cell division and impairment as the majority of T98G cells underwent apoptosis. 

Therefore, the green fluorescence intensity of EGFP was significantly lower than that from 

Annexin V-FITC labeled NP-TRAIL treated cells (Figure 5b), which demonstrates the 

reliability of the apoptosis analysis results. 

The effect of NP-TRAIL on cell cycle progression in GBM cells was also examined. Six 

days after transfection with NP-TRAIL, T98G cells were labeled with PI and the DNA content 

was analyzed using flow cytometry. As shown in Figure 6, NP-TRAIL treatment caused an 

increase in the proportion of cells in the G2-M phase (54.6% vs. 20.8% for untreated and 13.7% 

for NP-control) and a corresponding decrease in the proportion of cells in the S and G1 phases. 

This G2-M cell cycle arrest in NP-TRAIL treated cells is in agreement with the apoptosis results 

and provides further evidence of NP-TRAIL treatment efficacy in GBM cells. 

TRAIL is an attractive anticancer agent due to its ability to induce apoptosis in a variety of 

tumor cell types including GBM [47-49, 92]. In line with these studies, NP-TRAIL caused 

cytotoxicity occurred through induction of the apoptosis in GBM cells. In fact, TRAIL can 

activate both extrinsic and intrinsic mitochondrial apoptotic pathways in T98G that was 

identified as a p53 mutant cell line [45, 114-116]. In the current study, cell cycle status was 

analyzed 6 days after NP-TRAIL treatment rather than 24 hr or 48 hr, the duration that were used 

for apoptosis characterization in other studies [117, 118]. At this late stage at 6 days, apoptosis 

might also rely on the intrinsic mitochondrial apoptotic pathway, accompanied by p53 associated 

G2-M phase cell cycle arrest in response to DNA damage [119-123]. 
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Figure 4. TRAIL gene therapy induces apoptosis in T98G cells in vitro. (a) Representative 

fluorescence images of T98G cells co-stained with Annexin V-FITC and PI 6 days following 

treatment. Scale bars represent 10 µm. (b) Apoptosis analysis of T98G cells with flow cytometry 

6 days after NP-TRAIL treatment. (c) Quantification of Annexin V-FITC and PI positive 

apoptotic cell populations from panel b. Data are from three independent experiments.  

represents p  0.01. 
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Figure 5. Elimination of false positive effect of GFP expression on Annexin V-FITC staining.  

(a) Representative fluorescence images of T98G cells stained with Annexin V-FITC 6 days 

following NP-TRAIL treatment. Scale bars represent 10 µm. (b) Flow cytometric analysis of 

T98G cells from panel a. 

 

 

 

Figure 6. Representative cell cycle phase distribution of T98G cells 6 days after NP-TRAIL 

transfection. Results were the average of three independent experiments. 
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3.3.5  In Vivo Antitumor Effect of NP-TRAIL-CTX 

The therapeutic efficacy of NP delivery of TRAIL encoding plasmid DNA was determined in 

vivo by treating athymic nude mice harboring T98G flank tumors with NP-TRAIL-CTX or NP-

control-CTX. Here, CTX was attached to the NP as it is crucial to incorporate targeting agents on 

the surface of gene delivery vehicles in order to improve in vivo transfection efficiency 

specifically in the tumor [124, 125]. Our previous studies show that conjugating CTX to the 

surface of NPs increases NP distribution throughout the tumor and in vivo transfection efficiency 

[6, 70]. Mice treated with NP-TRAIL-CTX showed rapid shrinkage in tumor size followed by 

slow growth whereas mice treated with NP-control-CTX showed a consistent increase in tumor 

size over time (Figure 7b). This suggests that the NPs were able to deliver TRAIL encoding 

plasmid DNA into tumor cells for TRAIL expression, secretion, and induction of apoptosis. 

To determine the degree of apoptosis caused by NP-TRAIL-CTX treatment, xenograft 

tumors were collected 9 days after NP injection, and apoptosis analyzed through TUNEL 

staining. NP-TRAIL-CTX induced more apoptosis as compared to NP-control-CTX as 

evidenced by the large number of TUNEL-positive tumor cells (Figure 7c). This correlates well 

with the in vitro apoptosis results and shows the ability of the NPs to deliver TRAIL gene to 

tumors for expression and subsequent promotion of apoptosis in transfected and surrounding 

cells (Figure 7a). The high level of apoptosis in tumor tissues induced by NP-TRAIL-CTX 

administration suggests that this strategy has clinical potential for GBM treatment. 

Targeted gene delivery is crucial for gene therapy and much efforts have been devoted to 

improve efficient NP targeting and penetration into tumors. The targeting capacity of CTX to 

human brain tumors by binding to MMP-2 and Annexin A2 is well established by previous 

studies [6, 103, 104, 126]. Moreover, Annexin A2 has been identified highly expressed on the 

surface of neovasculature [127-130]. This could provide an additional target for TRAIL delivery 

as endothelial cells that were targeted with NP-TRAIL-CTX could also produce TRAIL and 

secrete it into the tumor microenvironment. Here, we have also incorporated another level of 

targeting by using TRAIL, as its therapeutic effect is specific to tumor cells [131]. Therefore, 

even if NP-TRAIL-CTX were taken up to a significant degree by any off-target tissue, no 

negative response to TRAIL expression would be expected. 
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Another big impediment to the clinical translation of TRAIL therapeutics lies in the 

heterogenetic resistant of tumors to TRAIL, which is due to the expression of decoy receptors 

and several internal countervail cell signaling [114, 132, 133]. Our NP system is ideal in 

overcoming these obstacles by co-delivery of TRAIL and inhibitors of the resistant mechanisms. 

Furthermore, our treatment can be combined with other gene therapeutics targeting multiple 

signaling pathways for a synergetic efficacy. 

 

 

 

Figure 7. NP-mediated TRAIL gene delivery shows therapeutic efficacy in vivo. (a) Schematic 

of mice subjected to one injection of NP-TRAIL-CTX. (b) Volumes of T98G flank xenograft 

tumors of mice treated with NP-TRAIL-CTX and NP-control-CTX once tumor became palpable. 

All values are mean ± SD of determinations made in 3 animals.  indicates p  0.05. (c) 

TUNEL staining revealed significant apoptosis in tumors from NP-TRAIL-CTX treated mice. 

Scale bars represent 200 µm. 
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3.4 CONCLUSIONS 

In this study we developed a CTX activated iron oxide NP coated with chitosan-PEG-PEI 

copolymer with appropriate properties for plasmid DNA delivery to tumor. We demonstrated 

that NPs loaded with the TRAIL gene are able to transfect GBM cells to express and secrete 

sufficient quantities of TRAIL to promote apoptosis in vitro. Importantly, we found that NP-

mediated TRAIL gene delivery in a GBM flank xenograft mouse model induced significant 

apoptosis in the tumor and effectively reduced tumor burden. These results suggest NP-TRAIL-

CTX as a potential strategy for improving localized delivery of TRAIL to GBM.  
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4. DEVELOPMENT OF IRON OXIDE-BASED NANOVECTOR 

FOR TUMOR TARGETED SIRNA DELIVERY 

 

Hepatocellular carcinoma (HCC) is one of the deadliest cancers worldwide. Small interfering 

RNA (siRNA) holds promise as a new class of therapeutics for HCC as it can achieve sequence-

specific gene knockdown with low cytotoxicity. However, the main challenge in the clinical 

application of siRNA lies in the lack of effective delivery approaches that need to be highly 

specific and thus incur low or no systemic toxicity. Here, we present a non-viral nanoparticle-

based gene carrier that can specifically deliver siRNA to HCC. The nanovector (NP-siRNA-

GPC3 Ab) is made of an iron oxide core coated with chitosan-PEG grafted PEI copolymer, 

which is further functionalized with siRNA and conjugated with a monoclonal antibody (Ab) 

against human glypican-3 (GPC3) receptor highly expressed in HCC. A rat RH7777 HCC cell 

line that co-expresses human GPC3 and firefly luciferase (Luc) is established to evaluate the 

nanovector. The nanoparticle-mediated delivery of siRNA against Luc effectively suppresses 

Luc expression in vitro without notable cytotoxicity. Significantly, NP-siLuc-GPC3 Ab 

administered intravenously in an orthotopic model of HCC is able to specifically bound to tumor 

and induce remarkable inhibition of Luc expression. Our findings demonstrate the potential of 

using this nanovector for targeted delivery of therapeutic siRNA to HCC. 

 

4.1 INTRODUCTION 

Hepatocellular carcinoma (HCC) is the second-leading cause of cancer-related deaths 

worldwide, resulting in more than one million deaths annually [134, 135]. Despite its global 

significance, HCC is understudied compared with other major lethal types of cancer in the US. 

Although potentially curative treatments such as surgical resection, ablative therapies, and liver 

transplantation exist [136], the prognosis remains poor as the majority of patients are diagnosed 

at an advanced stage and are not candidates for such therapies [135, 137], Sorafenib, a small 

molecule tyrosine kinase inhibitor, is currently the only drug approved for the treatment of 

patients with advanced HCC. However, it prolongs survival by a mere 2–3 months, and has dose-
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limiting side effects [138-141]. Thereby, there is an urgent need for more effective therapeutic 

approaches for these patients. 

RNA interference (RNAi) mediated by small interfering RNA (siRNA) can silence gene 

expression in a highly specific manner, and thus holds great promise as a potent inhibitor of 

therapeutic targets with low toxicity and a high degree of specificity that is far superior to 

conventional drugs [21-23]. In fact, many aberrant signal transduction pathways that are 

associated with tumorigenesis and chemotherapy resistance in HCC have been identified, and 

RNAi utilized to suppress these targets exhibited encouraging therapeutic effects [142-144]. 

Although siRNA is powerful gene regulation agents, the efficiency of systemic delivery of 

siRNA is extremely low due to quick degradation in biological fluids, poor cellular uptake 

resulted by the inherent physicochemical characteristics of siRNA (i.e., high molecular weight, 

negative charge, and stiff structure), and inefficient intracellular trafficking to escape from 

endosomes and release of siRNA in cytoplasm [145-147]. 

Nanoparticles as carriers for systemic delivery of synthetic siRNA have gained significant 

attention [21, 69]. Several nanoscale constructs have been investigated for siRNA delivery to 

HCC, including cationic polymers, lipid-based, and superparamagnetic nanoparticles [148-153]. 

Despite many nanoparticle systems have shown promise in vitro for targeting tumor cells, their 

in vivo applications and clinical utility have been hindered because of limited potency and poor 

target specificity, resulting in an unacceptable level of systemic toxicity [69, 154]. As carriers for 

siRNA delivery, nanoparticles are required to protect siRNA from degradation during transport 

and overcome extra- and intra- cellular barriers for specific site functions [69]. Compared to 

other tumors, target-specific delivery of nanoparticles to HCC is especially challenging. Liver 

cells are filtrated with a large number of Kupffer cells that will quickly take up these 

nanoparticles before they can reach tumors [110, 145]. In addition, the availability of HCC-

specific targeting ligands remains limited although research in finding targeting moieties that 

recognize HCC-specific cell receptors has been actively pursued in the past decade [149, 155-

158]. 

In this study, we present a theranostic nanovector (NP-siRNA-GPC3 Ab) and demonstrated 

that it can specifically and effectively deliver siRNA to HCC through systemic injection in an 

orthotopic xenograft mouse model. The NP-siRNA-GPC3 Ab is made of an iron oxide core 

coated with chitosan-PEG grafted polyethyleneimine (PEI) copolymer (CP-PEI) shell and 
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conjugated with a monoclonal antibody (Ab) against human glypican-3 (GPC3) receptor. An 

iron oxide-based nanoparticle formulation is used here because of its biocompatibility, 

biodegradability, and inherent superparamagnetic properties that can serve as a magnetic 

resonance imaging (MRI) contrast agent for disease diagnosis and treatment monitoring, as 

demonstrated in our previous studies using the same nanoparticle synthesis strategy [6, 70, 100, 

158]. Chitosan, a natural polymer derived from crustacean shells, has ample functional groups 

allowing for attachment of functional ligands and cationic polymers for complexing siRNA [159, 

160]. The PEG grafted chitosan (herein termed CP) serves as a stabilizer that prevents particle 

agglomeration. CP-PEI copolymer coated iron oxide nanoparticles has demonstrated their ability 

to protect siRNA from degradation and facilitate proper intracellular trafficking for safe and 

effective siRNA delivery [70]. GPC3 Ab is covalently attached to the surface of nanovector to 

confer the ability of HCC targeting. Recent studies have revealed that GPC3 is a promising 

receptor for HCC targeting as it is highly expressed in HCC but not in healthy tissues [161-163]. 

Notably, we have demonstrated the tumor specificity of GPC3 Ab [158], which has a very high 

binding affinity (~30 pM) and is internalized by HCC [164], making it an ideal targeting ligand. 

A rat RH7777 HCC cell line co-expressing human GPC3 and firefly luciferase (Luc) in 

orthotopic mouse model is used to evaluate tumor targeting and NP-siRNA mediated Luc gene 

silencing due to their ability to form tumors that represent histopathologic features of HCC. 

 

4.2 EXPERIMENTAL 

4.2.1 Materials 

All chemicals were purchased from Sigma-Aldrich unless otherwise specified, and tissue culture 

reagents were purchased from Life Technologies unless otherwise specified. 

 

4.2.2 Nanovector Synthesis 

The preparation of NP-siRNA-GPC3 Ab is outlined in Figure 8. CP, CP-PEI copolymer, and 

iron oxide nanoparticles with a siloxane PEG monolayer (IOSPM) were synthesized as described 

previously [108, 165]. The IOSPM was coated with CP-PEI copolymer through crosslinking SIA 
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and Traut’s regents (Molecular Biosciences) before purification using a S-200 sephacryl resin 

(GE Healthcare) equilibrated with 20 mM HEPES buffer (pH 7.4) (Figure 8a). IOSPM coated 

with CP-PEI copolymer, herein termed NP, were complexed with siRNA at weight ratio (Fe 

equivalent of NP:siRNA) of 1:2 in 20 mM HEPES buffer (pH 7.4), and incubated for 20 min at 

room temperature to allow formation of NP-siRNA complexes. Subsequently, GPC3 Ab was 

conjugated to NP-siRNA using a heterobifunctional PEG linker, NHS-PEG12-maleimide. Briefly, 

GPC3 Ab was reacted with excess Traut’s reagent in thiolation buffer (pH 8.0) for 1 hr in the 

dark at room temperature to form Ab Traut’s. Unreacted Traut's reagent was removed through 

Zeba spin columns (Life Technologies). NP-siRNA was reacted with NHS-PEG12-maleimide 

(Life Technologies) in the dark at room temperature with gentle rocking for 30 min before 

removing unreacted linker through Zeba spin columns. The thiolated Ab was mixed with thiol-

reactive NP-siRNA (2 mg Ab per 1 mg NP-siRNA) and allowed to react for 1 hr in the dark at 

room temperature with gentle rocking. Unreacted Ab was removed from NP conjugated Ab 

through size exclusion chromatography in S-200 sephacryl resin to obtain pure NP-siRNA-GPC3 

Ab (Figure 8b). 

 

4.2.3 Nanovector Characterization  

For proton NMR (
1
H-NMR) analysis, 50 µg (Fe) of IOSPM and NP were lyophilized to remove 

water. 30 µl of DCl and 870 µl of D2O were added to the lyophilized NP to dissolve the iron core 

leaving free polymer coating in solution. 1.72 mg of trimethylsilyl propionate in 100 µl D2O was 

added as internal reference. 
1
H-NMR spectra were obtained using a Bruker Avance 300 

spectrometer operating at 300 MHz (1H) and 325 K (number of scans = 128, acquisition time = 

3s, delay (D1) = 1s). 

For transmission electron microscopy (TEM) analysis, NP-siRNA-GPC3 Ab was diluted to 

100 µg/mL in deionized water and 5 µL of the dilute solution were placed on a formvar/carbon 

coated 300 mesh copper grid (Ted Pella). After 5 min, the NP solution was removed and the grid 

was allowed to dry overnight before imaging using a Tecnai G2 F20 electron microscope (FEI) 

operating at a voltage of 200 kV. Hydrodynamic size and zeta potential analyses were acquired 

in HEPES buffer (pH 7.4) using a DTS Zetasizer Nano (Malvern Instruments). 
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GPC3 Ab after conjugated onto the NP-siRNA surface was detected by a sodium dodecyl 

sulfate polyacrylamide gel electrophoresis (SDS-PAGE) in comparison with free GPC3 Ab. A 

Precision Plus Protein™ Dual Color Standard (Bio-Rad) was used as molecular weight marker. 

The gel was run under reducing conditions by using a Mini PROTEAN 3 Cell electrophoresis 

unit (Bio-Rad) at a constant voltage mode of 100 V in a Tris/glycine/SDS buffer. The gel was 

then stained with Coomassie Brilliant Blue solution (Bio-Rad) and imaged with a Bio-Rad 

Universal Hood II Gel Doc System. NP-siRNA-GPC3 Ab was also evaluated for their possession 

of Ab by measurement of their absorption at OD280 nm using a SpectraMax i3 multi-mode 

microplate reader (Molecular Devices). 

siRNA binding was characterized using gel retardation assay. NP-siRNA complexes 

containing 1 µg siRNA were prepared at NP:siRNA weight ratios of 1:2 in 20 mM HEPES 

buffer (pH 7.4). The complex were treated with heparin (1000 units/ml, 50 µL Heparin/ 1 µg 

siRNA) and incubated for 30 min at room temperature to block the electrostatic interaction 

between NP and siRNA. Both heparin-treated and untreated complexes were loaded onto a 

native polyacrylamide gel for electrophoresis for about 30 min. After staining the gel with 0.5 

µg/ml ethidium bromide, free-siRNA was detected using a Gel Doc XR (Bio-Rad). 

 

4.2.4 Cell Culture 

Rat RH7777 HCC cells were purchased from American Type Culture Collection (ATCC no. 

CRL-1601) and cultured at 37°C in a humidified atmosphere with 5% CO2 using Dulbecco’s 

modified Eagle’s Medium (DMEM) supplemented with 10% fetal bovine serum and 1% 

antibiotic-antimycotic. 

 GPC3 and Luc co-expressing RH7777 (RH7777-Luc-GPC3) cells were generated by 

transfecting previously established Luc-expressing RH7777 cells [163] with pLX304-BLAS-V5-

GPC3 (Life Technologies) using Lipofectamine 2000 (Life Technologies) following the 

manufacture’s protocol. Three days after transfection, regular DMEM was replaced by DMEM 

containing 2.5 µg/ml blasticidin. Cells were maintained in the selective medium for additional 

three weeks prior to sorting with a BD FACSAria™ II cell sorter (BD Biosciences). The stably 

transfected RH7777-Luc-GPC3 cells were cultured in complete medium supplemented with 2.5 

µg/ml blasticidin. 
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Surface GPC3 antigen expression on the established RH7777-Luc-GPC3 cells was analyzed 

by flow cytometry. RH7777-Luc-GPC3 cells were incubated with mouse anti-GPC3 Ab (1 

mg/ml, 1:50 dilution) at 4°C for 30 min, and then probed with FITC conjugated rabbit anti-

mouse secondary Ab (Abcam, 1:100 dilution) at 4°C for 30 min. Cells were then washed, 

collected and analyzed with a FACSCanton™ II flow cytometer (BD Biosciences). Data were 

analyzed with FlowJo (Ashland). 

 

4.2.5 In Vitro Cell Transfection 

Twenty-four hours after plating RH7777-Luc-GPC3 cells at a concentration of 25,000 cells/ml, 

transfection was performed by replacing cell culture medium with 1 ml of NP-siRNA complex-

containing medium (50 nmol siRNA per well). After 4 hr of transfection, NP-siRNA complex-

containing medium was removed and replaced with fresh DMEM. Firefly luciferase gene-

targeting siRNA (siLuc) and scramble siRNA (siScramble) were purchased from Dharmacon 

Research Inc. 

Endosomal escape was evaluated using an endosomal integrity assay [166]. In brief, 

RH7777-Luc-GPC3 cells were co-incubated with NP-siRNA and membrane impermeable dye 

calcein (0.25 mM). Excess dye was washed off after 2 hr incubation. Cells were fixed and nuclei 

were stained with DAPI prior to imaging by fluorescence microscopy. 

To evaluate NP-siRNA uptake, RH7777-Luc-GPC3 cells were transfected with NP 

complexed with Dy677-labeled siScramble (Dharmacon Research Inc). Twelve hours later, cells 

were fixed in 4% formaldehyde and nuclei were stained with DAPI prior to imaging using 

fluorescence microscopy. 

 

4.2.6 Cell Viability Assay 

The effect of NP-siRNA on RH7777-Luc-GPC3 cell viability was determined using the Alamar 

blue (AB) assay following the manufacture’s protocol (Life Technologies). Briefly, cells were 

plated and transfected as described. After treatment, cells were washed with PBS three times 

before adding 10% AB solution in DMEM medium to the wells. Cells were incubated for 1 hr, 

then the AB solution was transferred to a 96-well plate, and the fluorescent emissions at an 
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excitation wavelength of 550 nm and an emission wavelength of 590 nm were read with a 

microplate reader. 

 

4.2.7 Quantitative RT-PCR (qRT-PCR) 

RNA was extracted from cells 48 hr after siRNA transfection using the Qiagen RNeasy kit. 

cDNA was prepared using the iScript cDNA Synthesis kit (Bio-Rad) following the 

manufacturer’s protocol, which was then used as a template for PCR. qRT-PCR was used to 

evaluate the relative expression levels of Luc utilizing rat glyceraldehyde 3-phosphate 

dehydrogenase (GAPDH) as a control. SYBR Green PCR Master mix (Bio-Rad) was used for 

template amplification with a primer for each of the transcripts in a Bio-Rad CFX96 real-time 

PCR detection system. Quantitative amplification was monitored by the level of fluorescence 

reflecting the cycle number at the detection threshold (crossing point) using a standard curve. 

Thermocycling for all targets was carried out in a solution of 20 µl containing 0.5 µM primers 

(Integrated DNA Technologies) and 4 pg of cDNA from the reverse transcription reaction under 

following conditions: 95°C for 2 min, 40 cycles of denaturation (15 sec, 95°C), annealing (30 

sec, 58°C), and extension (30 sec, 72°C). The primers used for GAPDH and Luc were forward: 

5’-GACATGCCGCCTGGAGAAAC-3’/reverse: 5’-AGCCCAGGATGCCCTTTAGT-3’ and 

forward: 5’-ATTACACCCGAGGGGGATGA-3’/reverse: 5’-TCTCACACACAGTTCGCCTC-

3’, respectively. 

 

4.2.8 Luc Activity Quantification 

In vitro measurement of Luc activity was conducted using Luc assay following the 

manufacture’s protocol (Promega). Briefly, 50,000 cells were collected and washed with PBS 

three times before lysed by 0.1% Triton-X. 200 µl of cell lysis were reacted with 50 µl luciferin, 

and read with a microplate reader. Protein was quantified by Bradford assay (Bio-Rad) following 

the manufacture’s protocol. 
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4.2.9 Animal Model 

All animal studies were performed in accordance with the University of Washington Office of 

Animal Welfare guidelines for the humane use of animals, and all procedures were reviewed and 

approved by the Institutional Animal Care and Use Committee. For the orthotopic xenograft 

model, 8-week-old female athymic Nu/J mice (Jackson Laboratories) were anesthetized using 

1.5% inhaled isoflurane and the left lobe of the liver was exposed through an upper midline 

laparotomy. RH7777-Luc-GPC3 cells (1 × 10
6
) in 50 μL of DMEM containing 50% Matrigel 

(BD Biosciences) were injected into the subcapsular space of the left lobe. Two weeks after 

injection, a 75 mg/kg intraperitoneal injection of VivoGlo luciferin (Promega) was administered 

and imaging was performed using an IVIS Lumina II system (PerkinElmer) to monitor the 

growth of intrahepatic tumors. 

To analyze the GPC3 antigen expression on RH7777-Luc-GPC3 xenograft, tumors were 

harvested two weeks after implantation. Tumor cells were dissociated and passed through a 70 

μm cell strainer (Thermo Fisher Scientific) to acquire single cell suspension. They were then 

subjected to anti-GPC3 Ab staining as described previously, and analyzed by flow cytometry 

using a FACSCanton™ II flow cytometer (BD Biosciences). Data were analyzed with FlowJo 

(Ashland). 

 

4.2.10 Histological Analysis 

After NP treatment, RH7777-Luc-GPC3 liver tumor tissues were fixed in 4% formaldehyde for 

24 hr and placed in 30% sucrose until fully saturated. The tissues were subsequently cut into 

small pieces and frozen in OCT embedding medium (Sakura) at 80°C. Frozen sections (8 µm 

thickness) were stained with DAPI (Life Technologies) and photographed under a Zeiss 510 

META confocal fluorescence microscope. 
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4.2.11 Statistical Analysis 

All the data were statistically analyzed to express the mean value ± standard deviation (SD) of 

the mean. An unpaired, 2-tailed Student’s t test was used, with a P value of less than 0.05 

considered statistically significant. 

 

4.3 RESULTS AND DISCUSSION 

4.3.1 Nanovector Synthesis and Characterization 

NP-siRNA-GPC3 Ab were synthesized as described in the previous section and illustrated in 

Figure 8. The presence of CP-PEI copolymer on iron oxide nanoparticles with a siloxane PEG 

monolayer (IOSPM) was verified by proton NMR (
1
H-NMR) (Figure 9a). The characteristic 

1
H-

NMR peak at 3.65 ppm (peak I) representing ethylene group (–O–CH2–CH2–) of PEG is 

evidenced on the spectra of IOSPM and IOSPM coated with CP-PEI copolymer (herein termed 

NP). The ethylenimine (–NH2–CH2–CH2–) repeat unit of PEI at 3.3–3.62 ppm (peak II) and the 

H3–6 peaks (peak III, δ  3.68–3.73 ppm; peak IV, δ  3.9–3.95 ppm) of chitosan on NP 

spectrum indicate the covalent attachment of CP-PEI on IOSPM. NP was complexed with 

siRNA at weight ratio (Fe equivalent of NP:siRNA) of 1:2, corresponding to approximately 300 

siRNA molecules per NP as determined from calculations of molar masses of NP (~2,000,000 g 

Fe/mole NP) and siRNA (13,300 g/mole). 
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Figure 8. Schematic of NP-siRNA-GPC3 Ab synthesis. (a) Modification of IOSPM with CP-PEI 

to produce our NP. (b) NP-siRNA complexation and subsequent conjugation with GPC3 Ab to 

form fully functionalized NP-siRNA-GPC3 Ab. 

 

Transmission electron microscopy (TEM) images in Figure 9b revealed a spherical 

morphology of the iron oxide core of NP-siRNA-GPC3 Ab with a size around 10–12 nm, 

confirming that the iron oxide core sizes remained uniform after copolymer conjugation. 

Additionally, NP-siRNA-GPC3 Ab was well dispersed in aqueous medium. SDS-PAGE was 

used to evaluate attachment of GPC3 Ab on NP-siRNA. As shown in Figure 9c, both light and 

heavy chains of Ab were detected from the purified NP-siRNA-GPC3 Ab under reducing 

conditions, which confirmed the conjugation of Ab to the NP. Band density quantification 

revealed there were approximately 26 Ab molecules per NP. 
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The NP core with copolymer coating of NP-siRNA-GPC3 Ab were characterized by 

dynamic light scattering (DLS). Both hydrodynamic sizes and zeta potentials of NP, NP-siRNA, 

and NP-siRNA-GPC3 Ab were determined (Figure 9d). No apparent change in size was 

observed after siRNA binding (39.87 ± 0.83 nm vs. 39.65 ± 0.70 nm), suggesting the strong 

complexing capacity of NP. NP slightly increased in size to 41.02 ± 0.41 nm after GPC3 Ab 

conjugation. The size of NP has a dramatic effect on nonspecific uptake by off-target cells in the 

body. In order to successfully reach the tumor site, NP has to overcome multiple physiological 

barriers including the liver, kidneys, and spleen. The hydrodynamic size of NP should be 

between 10–100 nm to avoid elimination by these organs [154]. Moreover, our NP-siRNA-GPC3 

Ab is smaller than 60 nm, which is expected to have better penetration from blood vessels into 

tumor [167]. 

Zeta potential is another important physicochemical property for DNA/siRNA delivery 

applications [111]. The positive surface charge correlates with the capacities of NP to 

electrostatically complex and deliver siRNA into cells. Our base NP exhibited a zeta potential 

value of 27.85 ± 2.33 mV (Figure 9d). After siRNA complexation (NP-SiRNA), the zeta 

potential showed little change (27.30 ± 0.28 mV), consistent with the hydrodynamic size 

measurement which showed little change before and after siRNA complexation. After Ab 

attachment, the zeta potential of NP-siRNA-GPC3 Ab decreased to 22.85 ± 2.62 mV. This was 

likely caused by the addition of the PEG linker and Ab, which could both shield the charge of the 

NP. 

The gel retardation assay was utilized to further demonstrate full siRNA binding in NP. As 

shown in the gel image (left panel of Figure 10), the siRNA band was not visible when 

complexed with NP, suggesting the fully encapsulation of siRNA in the copolymer coating of the 

NP. siRNA was released from NP when treated with heparin, an electrostatic disrupting agent, as 

visualized by the siRNA band on the gel (right panel of Figure 10). Overall, the characterization 

of NP-siRNA-GPC3 Ab suggested that this NP system should function well as a vehicle for 

delivery of siRNA into HCC. 
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Figure 9. Characterization of NP-siRNA-GPC3 Ab. (a) 1H-NMR analysis of IOSPM and NP. 

The characteristic peak of the ethylene group of PEG (peak I) on IOSPM, the ethylenimine group 

of PEI (peak II), and 6 peaks of aldohexoses (peak III and IV) on chitosan were indicated on 

spectrum of NP. (b) TEM images of NP-siRNA-GPC3 Ab; scale bar  20 nm. (c) SDS-PAGE 



42 

 

 

image showing the presence of Ab on NP-siRNA-GPC3 Ab with free Ab used as the standard. 

(d) Hydrodynamic size and zeta-potential of NP, NP-siRNA, and NP-siRNA-GPC3 Ab at pH 7.4 

as determined by DLS. 

 

 

 

Figure 10. Evaluation of siRNA binding on NP using the gel retardation assay. Agarose gel 

images of naked siRNA, NP, NP-siRNA-PC3 Ab, naked siRNA with heparin, and NP-siRNA-

GPC3 Ab with heparin. Development of GPC3 and Luc Co-Expressing RH7777 (RH7777-Luc-

GPC3) Cells 

 

To enable targeted siRNA delivery using our previously developed anti-GPC3 Ab [158], 

human GPC3 was stably transfected into RH7777 cells. Additionally, we stably transfected 

RH7777 cells with Luc for proof-of-concept knockdown experiments using our nanovector. 

RH7777 cells were chosen because of their ability to form tumors in the livers of athymic nude 

mice that represent histopathologic features of HCC. 

Here we used siLuc as our therapeutic siRNA and scramble siRNA (siScramble) as control 

siRNA. Prior to evaluating in vitro and in vivo knockdown efficiency of NP-siLuc, expression 

level of Luc and GPC3 in the established RH7777-Luc-GPC3 cells were measured. The in vitro 

Luc assay revealed a 1224-fold higher luminescent signal in RH7777-Luc-GPC3 cells as 

compared to native RH7777 cells (Figure 11a). Surface expressed GPC3 antigen on RH7777-

Luc-GPC3 cells were analyzed by flow cytometry. As shown in Figure 11b, flow cytometric 

analysis revealed a distinct GPC3 positive cell population with significantly higher fluorescence 
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intensity when compared to the unstained and non-targeting Ab controls. Taken together, these 

results verified the successful generation of a Luc and GPC3 co-expressing RH7777 cell line. 

 

 

 

Figure 11. Characterization of RH7777-Luc-GPC3 cells. (a) Evaluation of Luc activity of 

RH7777-Luc-GPC3 cells using in vitro Luc assay, where native RH7777 cells served as negative 

control. (b) Flow cytometry analysis of GPC3 expression in RH7777-Luc-GPC3 cells. Filled 

peak represents unstained control. Histograms for secondary Ab control are also shown. 

 

4.3.2 In Vitro Knockdown of Luc 

After successfully establishing RH7777 cells that co-express Luc and GPC3, we evaluated gene-

silencing efficacy of NP-siLuc in vitro. Forty-eight hours after NP-siLuc transfection, transient 

Luc expression in RH7777-Luc-GPC3 cells was measured at both mRNA and protein levels by 

quantitative RT-PCR (qRT-PCR) and Luc assays, respectively. As shown in Figure 12a and b, 

NP-siLuc exposure resulted in a 66% reduction in mRNA abundance, corresponding to a 79% 

suppression of Luc activity in RH7777-Luc-GPC3 cells. In contrast, no inhibition of Luc 

expression was observed from untreated or NP-siScramble treated cells. 

Upon uptake by cells, NP-siRNA need to access cytoplasm to initiate RNAi. To further 

illustrate the mechanism of the nanovector-mediated gene knock-down, we investigated the 

escape of NP-siRNA from endosomes using an endosomal integrity assay [166]. Calcein 



44 

 

 

fluorescence (green) was barely detectable in RH7777-Luc-GPC3 cells indicating the integrity of 

endosomes while calcein fluorescence was observed throughout the cells contain both NP-

siRNA and calcein (Figure 12c). Distribution of NP-siRNA in RH7777-Luc-GPC3 cells was 

detected using fluorophore-labeled siScramble. As shown in Figure 12d, fluorescence signal 

from NP-siRNA (red) could be observed throughout the cytoplasm, supporting the calcein 

endosomal integrity assay results that NP-siRNA was able to escape from endosomes and readily 

access the cytoplasm of cells. Once NP-siRNA was internalized into the cells through 

endocytosis, the PEI on NP copolymer coating can trigger endosomal escape through the proton 

sponge effect, where the influx of protons and counter-ions promotes the swelling and rupture of 

endosomes and the release of NP-siRNA complex into the cytoplasm [168]. 

We also measured NP-siRNA-associated toxicity using the Alamar blue (AB) assay. 

Compared to the untreated control, approximately 80% cell viability was observed at 48 hr after 

transfection (Figure 12e) indicating the biocompatibility of the NP. These results demonstrate 

that NP-siRNA can efficiently suppress a target gene with limited cellular toxicity in cultured 

HCC cells. 
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Figure 12. Effective suppression of Luc in RH7777-Luc-GPC3 cells by NP-siLuc transfection in 

vitro. (a) Knockdown of Luc mRNA in RH7777-Luc-GPC3 cells quantified by qRT-PCR. (b) 

Suppression of Luc protein in RH7777 cells as a result of NP-siLuc treatment. (c) Fluorescence 

images of RH7777-Luc-GPC3 cells treated with calcein (top row) and cells treated with NP-

siRNA-GPC3 Ab and calcein mixture (bottom row). Scale bars correspond to 20 µm. (d) 

Fluorescence images of RH7777-Luc-GPC3 cells transfected with fluorophore-labeled NP-

siRNA. Scale bars represent 20 µm. (e) RH7777-Luc-GPC3 cell viability after NP-siLuc 

treatment; * indicates statistical significance (P < 0.05) and n.s. indicates no statistical 

significance as determined by Student’s t-test. 
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4.3.3  Establishment and Characterization of Orthotopic RH7777-Luc-GPC3 Xenograft 

Having demonstrated that in vitro delivery of siLuc using our NP could produce effective gene 

silencing, we evaluated the efficacy of NP-siLuc mediated Luc suppression in vivo. We 

developed RH7777-Luc-GPC3 orthotopic xenografts as illustrated in Figure 13a. Successful 

hepatic grafting with a 5 mm tumor nodule with well-defined margins was observed during 

surgery. The histological characteristics of tumor tissues were analyzed by H&E staining. As 

shown in Figure 13b, a moderately well-defined tumor that is separated from normal liver is 

observed in the enlarged image. The marked nuclear crowding and typical trabecular growth 

pattern are representative histopathologic features of HCC [169]. This demonstrates the 

successful grafting of RH7777-Luc-GPC3 orthotopic xenograft tumors. 

To verify GPC3 expression in the tumors, we isolated tumor cells and analyzed their surface 

GPC3 expressing using flow cytometry. As shown in Figure 13c, RH7777 cells with or without 

anti-GPC3 Ab staining show similar fluorescence intensity, suggesting the absence of GPC3 

antigen expression. As a comparison, a distinct population of GPC3-positive cells was observed 

in isolated RH7777-Luc-GPC3 tumor cells, demonstrating that the RH7777-Luc-GPC3 xenograft 

tumors retained surface GPC3 antigen expression in vivo, and confirming that this model can be 

used for the study of GPC3 Ab-guided siRNA delivery in vivo. 
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Figure 13. Characterization of orthotopic RH7777-Luc-GPC3 xenografts. (a) Photograph of 

RH7777 tumor implantation. The xenograft is recognized as a solitary nodule protruding from 

the liver surface. (b) Histological characteristics of the RH7777 tumor sections evaluated by 

H&E staining. (c) Representative flow cytometry analysis of GPC3 antigen displayed on the cell 

surface. Filled peaks represent unstained control of RH7777 cells and RH7777-Luc-GPC3 

tumor. Histograms for secondary Ab control are also shown. 

 

4.3.4  In Vivo Tumor Targeted Delivery of siRNA 

Administration of siRNA specifically into tumor site and the correct intracellular location is 

essential for gene silencing activity. NP-mediated DNA/siRNA delivery can be enhanced 

specifically in the tumor through attachment of targeting ligands on the surface of the NP [6, 70]. 

To enable tumor targeted delivery of siRNA in vivo, we incorporated GPC3 Ab into NP-siRNA 
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(hereafter NP-siRNA-GPC3 Ab). The localization of NP-siRNA-GPC3 Ab to the orthotopic 

HCC was evaluated using Dy677-labeled siScramble complexed into NP. Mice were 

administered with NP-siRNA-GPC3 Ab via tail vein injection and imaged using a Xenogen IVIS 

Imaging system at 4, 24, 48, 72, and 120 hr post-injection with untreated mice as control (Figure 

14a). Bioluminescent imaging revealed the tumor location while fluorescence imaging showed 

the distribution of Dy677-labeled siRNA. 

As shown in Figure 14a, Dy677 fluorescence (red) from Dy677-labeled siRNA loaded NP 

was detectable in liver at 4 hr after injection. The overlap of the fluorescence and luminescence 

(blue) from tumors indicates accumulation of NP in the xenograft tumors. A decay of 

fluorescence signal as a function of time was also observed, most likely a reflection of the 

elimination of NP through clearance organs. NP-siRNA-GPC3 Ab remained detectable at 120 hr 

after injection, indicating the prolonged retention of NP-siRNA-GPC3 Ab in tumors. To further 

confirm the presence of NP-siRNA-GPC3 Ab within the tumors, the tumors were harvested and 

tumor sections were imaged by confocal fluorescent microscopy. There was no Dy677 

fluorescence observed in untreated control animals whereas NP-siRNA-GPC3 Ab produced 

appreciable fluorescence in tumor regions (Figure 14b). In addition, Dy677 fluorescence was 

seen near the nucleus suggesting NP-siRNA-GPC3 Ab was able to deliver siRNA to the 

perinuclear region site of action. No accumulation of NP-siRNA-GPC3 Ab was detected in non-

neoplastic tissue, including liver, spleen, kidney, and lung 5 days after NP injection (Figure 15), 

which further confirms the targeting capability of NP-siRNA-GPC3 Ab to HCC. These findings 

demonstrate that our NP platform can achieve targeted siRNA delivery to tumor tissue through 

intravenous administration. 
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Figure 14. Evaluation of tumor uptake of NP-siRNA-GPC3 Ab in vivo. (a) Xenogen IVIS 

images showing co-localization of RH7777-Luc-GPC3 tumor and Dy677-labeled siRNA loaded 

NP at different time points post-injection from one untreated and two treated mice. (b) Confocal 

fluorescence microscopy images showing accumulation of NP-siRNA-GPC3 Ab in tumor 

sections at 120 hr after injection from the same animals presented in panel (a). 
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Figure 15. Fluorescence microscopy images showing biodistribution of NP-siRNA-GPC3 Ab in 

liver, kidney, spleen, and lung in vivo at 120 hr after injection. Scale bars represent 20 µm. 

 

4.3.5  NP-Mediated Luc Silencing In Vivo 

To determine whether the siRNA delivered to the tumor site was bioactive and could knock 

down gene expression, siLuc formulated in the nanovector was administered at 20 µg siRNA per 

animal intravenously daily for five days. Luc expression was assessed using a Xenogen IVIS 

Imaging system on 3, 6, 8, and 11 days after the first NP-siRNA-GPC3 Ab injection, as shown in 

the scheme in Figure 16a. A significantly decreased bioluminescence signal (from tumor cells) 

in NP-siLuc-GPC3 Ab treated mice was observed as compared to untreated mice and NP-

siScramble-GPC3 Ab treated mice (Figure 16b). The normalization of the bioluminescent signal 

revealed that the untreated and control siRNA (siScramble) treated animals indicated a 

continuously elevated luminescence signal, representing the tumor cell proliferation. As a 

comparison, NP-siLuc-GPC3 Ab induced a dramatically retarded increase of luminescence 

signal, with approximately 4-times lower than untreated and control siRNA treated animals on 

day 11 (Figure 16c). In addition, both untreated and control siRNA treated animals showed 

similar tumor bioluminescence levels, indicating the effect was specific to siRNA delivery and 

not a non-specific reduction in tumor growth or Luc expression levels caused by the NP or GPC3 

Ab themselves. 
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The tumor accumulation observed with fluorophore labeled NP-siRNA-GPC3 Ab may 

occur through both GPC3 Ab mediated targeting and passive tumor accumulation through the 

“enhanced permeability and retention” (EPR) effect [170, 171]. NP likely enter the tumor site 

though the EPR effect followed by active distribution throughout the tumor from the tumor 

targeting ligand [172, 173]. Without targeting ligand, positively charged NPs have strong affinity 

to both extracellular matrix (ECM) and target cells [174]. In contrast, accumulation of NP-

siRNA-GPC3 Ab in tumor can be enhanced by GPC3 Ab. In the current study, the in vivo gene-

silencing activity parallels tumor accumulation and intracellular uptake of NP complex. A 

sustainable reduction in Luc activity was induced by NP-siLuc treatment. This provides strong 

evidence that our nanovector is a suitable nanocarrier for siRNA delivery to HCC. The use of 

siRNA against therapeutic targets will be the next step in the development of these nanovectors 

for improved HCC therapy. We have found therapeutic targets that are effective alone [175] as 

well as those that can enhance the effects of conventional treatments [166]. Additionally, the 

targeting capacity of our nanovector may allow them to potentially reach any organ system with 

HCC involvement, which allows treatment of disseminated HCC [176, 177]. This could provide 

a more effective option for patients with untreatable HCC. 
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Figure 16. In vivo delivery of NP-siLuc-GPC3 Ab knocks down luminescence of RH7777-Luc-

GPC3 tumors. (a) Scheme of tumor implantation and treatment. Two weeks after orthotopic 

injection with RH7777-Luc-GPC3 cells, xenograft-bearing mice received five daily intravenous 

injections of NP-siLuc-GPC3 Ab. IVIS imaging was initiated one day prior to the first NP-siLuc-

GPC3 Ab injection. (b) Representative live IVIS images of mice bearing RH7777-Luc-GPC3 

tumors with administration of NP-siLuc-GPC3 Ab. Untreated mice and mice treated with 

scramble siRNA served as the controls. (c) Quantitative luminescence of mice from untreated 

and treated groups (n = 4). Luminescence was normalized to day 0 and line graph was indicated 

as presented as mean ± SD. Arrows indicate NP-siRNA-GPC3 Ab injection. 

 

4.4 CONCLUSIONS 

We have reported the rational design and synthesis of an iron oxide-based nanoparticle coated 

with CP-PEI copolymer and conjugated with an anti-GPC3 Ab tumor targeting ligand for 

specific and effective siRNA delivery to HCC. The nanovector exhibited appropriate 
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physiochemical properties required for systemic siRNA delivery to tumor. We showed that the 

nanovector loaded with siRNA could successfully lower expression levels of target genes (Luc 

reporter) in vitro without evident associated toxicity. We further demonstrated that the 

intravenous administration of HCC targeted NP-siRNA-GPC3 Ab resulted in nanovector 

accumulation in RH7777-Luc-GPC3 orthotopic HCC and induced significantly decreased Luc 

activity. Overall, our results demonstrated the ability of this NP platform to overcome intra- and 

extra- cellular barriers and its promise in delivering siRNA for HCC treatment. 
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5. DEVELOPMENT OF SIRNA-BASED GENE THERAPEUTICS 

FOR CANCER 

 

After demonstrating the efficacy of targeted delivery of small interfering RNA (siRNA) using 

our nanoparticles, we evaluated the therapeutic effect of siRNA-mediated suppression of 

biochemical pathways associated with malignancy and of another with drug resistance in 

glioblastoma (GBM) cells in vitro. 

EGFR and β-catenin are two key mediators of cell signal transduction overexpressed in 

GBM and both play significant roles in GBM carcinogenesis. However, down-regulating EGFR 

individually only provide limited therapeutic efficacy. In this study, we demonstrated that 

simultaneous inhibition of EGFR and β-catenin potently decreased cell proliferation and delayed 

the progression of cell cycle in U-87 MG cells, although no significant increase in apoptosis was 

evidenced. The migratory ability of GBM cells was also inhibited. These findings suggest that 

combinatorial inhibition of EGFR and β-catenin expression could represent an effective therapy 

for human GBM, and warrants further study in vivo. 

In addition to the combinatory siRNA treatment, we also evaluated the sensitization of 

GBM cells to temozolomide (TMZ), the mainstay chemotherapy for GBM, through RNA 

interference (RNAi). We demonstrated that siRNA against O6-methylguanine-DNA 

methyltransferase (MGMT), that repairs DNA adducts at the O6 position of guanine, 

significantly enhanced the chemosensitivity of human SF763 GBM cells to TMZ. These findings 

demonstrate that siRNA-mediated inhibition of MGMT can potentially serve as effective 

therapies for human GBM. 

 

5.1 INTRODUCTION 

Considerable research interest have been devoted to the development of novel treatments for 

GBM, among which gene therapy holds unique promise of specific gene targeting with 

applications to overcome drug resistance [23, 178]. Cellular signaling pathways implicated in the 

development and progression of GBM, the functions of several disregulated genes and their 
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potential use as targets for therapy are being extensively studied by several groups [179]. RNA 

interference (RNAi) is an effective approach that can potently inhibit these critical signaling 

pathways with relatively low toxicity and a high degree of specificity, far superior to that can be 

achieved by most anticancer agents [21, 69]. However, ablation of a single gene in a given 

pathway has not shown to provide maximal therapeutic efficacy [180]. Hence, targeting a range 

of different signaling pathways in GBM simultaneously has become urgently needed to produce 

a more robust and sustainable therapeutic effect. 

The epidermal growth factor receptor (EGFR) has been implicated as a primary contributor 

to GBM pathogenesis, initiating the early stages of tumor development, sustaining tumor growth, 

promoting infiltration, and mediating resistance to therapy [181]. Aberrant expression of EGFR 

and its downstream effectors has been frequently observed in GBM [182, 183]. Several studies 

have also identified EGFR as a negative prognostic indicator of survival [184, 185]. However, 

clinical trials have demonstrated that gene-silencing of EGFR alone has been insufficient for 

GBM treatment, and when EGFR knockdown is combined with other therapeutics, the outcome 

has been far from uniform [186-190]. Wnt signaling is associated with tumorigenesis in various 

human cancers [191, 192] and there is increasing evidence to suggest that aberrancies within this 

pathway are responsible for the initiation and progression of malignant GBM [193, 194]. β-

catenin is a key mediator of Wnt signaling and has been found to be over-expressed in GBM 

together with several other genes involved in the Wnt pathway [195, 196]. Although the 

mechanisms underlying the effects of β-catenin on GBM propagation are poorly understood, it 

has been postulated that accumulation of β-catenin is essential for more efficient GBM growth 

and progression [197]. Gene silencing of β-catenin has been demonstrated to successfully 

suppress malignant GBM cell growth [196]. In addition to being a therapeutic target in GBM 

treatment, β-catenin may also be used as a potential biomarker for pathological diagnosis of 

GBM as its expression level is associated with GBM grade [195]. 

In addition to playing a significant role in GBM individually, these two pathways have been 

reported to closely inter-twined in GBM tumorigenesis. Activation of EGFR could induce the 

up-regulation of β-catenin possibly through receptor tyrosine kinase pathway, while 

transactivation of β-catenin was demonstrated to facilitate EGFR-promoted GBM development 

[198, 199]. Previous studies have also confirmed that down-regulation of β-catenin could result 

in the reduced expression of components in EGFR pathway in GBM cells [197, 200]. 
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Given the importance of the interaction between of EGFR and β-catenin in GBM 

carcinogenesis combined with the limitations of current therapies for GBM, we hypothesized 

that simultaneous inhibition of both genes may be an effective therapeutic approach for GBM 

overcoming the insufficient therapeutics when suppressing EGFR only. In the present study, we 

firstly confirmed the effect of siRNA treatment on down-regulating gene expression. 

Subsequently, cell survival, cell cycle progression, apoptosis and migration capability of GBM 

cells transfected with siRNA targeting EGFR and β-catenin were examined. 

Although targeting cell signaling pathways associated with GBM tumorigenesis has 

attracted much research interests, chemotherapy still serves as the standard treatment for GBM. 

Temozolomide (TMZ) is the most commonly used alkylating agent chemotherapy of GBM 

regarding its ease of administration and capability of crossing blood brain barrier (BBB) [32]. 

However, its efficacy is often unsatisfactory due to inherent or acquired resistance of GBM to 

TMZ. Many studies have revealed that such resistance is closely associated with a high level of 

O6-methylguanine-DNA methyltransferase (MGMT) in tumor tissue. This protein can directly 

and specifically eliminate the cytotoxic alkyl adducts formed at the O6 position of guanine 

caused by TMZ [33, 34]. In this regard, much effort has been devoted to enhance the 

chemosensitivity of GBM to TMZ by ablating MGMT activity [35-37]. O6-benzylguanine 

(O6BG) is a potent MGMT inactivating agent that has been studied in combination with 

alkylating agents in restoring TMZ sensitivity in patients with recurrence malignant GBM [38]. 

However, it failed clinical trials because the continuous delivery of O6BG required to maintain a 

low level of MGMT caused severe bone marrow toxicity when combined with a therapeutic level 

of TMZ [36, 39-41]. Alternative TMZ dosing schedules have also been used to deplete MGMT 

activity, but the results are far from uniform [42]. Therefore, new strategies that provide safe 

inhibition of MGMT activity are expected to have a direct impact on GBM therapy. In this study, 

we inhibited MGMT expression in human SF763 GBM cells by delivering siRNA against 

MGMT, and evaluated the cellular response to TMZ using the clonogenic survival assay. 
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5.2 EXPERIMENTAL 

5.2.1 Cell Culture and Transfection 

Human malignant GBM cell line (U-87 MG), purchased from American Type Culture Collection 

(ATCC) was propagated in 75 cm
2 

flasks at 37ºC in a humidified atmosphere with 5% CO2 using 

the MEM cell culture medium supplemented with 10% FBS and 1% antibiotic-antimycotic (Life 

Technologies). Human SF763 GBM cells were  cultured at 37°C in a humidified atmosphere 

with 5% CO2 using DMEM supplemented with 10% FBS (Atlanta Biologicals) and 1% 

antibiotic-antimycotic (Life Technologies). 

Twenty-four hours after plating the U-87 MG cells in antibiotic-free complete MEM 

medium, the cells were transfected with 25 nM siRNA using DharmFECT4 reagent according to 

the manufacture’s instructions (Dharmacon). The non-targeting siRNA was purchased from 

Ambion and the ON-TARGET plus siRNA against EGFR and β-catenin were purchased from 

Dharmacon Research Inc. 

 

5.2.2 Quantitative RT-PCR (qRT-PCR) 

RNA was extracted from cells 48 hr after siRNA transfection using the Qiagen RNeasy kit. 

cDNA was prepared using the Qiagen RNeasy kit following the manufacturer’s protocol, which 

was then used as a template for PCR. qRT-PCR was used to evaluate the relative expression 

levels of EGFR and β-catenin utilizing glyceraldehyde 3-phosphate dehydrogenase (GAPDH) as 

a control. SYBR Green PCR Master mix (Bio-Rad) was used for template amplification with a 

primer for each of the transcripts in a Bio-Rad CFX96 real-time PCR detection system. 

Quantitative amplification was monitored by the level of fluorescence reflecting the cycle 

number at the detection threshold (crossing point) using a standard curve. Thermocycling for all 

targets was carried out in a solution of 25 µl containing 0.2 µM primers (Integrated DNA 

Technologies) and 4 pg of cDNA from the reverse transcription reaction under following 

conditions: 95ºC for 15 min, 45 cycles of denaturation (15 sec, 94ºC), annealing (30 sec, 55ºC), 

and extension (30 sec, 72ºC). The primers used for EGFR and β-catenin amplification were: 5’-

TGACTCCGTCCAGTATTGATC-3’/5’-ATTCCGTTACACACTTTGGGG-3’ and 5’-
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CCTCTGATAAAGGCTACTGTT-3’/5’-CTGATGTGCACGAACAAGCA-3’, respectively. 

The pre-evaluated primers used for MGMT amplification was purchased from Bio-Rad. 

 

5.2.3 Cell Viability Assay 

The effect of targeted or control siRNA on U-87 MG cell proliferation was determined using the 

Alamar blue (AB) cell viability assay following the manufacture’s protocol (Life Technologies). 

Briefly, cells were plated and transfected as described. After treatment, cells were washed with 

PBS three times before adding 10% AB in MEM medium to the wells. Cells were incubated for 

1 hr, then the AB solution was transferred to a 96-well plate, and the fluorescent emissions at an 

excitation wavelength of 550 nm and an emission wavelength of 590 nm were read on a 

SpectraMax M5 microplate reader (Molecular Devices).  

 

5.2.4 Clonogenic Assay 

U-87 MG and SF763 cells were treated with control or targeted siRNA for 48 hr as described 

above. The cells were then trypsinized, and 300 cells were plated per well in six-well plates in 

normal, 10% FBS-containing medium in triplicate. For SF763 cells, TMZ (TCI AMERICA) was 

treated at 24 hr after plating. Cells were cultured for 2 weeks before fixation and staining with 

Methylene Blue. Colonies consisting of 50 or more cells were counted. 

 

5.2.5 Cell Cycle Distribution Analysis 

Seventy-two hours following siRNA treatment, cells were harvested, washed and fixed with 70% 

ethanol at 4ºC overnight, followed by treatment of 0.5 µg/ml RNase and 50 µg/ml propidium 

iodide (PI) at 4ºC for 3 hr. The cells (1 × 10
5
) were then analyzed for their DNA content using a 

BD FACS Canto flow cytometer (BD Biosciences). All data were analyzed with Flow Jo. 

Results are presented as percentages of cells in the various phases, G0/1, S, G2/M. 
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5.2.6 Assessment of Apoptosis by Annexin V Staining 

The extent of apoptosis was determined by flow cytometry using the Apoptotic, Necrotic & 

Healthy Cells Quantification Kit (Biotium). Forty-eight hours following siRNA transfection, 

staining of U-87 MG cells was carried out following the manufacturer’s protocol. Fluorescence-

activated cell sorter analysis was performed with a BD LSR II Flow Cytometer (BD 

Biosciences). Data were analyzed with FlowJo software. Annexin V-FITC and Ethidium 

Homodimer III (EtD-III) double stain was used to evaluate the proportion of cells undergoing 

apoptosis. We defined Annexin V-FITC positive cells as apoptotic [201, 202]. The percentage of 

specific apoptosis was calculated by subtracting the percentage of spontaneous apoptosis of the 

relevant controls from the total percentage of apoptosis.  

 

5.2.7 Scratch Migration Assay 

U-87 MG cells were transfected with scrambled control or targeted siRNA, plated, and allowed 

to form a monolayer for 48 hr after treatment. A linear scratch wound was created on the 

monolayer using a 200 µl pipette tip, and the non-adherent cells were washed off with PBS. 

Cells were then incubated at 37°C in 5% CO2. To minimize the contributions of cell 

proliferation, MEM medium containing 2% FBS was used following the wash. Each scratch was 

randomly photographed at three separate sites along the length of the scratch, starting proximally 

and ending distally at 12 hr after the scratch injury, when cell migration was apparent but effects 

of cell proliferation were negligible. Bright-field images were captured at 4-times magnification 

(Nikon ECLIPSE TE2000-S microscope) and analyzed using Tscratch [203]. Data are 

represented as the percentage of the closure area of cells migrating into the scratch area. 

 

5.2.8 Statistical Analysis 

For statistical analysis, acquired data are expressed as mean ± SD. Statistical significance was 

determined using the Student's t-test. Significant values were designated as follows: *P < 0.05, 

**P < 0.01. 
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5.3 RESULTS AND DISCUSSION 

5.3.1 Reduction of EGFR and β-catenin mRNA Expression by siRNA 

The ability of siRNA against EGFR and β-catenin to induce a substantial decrease in expression 

of these genes in U-87 MG cells was confirmed by quantifying the mRNA level using qRT-PCR. 

The scramble siRNA did not affect either of the two targets, as the expression level was 

comparable to that in non-treated cells, whereas siRNA targeting EGFR or β-catenin resulted in 

89% and 80% reduction in the respective mRNA transcripts (Figure 17). It was apparent that 

while siRNA targeted against β-catenin did not significantly affect the expression of EGFR, 

siRNA targeting EGFR inhibited the expression of β-catenin by 36%. Moreover, the 

combinatorial inhibition of both targets resulted in similar levels of down-regulation compared to 

the individual siRNA-treated cells, confirming successful down-regulation of EGFR and β-

catenin by the siRNA in combination. 

An interesting finding was that the inhibition of EGFR also suppressed the mRNA 

expression of β-catenin, suggesting that crosstalk between these two pathways which has been 

described in many other types of cancers [199, 204, 205] may also be present in GBM. 

Conversely, it has also been reported that β-catenin can affect EGFR signaling by down-

regulating certain components of the EGFR pathway in GBM, such as STAT3 and MYC [200]. 

However, this was not observed in our study; with no significant effect on STAT3 expression at 

the mRNA level (data not shown). The disregulation of STAT3 or MYC may be more apparent 

on the protein expression level. Another potential reason for this may be the unique gene 

expression level in the EGFR pathway of U-87 MG cells, as the majority of Wnt target genes 

was found to be cell-type specific [206, 207]. 

 



61 

 

 

 

Figure 17. The mRNA expression of EGFR and β-catenin in U-87 MG after siRNA transfection. 

The mRNA expression of EGFR and β-catenin in U-87 MG cells at 48 hr after transfection of 

control and targeted siRNA. GAPDH served as internal control. Expression of EGFR and β-

catenin was normalized to untreated controls. 

 

5.3.2 Knockdown of EGFR and β-catenin Suppresses Human GBM Cell Proliferation and 

Colony Formation 

Given the implications of EGFR and β-catenin on GBM pathogenesis and propagation, the effect 

of RNAi against these genes on cell growth and proliferation was evaluated. Scramble siRNA-

treated GBM cells remained at a similar growth rate with non-treated cells throughout the entire 

experimental period, while knockdown of β-catenin alone or simultaneously with EGFR both led 

to reduction of U-87 MG cell proliferation as shown in Figure 18a. Reduction in EGFR 

expression had a limited effect in impairing cell proliferation, as EGFR siRNA-treated cells 

appeared to maintain their proliferative capacity throughout the entire period of the experiment. 

Transfection of siRNA against β-catenin induced reduction of proliferation to about 70% ± 4.5% 

by 96 hr after transfection and it remained decrease in the following days, reaching 48% ± 1.0% 

on day 6 (Figure 18b). The combinatorial treatment with the two siRNA had a similar anti-

proliferative effect, with the cell viability reduced by 46% on day 7 after transfection.  
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In agreement with several previous reports [195, 208], our results also revealed that down-

regulation of EGFR did not reduce cell proliferation as significantly as with β-catenin inhibition 

from both the cell viability and clonogenic assays, which thereby resulted in comparable 

inhibitory effect of targeting β-catenin alone versus the combinatorial treatment. There have been 

conflicting reports in the literature regarding the therapeutic effect of targeting EGFR against 

GBM. Certain studies have demonstrated that inhibition of EGFR alone was unsatisfactory for 

GBM tumor suppression [190, 208]. Along with our findings, these results suggest the necessity 

of combined RNAi treatment, as the inhibition of β-catenin could effectively serve as a 

compensatory silencing mechanism to the insufficient targeting of EGFR alone. 

 

 

 

Figure 18. Cellular proliferation of U-87 MG transfected with scramble, EGFR and β-catenin 

siRNA. (a) The proliferation of U-87 MG treated with control siRNA and siRNA targeting β-

catenin alone or EGFR and β-catenin simultaneously during the 6-day observation period starting 

from the second day after transfection. (b) Bar graphs indicating cell viability using siRNA either 

individually or in combination compared with scramble siRNA on day 6. Data are expressed as 

percentage of viable cells relative to untreated control cultures. Asterisk indicates significant 

level in Student’s t-test: *P  0.05, **P  0.01, n.s.: non-significant. 
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To evaluate long-term efficacy of siRNA on cell survival, the clonogenic assay was then 

performed. The decrease in colony-forming ability resulting from knockdown of EGFR and β-

catenin individually was evidenced, but the scramble siRNA did not affect the long-term survival 

of U-87 MG cells compared with the non-treated control (Figure 19). In particular, 

combinatorial siRNA significantly impaired long-term survival of U87-MG, as indicated by an 

approximate 6-fold fewer formed colonies in comparison to the scramble siRNA treated cells. 

 

 

 

Figure 19. Colony formation capacities of U-87 MG with siRNA transfection. Colony formation 

of U-87 MG cells transfected with scramble, EGFR and β-catenin siRNA is represented as in the 

images. The mean ± SD number of colonies was quantified and presented in the bar graph. 



64 

 

 

Asterisk indicates significant level in Student’s t-test: *P  0.05, **P  0.01, n.s.: non-

significant. 

 

5.3.3 Down-Regulation of EGFR and β-catenin by siRNA in Human GBM Cells Induces G0/1-

Phase Arrest 

We were interested in examining the effects of combinatorial siRNA on cell cycle progression in 

GBM. U-87 MG cells were transfected with siRNA against EGFR and β-catenin alone or in 

combination, at the same conditions used in the above-mentioned assays. At 72 hr after 

treatment, cells were labeled with PI and the DNA content was analyzed by flow cytometry. As 

shown in Figure 20, the siRNA targeting either EGFR or β-catenin caused an increase in the 

proportion of cells arrested in the G0/1 phase and a corresponding decrease in the proportion of 

cells in the S and G2/M phases, and this effect became more pronounced when EGFR and β-

catenin were down-regulated simultaneously, with the G0/1 phase fraction increasing to 68.7% 

as compared to 55.8% in the scramble siRNA treated groups. These results revealed the delay in 

cell cycle progression in GBM cells transfected with the siRNA in combination, suggesting that 

the decreased cell viability may be a result of cell cycle arrest. In fact, G0/1 phase arrest has been 

previously observed in EGFR or β-catenin down-regulated GBM [195, 196, 209], although the 

accumulation of G0/1 phase arrested cells was less obvious in our studies. This may due to the 

difference in growth profiles or the timescale for the occurrence of cell cycle arrest among GBM 

cell lines. 
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Figure 20. Representative cell cycle distributions in U-87 MG transfected with control siRNA 

and targeted siRNA individually and in combination. (a) Cell cycle phase distribution of U-87 

MG cells after siRNA transfection for 72 hr. (b) Bar graph indicates the proportions of cells in 

G0/1, S and G2/M phases of the cell cycle. All experiments were performed in duplicate and 

gave similar results. 

 

5.3.4 Induction of Apoptosis in GBM Cells by siRNA Targeting EGFR and β-catenin 

To investigate the extent of apoptosis induced by EGFR and β-catenin gene-silencing, cells 

treated with siRNA were stained with Annexin V-FITC and EtD-III and then analyzed by flow 

cytometry at 48 hr following transfection. The two-dimensional flow cytometric profiles of U-87 

MG cells are depicted in Figure 21. The percentage of apoptotic cells among β-catenin siRNA 

treated cells was similar to that of cells transfected with EGFR siRNA, with an apoptotic rate of 
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8.9% ± 4.2% and 8.9% ± 4.9%, respectively. The combinatorial down-regulation of EGFR and 

β-catenin induced 11.9% ± 3.9% apoptotic cells. This proportion was comparable to that induced 

by the individual siRNAs, but significantly increased (p < 0.05) compared with cells transfected 

with scramble siRNA, which had an apoptotic rate of 4.9% ± 1.7%. 

Apoptosis was evidenced when knocking down EGFR and β-catenin both individually and 

in combination, but there was no statistic difference in apoptosis rate among the siRNA treated 

groups, suggesting that the two genes may play comparable roles in regards to inducing 

apoptosis and the combinatory treatment did not appear to possess a synergetic effect in GBM. 

We speculated that the majority of U-87 MG cells underwent autophagy instead of apoptosis in 

response to the combined siRNA treatment. GBM cells have been shown to be more resistant to 

apoptosis than to autophagy-related cell death [210, 211] and autophagy as a protective cellular 

response to EGFR down-regulation has been supported in previous studies [212-214]. 

Accordingly, such autophagy-related anti-apoptotic nature of GBM is capable in preventing 

apoptosis when both EGFR and β-catenin were down regulated. 
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Figure 21. Apoptotic induced by siRNA transfection on U-87 MG cells. (a) Apoptotic index of 

U-87 MG cells transfected with control and targeted siRNA and stained by annexin V-FITC and 

EtD-III followed by flow cytometry analysis. (b) The apoptosis rate of U-87 MG cells treated 

with scramble and targeted siRNA is shown in the bar graph. Asterisk indicates significant level 

in Student’s t-test: **P  0.05, n.s.: non-significant. 
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5.3.5 EGFR and β-catenin Affect the Migratory Capacity of GBM Cells 

Scramble and targeted siRNA transfected U-87 MG cells were then used in a scratch wound 

assay to identify their effect on inhibiting GBM cell migration (Figure 22a). Both EGFR and β-

catenin siRNA led to a decrease in the wound surface coverage by migrating U-87 MG cells at 

12 hr following induction of the scratch wound, which were 22.4% ± 3.7% and 21.4% ± 4.2%, 

respectively (Figure 22b). Simultaneous knockdown of the two genes substantially inhibited 

migration of the cells, inducing a roughly 5-time less migration into the scratch area in 

comparison to the cells transfected with scramble siRNA and approximately 44% to 41% less 

migration compared to EGFR and β-catenin silenced cells. These results are corroborated by 

previous reports where EGFR was implicated as a regulator of GBM cell migration and motility 

[215, 216]. An invasion assay was then conducted using the Matrigel coated transwells. 

Knockdown of EGFR and β-catenin alone reduced the number of invasive U-87 MG cells 

relative to those transfected with scramble siRNA by 35% and 23%, respectively (Figure 22c). 

The combinatory siRNA treatment led to a decrease in GBM cell invasiveness by 57% relative to 

the cells treated with the scramble siRNA control. In addition, the number of invasive cells 

treated with combinatory siRNA group as compared to the EGFR and β-catenin was nearly 34% 

and 44%, respectively. 

Down-regulation of MMP-2 protein levels was induced by knocking down of β-catenin, 

which suggests that the cellular migration may involve the phosphorylation of β-catenin [217]. 

Our studies provide more direct and promising evidence on the indispensible role that β-catenin 

plays in this cellular behavior of GBM, and more importantly, demonstrates that inhibition of 

EGFR and β-catenin simultaneously could provide an essential therapy for limiting tumor cell 

progression via migration. 
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Figure 22. Effects of knockdown of EGFR and β-catenin on U-87 MG cell migration and 

invasion. (a) Representative bright-field images of U-87 MG cell migration across the wound 

edges at 0-24 hr after wounding in confluent U-87 MG transfected with scramble and targeted 

siRNA. (b) The bar graph represents the quantitative results for percent closure of cells migrating 

to the wound area. Analyses were performed at two randomly positions, and the error bars 

indicate the SD of the two independent analyses. (c) Decreased numbers of invading U-87 MG 
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cells were observed after siRNA transfection in transwell analysis. Asterisk indicates significant 

level in Student’s t-test: *P  0.05, **P  0.01. 

 

5.3.6 Down-Regulation of MGMT Sensitizes Human GBM Cells to TMZ 

The effect of MGMT siRNA in sensitizing human GBM cells to TMZ was also evaluated in the 

short-term and long-term using AB and clonogenic assay, respectively. SF763 cells were used in 

this study because of their high MGMT activity [218]. As shown in the survival curves in Figure 

23, much less TMZ was required to induce an obvious cytotoxicity in MGMT siRNA transfected 

SF763 cells, while the control GFP siRNA did not alter the resistance of SF763 to TMZ. The 

shift of the survival curve of MGMT siRNA treated cells was more significant from the 

clonogenic assay, suggesting that this assay is more sensitive than the AB assay. Results from 

both assays confirmed our speculation that suppression of MGMT is efficient in sensitizing 

GBM cells to TMZ. 

 

 

 

Figure 23. Cell survival of SF763 with siMGMT and TMZ treatment from AB (a) and 

clonogenic assay (b). 
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5.4 CONCLUSIONS 

The results presented here demonstrate that a therapeutic effect on GBM can be achieved by 

targeting and silencing EGFR and β-catenin simultaneously. Also, the combinatorial treatment of 

siRNA against MGMT with TMZ can serve as a new effective therapy strategy against GBM, 

and warrants further study in vivo.  
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6.  SENSITIZATION OF CANCER TO CHEMOTHERAPY BY 

IRON OXIDE NANOPARTICLE-MEDIATED 

SIRNA TREATMENT 

 

Previous studies have demonstrated that RNA interference (RNAi) offers the potential for highly 

specific treatment for human glioblastoma (GBM) with minimal side effects. However, the lack 

of safe, tumor targeted delivery vehicles has hindered the translation of RNAi therapies into 

widespread clinical use. To this end, we have developed a tumor targeted, superparamagnetic 

iron oxide nanoparticle that shows high transfection efficiency and low toxicity in vitro and in 

vivo. We showed that this multifunctional nanoparticle was able to successfully deliver small 

interfering RNA (siRNA) against O6-methylguanine-DNA methyltransferase (MGMT) in vitro 

and in vivo to significantly enhance the chemosensitivity of human GBM cells to temozolomide 

(TMZ). Notably, in vivo administration of MGMT siRNA using nanoparticles was effective 

against GBM stem-like cells and effectively diminished tumor growth and extended survival of 

mice bearing human GBM6 tumors. Taken together, these findings demonstrate the potential 

clinical use of the nanoparticle-siRNA mediated treatment for human GBM. 

 

6.1 INTRODUCTION 

GBM is the most aggressive and deadly malignant primary brain tumor in humans, with 

approximately new diagnoses annually [77]. The greatest improvement in GBM survival over 

the past 30 years was achieved by including the methylating agent TMZ during radiotherapy, 

which significantly improved survival to 14 months [219]. Thus, TMZ is the most commonly 

used chemotherapy agent in GBM treatment as it is delivered orally, is well tolerated, and can 

cross the blood brain barrier (BBB) [220]. However, a large subset of patients do not respond to 

TMZ, which was found to be closely associated with a high level of MGMT, the only protein 

that provides cells the ability to remove O6-methylguanine from DNA [221-223]. Moreover, 

recent studies suggest that GBM stem-like cells (GSCs), a subpopulation of tumor cells, are also 

responsible for chemo-resistance partially due to their high MGMT expression [224-227]. GSC 
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killing remains a significant hurdle in GBM treatment and is thought to be responsible for the 

high rate of recurrence [228, 229].  

In this regard, much effort has been devoted to enhancing the chemosensitivity of GBM to 

TMZ by ablating MGMT activity [230, 231]. O6-benzylguanine (O6BG), a chemical inhibitor of 

MGMT, has received significant attention, but failed clinical trials because the continuous 

delivery of O6BG required to maintain a low level of MGMT caused severe bone marrow 

toxicity when combined with a therapeutic level of TMZ [232-234]. Therefore, new strategies 

that provide safe inhibition of MGMT activity are expected to have a direct impact on GBM 

therapy. 

Small interfering RNA (siRNA) based RNA interference (RNAi) holds unique promise of 

specific gene targeting with low systemic toxicity and immunogenicity that is far superior to 

conventional treatments [21, 23, 69]. The growing interest in RNAi has garnered a strong 

incentive to develop advanced materials for delivery of siRNA with high efficiency, stability, 

and minimal cytotoxicity [147, 235-237]. Among the various constructs studied [238], iron oxide 

nanoparticles have emerged as a highly desirable siRNA delivery platform owing to their ability 

to penetrate the BBB and efficiently deliver nucleic acids specifically into GBM cells [6, 8, 70, 

102]. 

Here we report on a multifunctional iron oxide nanoparticle for siRNA-mediated 

suppression of MGMT. We demonstrate this nanoparticle can enhance the chemosensitivity of 

GBM cells and GSC tumors to TMZ, and extend survival of animals bearing human GBM 

tumors. This nanoparticle platform could lead improved standard-of-care treatment for GBM 

patients and be translated to widespread clinical use. 

 

6.2 EXPERIMENTAL 

6.2.1 CP-PEI Copolymer Synthesis 

PEG was grafted to depolymerized chitosan using a method described previously [165]. Amine 

groups on 25,000 Da polyethylenimine (PEI, Sigma-Aldrich) were modified with 2-

iminothiolane (Traut’s reagent, Molecular Biosciences) for 1 hr in thiolation buffer. 

Concurrently, chitosan-grafted PEG (CP) was modified with N-succinimidyl iodoacetate (SIA, 
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Molecular Biosciences) at a 1:10 molar ratio in thiolation buffer (pH 8.0) through N-

hydroxysuccinimide ester chemistry before removing unreacted SIA reagent using a Zeba spin 

column (Thermo Scientific) equilibrated with thiolation buffer (pH 8.0). The modified CP was 

then added to PEI-Traut’s for attachment through the formation a thiol-ether bond. After reaction 

at room temperature for 4 hr, the resultant mixture was dialyzed with a dialysis membrane (MW 

50,000 cut, Spectrum Labs) against distilled water, and the solution was subsequently freeze-

dried. 

 

6.2.2 CP-PEI Copolymer Characterization 

The presence of the constituent polymers on the lyophilized CP-PEI was verified by proton 

NMR (
1
H-NMR) in D2O. Trimethylsilyl propionate was used as the internal standard. NMR 

spectra of polymer coatings were obtained using a Bruker Avance 301 spectrometer operating at 

300 MHz and 298 K. 

 

6.2.3 NP Synthesis 

Synthesis of iron oxide nanoparticles with a siloxane poly(ethylene glycol) (PEG) monolayer 

(IOSPM) was conducted with a method described previously [108]. CP-PEI was conjugated to 

IOSPM through thiol-ester chemistry. In brief, CP-PEI was first functionalized with iodoacetyl 

groups using SIA at a 1:10 molar ratio. The excess of SIA was purified using a Zeba spin column 

equilibrated with thiolation buffer (pH 8.0). IOSPM was simultaneously reacted with Traut’s 

reagent at room temperature for 1 hr; then combined with the purified CP-PEI-SIA overnight 

before purified through Zeba column equilibrated with 20 mM HEPES buffer (pH 7.4). 

 

6.2.4 NP-siRNA-CTX Preparation 

NP and siRNA were mixed in 20 mM HEPES buffer (pH 7.4) for 30 min to allow formation of 

NP-siRNA complexes. Afterwards, a 1 mg/mL solution of CTX was thiolated through reaction 

with Traut’s reagent at a 1.2:1 molar ratio for 1 hr in the dark at room temperature. Concurrently, 
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SIA was conjugated to amine functional groups on NP at 1 mg of SIA/mg iron in the dark with 

gentle rocking for 1 hr. Subsequently the thiolated CTX was reacted with the Iodoacetyl groups 

on the SIA at 1 mg CTX per 0.9 mg Fe, anchoring CTX to the surface of the siRNA-bound NP to 

form NP-siRNA-CTX. 

 

6.2.5 NP-siRNA Complex Characterization 

Hydrodynamic size and zeta potential analyses of the NP-siRNA complexes in HEPES buffer 

(pH 7.4) were performed using DTS Zetasizer Nano (Malvern Instruments). 

siRNA binding and serum stability were characterized using native polyacrylamide gel 

electrophoresis (PAGE, Bio-Rad). NP-siRNA complexes were formed as described previously at 

concentrations corresponding to the W/W ratios (iron weight of NP/siRNA weight) tested (0.5:1, 

1:1, 2:1, 5:1, 10:1 and 20:1). While maintaining a uniform concentration of siRNA, NP-siRNA 

complexes were prepared at NP:siRNA weight ratios ranging from 0:5 to 20:1. The complex 

were treated with heparin (1000 units/ml, 50 µL Heparin/ 1 µg siRNA) and incubated for 30 min 

at room temperature to block the electrostatic interaction between NP and siRNA. Both heparin 

treated and untreated samples were loaded onto the gel and electrophoresis for about 30 min at 

120 V. Gels were stained with 0.5 µg/ml ethidium bromide and visualized using a Bio Rad 

Universal Hood II Gel Doc System. 

For serum stability assay, the NP-siRNA complex at a series of weight ratios of NP to 

siRNA as mentioned above were incubated in a 10:1 volume ratio of medium and  fresh serum to 

give 10% serum concentration and incubated at 37°C overnight. Then the complexes were 

treated with heparin before running the polyacrylamide gel. Naked siRNA served as the control. 

 

6.2.6 Cell Culture 

All tissue culture reagents purchased from Life Technologies unless specified otherwise. The 

MGMT-proficient SF763 (activity = 59 ± 3 fmol/10
6 

cells, i.e., 35,400 ± 1,800 molecules/cell) 

and MGMT-deficient A1235 human GBM cell lines were  cultured at 37°C in a humidified 

atmosphere with 5% CO2 using Dulbecco’s modified Eagle’s Medium (DMEM) supplemented 

with 10 % fetal bovine serum (Atlanta Biologicals) and 1% antibiotic-antimycotic. 
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6.2.7 In Vitro Cell Transfection 

Twenty four hours after plating cells at 30,000 cells per well in 24 well plates, cells were 

transfected with NP-siRNA at 100 nM of siRNA. After incubation for 24 hr, the transfection 

medium was replaced with fresh medium, and cells were incubated for an additional 48 hr before 

analysis. The siRNA targeting green fluorescence protein (GFP) and the ON-TARGET plus 

siRNA against MGMT (siMGMT) were purchased from GE Dharmacon. 

 

6.2.8 Quantitative RT-PCR (qRT-PCR) 

RNA was extracted from cells at 48 hr after siRNA transfection using the Qiagen RNeasy kit. 

cDNA was prepared using the iScript cDNA Synthesis Kit (BioRad) following the 

manufacturer’s protocol, which was then used as a template for PCR. Quantitative RT-PCR 

(qRT-PCR) was used to evaluate the relative expression levels of MGMT utilizing human β-

actin as a reference gene. SYBR Green PCR Master mix (Bio-Rad) was used for template 

amplification with a primer for each of the transcripts in a Bio-Rad CFX96 real-time PCR 

detection system. Quantitative amplification was monitored by the level of fluorescence 

reflecting the cycle number at the detection threshold (crossing point) using a standard curve. 

Thermocycling for all targets was carried out in a solution of 20 µl containing 0.5 µM primers 

and 4 pg of cDNA from the reverse transcription reaction under following conditions: 95°C for 2 

min, 40 cycles of denaturation (15 sec, 95°C), annealing (30 sec, 58°C), and extension (30 sec, 

72°C). The primers used for β-actin is: 5’-AGCGAGCATCCCCCAAAGTT-3’/5’-

GGGCACGAAGGCTCATCATT-3’. The pre-evaluated primers used for MGMT amplification 

was purchased from Bio-Rad. 

 

6.2.9 Cell Survival Assays 

Alamar blue assay was used to evaluate cell viability following the manufacture’s protocol (Life 

Technologies). Briefly, GBM cells were plated and transfected as described previously. AB 

assay was conducted at 2 days after tranfection. Cells were washed with PBS (pH 7.4) three 

times before adding 10% AB in complete growth medium to the wells. After incubation for 1 hr, 



77 

 

 

the AB solution was transferred to a 96-well plate, and fluorescent emissions at an excitation 

wavelength of 550 nm and an emission wavelength of 590 nm were read on a SpectraMax M5 

microplate reader (Molecular Devices). 

Clonogenic assay was used to evaluate cell response to drugs. Briefly, GBM cells were 

treated with control or siMGMT for 48 hr as described above. The cells were then trypsinized, 

and 250-300 cells were plated per well in six-well plates in normal 10% FBS-containing growth 

medium in triplicate. Cells were then treated with drugs at 24 hr after plating and cultured for 1-2 

weeks before fixation and staining with Methylene Blue (Sigma-Aldrich). Colonies consisting of 

50 or more cells were counted. 

 

6.2.10 In Vivo Biodistribution and Serum Half-Life of NP 

All animal experiments were conducted in accordance with University of Washington 

Institutional Animal Care and Use Committee (IACUC) approved protocols as well as with 

federal guidelines. Wild-type C57 BL/6 mice (Jackson Laboratories) were systemically 

administrated via tail vein with Dy677 labeled NP-siScrambled-CTX (NP-siScr-Dy677-CTX). 

The non-injected animal was included as control. Two or forty-eight hours after injection, the 

animals were euthanized and tissues were dissected from brain, liver, kidneys and spleen. Each 

tissue was imaged using a Xenogen IVIS Lumina II system (PerkinElmer) to monitor NP 

distribution.  

Blood was collected by retro-orbital eye bleed or terminal heart puncture for blood half-life 

evaluation at 0.5, 1, 2, 4, 24, and 48 hr after NP injection. Due to the limited amount of blood 

from each animal, none were used for more than two time points. Blood samples were drawn 

from four independent mice for each time point. 100 µl of blood was added to a 96 well clear 

bottom plate, and scanned on the Odyssey NIR fluorescence imaging instrument (LI-COR) using 

the 700 nm-channel (λexc=685 nm with λem= 705 nm). Concentration of NP was interpolated 

from the NP-siScr-Dy677-CTX fluorescence standard curve. 
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6.2.11 Immunohistochemistry 

Mice brains were collected and fixed in 4% formaldehyde for 24 hr before placed in 30% sucrose 

until fully saturated. Afterwards, the brains were frozen in OCT embedding medium (Sakura) at -

80°C before sectioned using a cryostat (Leica Biosystems). Frozen sections (5–10 µm thickness) 

were stained with primary antibodies (anti-CD31, MGMT, CD44, Nestin, Sox-2) (Abcam) 

followed by fluorophore conjugated secondary antibody (Abcam), and DAPI was used for nuclei 

staining. Brain sections were then photographed under a Zeiss 510 META confocal microscope. 

 

6.2.12 In Vivo Toxicity Studies 

Wild-type C57 BL/6 mice were injected with NP-siMGMT-CTX through tail vein at 10 µg 

siRNA daily for 4 days. Twenty-four hours after administration of the last dose, the animals were 

sacrificed and blood was collected by cardiac puncture. Blood samples were delivered to 

Phoenix Central Laboratory for hematology analysis. Representative organ tissues from each 

group were excised and fixed in 10% (v/v) formalin saline and processed for routine 

histopathological procedures. Paraffin embedded specimen were cut into 8 µm sections and 

stained with hematoxylin and eosin (H&E) for histopathological evaluations. 

 

6.2.13 Orthotopic Xenograft Tumor Model and Therapy Response Experiments 

All xenograft therapy evaluations were conducted using a GBM6 orthotopic tumor model. The 

human GBM6 tumor was kindly provided by Dr. Jann N. Sarkaria (Mayo Clinic). The procedure 

for establishing intracranial tumors was described previously [239, 240]. In brief, flank GBM6 

tumor xenografts were harvested, mechanically disaggregated and stereotactically injected into 

the frontal lobe of 6-week-old female NOD-SCID mice (Jackson Laboratories). The injection 

coordinates are as follows: 3 mm to the right of the midline, 2 mm anterior to the coronal suture 

and 3 mm in depth. Each animal received 2 μL injections of approximately 1 × 10
6
 cells. At 

about 4 weeks post-tumor implantation, animals with similar tumor size as evaluated from 

Magnetic Resonance Imaging (MRI) were randomized to one treatment group consisting of NP-

siMGMT-CTX + TMZ, and two control groups consisting of either NP-siGFP-CTX + TMZ or 
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untreated. 100 µl NP-siRNA via tail vein at a concentration that allowed for 10 µg per mice was 

performed daily for 4 days. Temozolomide (TMZ, TCI AMERICA) was administered by oral 

gavage (100 mg/kg mouse weight daily, with methyl cellulose used as the carrier) starting from 

the second day of the NP-siRNA-CTX injections. All mice used for therapy response evaluations 

were observed daily and euthanized at the time of reaching a moribund condition. 

 

6.2.14 In Vivo Knockdown of MGMT 

MGMT suppression was evaluated by western blot and MGMT activity assays. In brief, mice 

bearing GBM6 intracranial tumors were injected with NP-siGFP-CTX/NP-siMGMT-CTX 

through tail vein at 10 µg siRNA daily for 4 days. Untreated mice served as control. Twenty-four 

hours after the last treatment, animals were euthanized and tumors were isolated and flash froze 

in liquid N2.  

For western blot assay, tumor tissue were solubilized by incubation for 15 min on ice in 

0.1% Triton X-100 in PBS (pH 7.4). Tumor lysis was diluted 1:1 with Laemmli sample loading 

buffer containing 2% β-mercaptoethanol. After heating at 100 °C for 5 min, 10 μg of extract 

protein was resolved by SDS-PAGE and transferred onto nitrocellulose membranes. Membranes 

washed three times with TBS were incubated with 3% QuickBlocker (Chemicon) in TBS for 1 hr 

at room temperature and then incubated overnight at 4 °C with 1 μg/mL antibody against MGMT 

or β-actin (Abcam) in TTBS containing 3% QuickBlocker. Membranes were washed with TTBS 

before being incubated for 1 h at room temperature with alkaline phosphatase-conjugated goat 

anti-rabbit secondary antibody (Bio-Rad) diluted 1:3000 in 3% QuickBlocker. Membranes were 

then washed thrice with TTBS and antibody binding visualized by chemiluminescence (Immun-

Star detection kit; Bio-Rad) and quantified using the ChemiDoc system running the Quantity 

One software package (Bio-Rad).  

The MGMT activity assay was conducted in a standard biochemical assay that quantifies the 

transfer of radioactivity from a DNA substrate containing [methyl
3
H]O

6
-methylguanine (specific 

activity, 80 Ci/mmol) to protein as detailed previously [241]. Frozen tissue was homogenized 

followed by sonication in isotonic buffer. DNA was quantified in crude homogenates by the 

diphenylamine method that measures deoxyribose following degradation of DNA with heat and 

acid [242]. The homogenates were cleared by centrifugation at 10,000 × g for 30 min. Activity 
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was normalized to cell number using a conversion factor of 6 pg DNA per human cell. All 

activities are the mean of at least 4 determinations that generally differed by no more than 20%. 

 

6.2.15 In Vivo Tumor Targeting Evaluation 

For evaluation of tumor targeting, mice were administrated with NP-siScr-Dy677-CTX by tail 

vein injection. Three hours-post injection, brains were collected and imaged using Xenogen IVIS 

system. Representative brain tissues were processed for frozen sections and stained with DAPI as 

described previously. Brain slides were imaged using a Nikon ECLIPSE TE2000-S microscope. 

 

6.2.16 In Vivo Apoptosis Analysis 

The in vivo response to the combination of NP-siMGMT-CTX and TMZ was assessed by 

determining the level of apoptosis in the tumors using Annexin V assay. Mice with intracranially 

established GBM6 tumor xenografts were treated following the indicated treatment schedules 

given in Figure 32a, and tumors were isolated on 3 days after the last TMZ treatment. Tumor 

cells were dissociated and passed through a 70 μm cell strainer (Thermo Fisher Scientific) to 

acquire single cell suspension. They were then subjected to double staining with GSC marker, 

anti-CD44-PE (Abcam) and Annexin V (Life Technologies) following the manufacturer's 

protocol, and analyzed by flow cytometry using a BD FACS Canto flow cytometer. All data 

were analyzed with Flow Jo. 

 

6.2.17 MRI 

Imaging acquisition was started at two weeks after tumor implantation. Mice were anesthetized 

with isoflurane (Piramal Healthcare), and positioned in an MRI-integrated respiratory system, 

with nose-cone for anesthetic and oxygen delivery, ear bar head holder, circulating bath for 

temperature control, abdominal pad for respiratory monitoring (SA Instruments; MR-compatible 

small animal monitoring and gating system), and vacuum line for expiratory gas extraction. MR 

images to determine tumor volume were obtained once per week, up to 7 weeks after tumor 
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implantation. Total session time under anesthesia per mouse was about 15 min.  Mice were 

divided into treatment groups based on maximum tumor width at 4 weeks, with partitioning 

performed to equilibrate average pre-treatment tumor size between groups. Images were acquired 

on a Bruker 14 Tesla vertical-bore imaging system (Ultrashield 600 WB Plus), using a 25 mm 

single-channel 
1
H radiofrequency receive coil (PB Micro 2.5). A T2-weighted rapid acquisition 

with refocused echoes (RARE) sequence was used with the following parameters: TR/TE = 

4000/27 ms, in-plane resolution = 52 x 78 μm
2
, matrix = 384 x 256. 2-D slices of 0.5 mm 

thickness were used. 14 slices were obtained for each mouse, and centered on the tumor volume 

as visualized on a localizer sequence. Scanning time for the T2-weighted sequence was about 4 

min. Manual regions of interest surrounding the external tumor margin were generated on a 

slice-by-slice basis using Bruker Paravision imaging software under high-magnification of the 

acquired images.  ROIs were produced by users blinded to the treatment group of each mouse, 

and inter-user comparison between manually generated ROIs yielded a volume estimate 

difference < 5%. Scans with reduced slice thickness of 0.2 mm were also obtained on individual 

tumors, to compare the variability size estimation of small and large tumors using the chosen 0.5 

mm slice thickness. 

 

6.2.18 Statistical Analysis 

For statistical analysis, acquired data are expressed as mean ± SD. Statistical significance was 

determined using the Student's t-test. Significant values were designated as follows: P ≤ 0.05. 

Statistics for overall survival in mouse studies was calculated with the log-rank (Mantel-Cox) 

test. Statistical significance was established at P ≤ 0.01. 

 

6.3 RESULTS AND DISCUSSION 

6.3.1 Physicochemical Properties of NP 

Polycationic polymer based nanoparticles are believed to be feasible siRNA delivery reagents 

[69, 243]. Previous studies have demonstrated that PEI modified with other bioactive substances, 

such as chitosan, was able to efficiently deliver DNA with significantly reduced toxicity as 
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compared to free PEI [102, 244]. Therefore, we proposed to evaluate the feasibility of siRNA 

delivery using the IOSPM coated with PEI modified by CP. Figure 24 shows the schematic of 

CP-PEI coating on IOSPM, herein called NP, and complexation of NP with siRNA through 

electrostatic interaction between negatively charged siRNA and positively charged polymer 

coating to generate the NP-siRNA complex. The structure of CP-PEI copolymer was verified by 

proton NMR (1H-NMR). The characteristic 1H-NMR peak at 3.7 ppm (peak I) representing 

ethylene group of PEG is resolved on the CP spectrum and ethylenimine (-NH2-CH2-CH2-) 

repeat unit of PEI is present at 2.6-3.1 ppm (highlighted peaks) (Figure 24a). 

Site-specific siRNA delivery is extremely important for GBM treatment due to the highly 

infiltrative and invasive nature of GBM. One effective strategy is through the attachment of 

targeting ligands such as tumor-targeting antibodies, small molecules, and peptides [245-247]. 

Chlorotoxin (CTX), a cationic peptide originally purified from the venom of the Leiurus 

quinquestriatus scorpion, is well established in its ability to target GBM [6, 70]. Notably, CTX-

targeted NPs are able to bypass BBB and accumulate specifically within brain tumors [8]. Thus, 

we attached CTX to NP-siRNA and evaluated the physicochemical properties of the resultant 

NP-siRNA-CTX. The success of CTX conjugation was verified by SDS-PAGE (Figure 24b). 

TEM images revealed well-formed spherical morphologies of the NPs with a core size of 10-12 

nm before (Figure 24c) and after (Figure 24d) cationic polymer conjugations and siRNA 

loading. Additionally, NPs were well dispersed in aqueous medium without agglomeration, 

mainly attributed to the PEG in the copolymer coating. 

In order to successfully reach tumor sites, NPs have to overcome multiple physiological 

barriers of the human body, such as liver, kidneys, and spleen. Therefore, hydrodynamic sizes of 

NP should be between 10 and 100 nm to avoid being eliminated by these clearance organs [154]. 

To test the ability of the NPs to stably bind siRNA and remain at a desirable size, hydrodynamic 

size was determined using dynamic light scattering (DLS). NP-siRNA complex had similar size 

with NP at about 45.5 ± 2.5 nm (Figure 24e), suggesting the strong complexing capability of NP 

with siRNA and the ability of NP-siRNA to bypass the physiological barriers. Zeta potential is 

another important factor indicating NP physicochemical properties [111]. The positive surface 

charge directly correlates with the capacities of NP to complex and transfect siRNA into cells. 

NPs exhibited a zeta potential of 27.7 ± 2.1 mV (Figure 24f), mostly corresponding to the 
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primary amine groups on PEI. In agreement with the hydrodynamic size measurements, zeta 

potential of NP-siRNA complex was close to NP, demonstrating their high binding efficiency.  

siRNA complexation with NPs was also assessed using an electrophoresis mobility assay, 

where complexation was inferred from the retardation of siRNA mobility. NP-siRNA complexes 

were prepared at varying NP:siRNA weight ratios before electrophoresing on a polyacrylamide 

gel. As shown in Figure 24g, migration of siRNA was completely retarded at all tested ratios, 

implying successful binding of siRNA on NPs. To verify the presence of siRNA in complexes, 

heparin sodium, a competing poly-anion that induces decomplexation of condensed siRNA, was 

added. As expected, all samples exhibited similar band density with naked siRNA after heparin 

treatment indicating total release of electrostatically bound siRNA. Incubation of naked siRNA 

with serum containing medium resulted in fully degradation as indicated by the arrow (Figure 

24g). In addition, siRNA was released from complexes after heparin treatment and the band 

densities were similar across all binding conditions, revealing that NP-siRNA complexes led to 

complete protection of siRNA against degradation by RNases in serum. The long term stability 

of NP-siRNA complex in both PBS buffer and cell culture medium containing serum was 

evaluated by DLS. As shown in Figure 24h, NP-siRNA complexes had consistently small sizes 

in PBS buffer throughout the 16-day’s period, while they doubled their sizes after 2 days in 

serum condition but remained at around 75 nm throughout the rest of the assay time. 
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Figure 24. Schematic and characteristics of the NP. (a) Proton NMR analysis of CP and CP-PEI 

showing the incorporation of PEI onto CP. The characteristic peak of the -O-CH2-CH2- group of 

PEG (peak I) on CP and -NH2-CH2-CH2- group of PEI (highlighted peak) are all present in the 

CP-PEI spectrum. All samples were analyzed in D2O. (b) SDS gel electrophoresis was used to 

verify CTX binding on NP; TEM images were acquired for IOSPM (c) and NP (d). 

Hydrodynamic size (e) and zeta potential (f) of NP measured by DLS. (g) Electrophoresis 

mobility assay analyzing NP-siRNA attachment and siRNA protection by NP from serum at 

different NP-siRNA weight ratios. (h) Stability of NP-siRNA complex was evaluated in PBS and 

serum containing cell culture medium. 

 

6.3.2 In Vitro Evaluation of NP-Mediated MGMT siRNA Delivery 

Prior to investigating therapeutics of NP-siRNA, we evaluated their cytotoxicity to determine 

potential side effects. Human SF763 cells were used because of their high MGMT activity [218], 

which was also confirmed by immunocytochemistry (Figure 25). After treatment with NP-
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siRNA for 48 hr, about 80% of the cells remained viable as determined by Alamar blue assay, 

demonstrating the limited cytotoxicity of the NPs (Figure 26a).  

The gene-silencing efficiency of NP-siRNA was investigated by quantifying MGMT mRNA 

and protein levels using qRT-PCR and a MGMT biochemical activity assay. As shown in Figure 

26b, control siRNA had no effect on MGMT expression since the corresponding mRNA level 

was comparable to untreated cells, whereas siRNA targeting MGMT (siMGMT) resulted in an 

80% reduction in mRNA transcripts. This knockdown correlated with a decrease in MGMT 

activity as there was an 81% decrease in MGMT activity in NP-siMGMT treated cells (Figure 

26c). MGMT knockdown was also confirmed by immunohistochemistry (IHC), which showed 

suppressed MGMT protein levels only in NP-siMGMT treated cells (Figure 26d). 

Having established that NP mediated delivery of siMGMT yields knockdown, their ability 

to sensitize human GBM cells to TMZ was evaluated using clonogenic assays. As indicated by 

the clonogenic survival curve in Figure 26e, NP-siMGMT transfected SF763 cells became more 

sensitive to TMZ, while the control siRNA did not alter their TMZ resistance. The LD50 was 

about 14.29 µM, 183.26 µM and 193.15 µM for NP-siMGMT, untreated, and NP-siGFP treated 

cells, respectively, revealing a greater than 13-fold increase in sensitivity. To test the specificity 

of MGMT knockdown to TMZ sensitization, the response to doxorubicin and oxaliplatin, which 

do not methylate DNA, were tested. No increase in sensitivity to either drug was observed in 

SF763 cells as the slope of survival curves among treatments was identical (Figure 26f and g). 

In addition, no sensitization to TMZ was observed between NP-siMGMT and control treatments 

in A1235, a human GBM cell line with low MGMT expression [248] (Figure 26h). Clinical 

benefit of GBM treatment with TMZ in patients with methylated MGMT promoter has been well 

recognized [230, 249-251]. The current in vitro studies confirm our speculation that NP-

siMGMT induced MGMT depletion can improve sensitivity of human GBM cells to TMZ. 
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Figure 25. MGMT expression in human SF763 GBM cells. SF763 Cells were labeled with 

primary antibody (ab) anti-MGMT and FITC-coupled secondary ab (top panel). Cells labeled 

only with the FITC-coupled secondary ab (bottom panel) were used to confirm that the 

secondary ab does not bind non-specifically. Blue represents DAPI staining on nuclei. Scale 

bars, 20 µm.  
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Figure 26. In vitro characteristics of NP-siMGMT. (a) Cell viability as a result of NP-siRNA 

treatment by AB assay. (b) MGMT mRNA expression and protein activity (c) of SF763 cells at 

48 hr post NP-siRNA transfection, * represents p < 0.01. (d) Confocal laser scanning microscopy 

fluorescence images of SF763 cells after NP-siRNA treatment. Blue fluorescence represents 

nuclei labeled with DAPI, green fluorescence represents MGMT. Scale bars = 20 μm. Cell 

survival of SF763 in response to TMZ (e), doxorubicin (f) and oxaliplatin (g) measured by 
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clonogenic assay. (h) Clonogenic survival of A1235 to TMZ. Results were from three 

independent experiments. 

 

6.3.3 Biodistribution and BBB Penetration of NP-siRNA-CTX In Vivo 

Prior to evaluating the therapeutic efficacy of NP-siRNA-CTX in vivo, we first examined the 

behavior of NPs in immune-proficient mice. In order to determine biodistribution and BBB 

penetration of NP delivered siRNA, NPs were loaded with Dy677 fluorophore conjugated 

siRNA and injected into wild type (WT) black/6 mice using a previously reported non-

radioactive approach [252]. Organs were collected prior to, 2 hr post and 48 hr post injection of 

NPs and imaged using the Xenogen IVIS imaging system to measure NP-mediated siRNA 

delivery (Figure 27a). Two hours post-injection the majority of siRNA on NPs was observed in 

the liver and some in the kidneys and spleen, as expected with the liver being the main 

elimination route for NPs of this size. After 48 hr, most siRNA on NPs was no longer apparent in 

these clearance organs. Quantification of fluorescence intensities in organs revealed a minor 

amount of siRNA fluorescence remaining after 48 hr in the liver but reached background levels 

in the kidneys, spleen (Figure 27b) and blood (Figure 28). This shows the siRNA on the NPs is 

cleared and eliminated from the body within 48 hr and does not persist in off-target, healthy 

organs.  

Fluorescence images of mice brains were shown in Figure 27c. High signal from the 

fluorophore labeled siRNA was observed in the brain 2 hr after injection and was undetectable 

after 48 hr, indicating the NPs do not accumulate in healthy brain. To visualize whether the NPs 

remained in the blood vessels in the brain or were able to cross the BBB, brains were collected at 

10 min and 6 hr after injection and frozen sections were prepared for immunostaining of CD31, 

an endothelial cell marker. Confocal imaging revealed NPs in the brain parenchyma near blood 

vessels 10 min post-injection, which had mostly cleared by 6 hr (Figure 27d). This suggests the 

NPs are able to cross the BBB as they were observed in the brains of healthy animals, similar to 

our previous observation in tumor bearing animals [8]. However, NPs did not accumulate in 

healthy brain as few NPs were observed at 6 hr post-injection and all fluorescent signal vanished 

after 48 hr. This finding is extremely important for developing more effective GBM treatments 

as the single cancer cells that have invaded the healthy brain beyond the resection cavity must be 
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eliminated. A NP that can cross the BBB and penetrate into healthy brain will have the best 

chance of attaching to these single cancer cells to deliver treatment. 

To test the safety of the NPs in healthy animals, we injected animals with NPs daily for four 

days and measured several standard hematology markers, including white blood cells (WBC), 

hemoglobin (HGB), hematocrit (HCT), platelets (PLT), mean corpuscular volume (MCV), 

albumin, alanine transaminase (ALT), aspartate transaminase (AST), alkaline phosphatase 

(ALP), bilirubin, blood urea nitrogen (BUN), and glucose. No observed toxicity was seen in any 

of the blood tests indicating the safety of NP-siRNA-CTX (Figure 27e-p). Examination of 

sectioned liver, lung, spleen and heart revealed no structural abnormalities, providing additional 

evidence that NP-siMGMT-CTX is not grossly cytotoxic (Figure 29). 
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Figure 27. Biodistribution, BBB penetration, and toxicity of NP-siRNA-CTX in wild-type C57 

BL/6 mice. (a) Biodistribution of fluorophore labeled siRNA loaded NPs in black/6 WT mice at 

2 hr and 48 hr after injection indicated by optical images taken with IVIS Lumina II system. (b) 
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Fluorescence quantification of NP-siRNA-CTX in different organs, graph bars show mean 

values ± SD. (c) Accumulation of NP-siRNA-CTX in brains of WT mice at 2 hr and 48 hr after 

injection (n = 3 per condition. (d) Confocal laser scanning microscopy images of BALB/c WT 

mice brain tissue sections at different time points post-NP-siRNA-CTX treatment, Blue, nuclei 

labeled with DAPI; green, endothelial cells stained with anti-CD31 antibody labeled with Alexa 

488; red, Dy677-labeled siRNA complexed with NP. Scale bars represent 20 µm. (e-p) 

Hematology results from untreated and NP-siRNA-CTX treated WT mice at 24hr after the last 

injection. Bars represent mean ± standard deviation. Abbreviations: WBC, white blood cells; 

HGB, hemoglobin; HCT, hematocrit; PLT,  platelet; MCV, mean corpuscular volume; ALT, 

alanine transaminase; AST, aspartate transaminase; ALP, alkaline phosphatase; BUN, blood urea 

nitrogen. 

 

 

 

Figure 28. Evaluation of NP concentration in blood circulation. (a) Fluorescence intensity of 

NP-siScr-Dy677-CTX standard used for quantifying NP concentration in blood using an 

Odyssey NIR fluorescence imaging instrument. (b) Fluorescence intensity of blood samples as a 

function of time. (c) Quantification of NP-siScr-Dy677-CTX concentration in the blood over 

time.  
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Figure 29. Pharmacological evaluation of NP-siMGMT-CTX. Representative H&E stained 

tissue sections of mouse heart, liver, lung, spleen, and kidney from untreated animals (top row) 

and from those injected with NP-siMGMT-CTX (bottom row). Scale bar corresponds to 100 μm.  

 

6.3.4 In Vivo Delivery of MGMT siRNA Suppresses MGMT Activity and Induces Apoptosis in 

GSC Tumors 

An intracranial GBM tumor model from serially passaged orthotopic GBM6 xenografts was used 

for in vivo studies because they retain the heterogeneity of GBMs and are known for their high 

MGMT activity (Figure 30) [239, 240, 253]. Additionally, this primary tumor is a good 

representative for GSCs [254, 255], which we further validated here through IHC of GSC 

markers including Nestin, CD44, and Sox-2 [256-259]. The high expression of these three GSC 

markers confirms the stem-like properties of this tumor model (Figure 31a). Brain tumor bearing 

nude mice injected with fluorophore labeled siRNA loaded NPs were used to visualize NPs in 

the tumor. After three hours, brain tumors showed significant accumulation of NPs (Figure 31b), 

which were well distributed throughout the tumor based on fluorescence imaging and Perl’s 

Prussian blue staining of brain slices (Figure 31c and d).  
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Figure 30. MGMT IHC on brain slides bearing GBM6 tumors. Brain slides bearing GBM6 

tumors were labeled with primary antibody (ab) anti-MGMT and FITC-coupled secondary ab 

(top panel). Tumors labeled only with the FITC-coupled secondary ab (bottom panel) confirmed 

that the secondary ab does not bind non-specifically. Nuclei were counterstained with DAPI. 

Scale bars are 50 µm.  

 

To validate the therapeutic efficacy of NP treatment, we randomly sorted mice bearing 

similar sized GBM6 tumors, as determined by MRI, into three groups: untreated (control), NP-

siGFP-CTX+TMZ, and NP-siMGMT-CTX+TMZ. NPs were administrated intravenously 

according to the scheme in Figure 32a. Firstly, to determine if NPs taken up into the tumor 

could deliver siRNA intracellularly to knock down MGMT expression, tumors were removed 

from animals and MGMT expression analyzed by Western blot and activity measured using a 

biochemical assay. NP-siMGMT-CTX treated animals showed significantly reduced MGMT 

expression and activity (Figure 31e and f) indicating the NPs delivered functional siRNA into 

the RNAi pathway. 

GSCs are implicated in tumor initiation, propagation, recurrence, and resistance to 

chemotherapy and radiation [260, 261]. To further characterize the antitumor response of the 

combination treatment and to identify a mechanism of tumor regrowth, the degree of induced 

apoptosis in the GSC and non-GSC population of GBM6 intracranial tumors was determined 

through Annexin V and CD44 co-staining. CD44 has been employed as a GSC marker of GBM 

[256, 257] as its expression is closely correlated with the histopathologic grade of GBM and the 

tumor-initiating capacity of GSC [256, 262, 263]. Tumors from all animals were collected and 

disaggregated 3 days after the completion of NP-siRNA-CTX and TMZ treatment (8 days after 
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the start of treatments). Single cell suspensions were stained using anti-CD44 antibody (PE) and 

Annexin V (Alexa 647) and analyzed using flow cytometry. Flow cytometry revealed that tumor 

cells from mice treated with NP-siMGMT-CTX displayed significantly more Annexin V stained 

cells that expressing CD44 than untreated or NP-siGFP-CTX treated controls (Figure 31g). This 

indicates the NPs are able to target the GSC population of cells and induce greater sensitivity 

towards TMZ. Previous studies demonstrated that GBM GSCs are resistant to TMZ due to 

mechanisms such as ABCG2 overexpression that removes TMZ from cells [264], or TP53 

mutation and BCL-2 overexpression that lead to resistance to apoptosis [265, 266]. Therefore, a 

combination siRNA treatment strategy will likely be required to affect this resistant population 

of cells. 
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Figure 31. NP-siMGMT-CTX sensitizes GBM6 xenograft cells expressing GBM stem cell 

(GSC) markers to TMZ. (a) Immunofluorescence of GBM6 tumor slides. GSC markers CD44, 

Nestin, and Sox-2, differentiation marker GFAP, proliferation marker Ki67 [267] and DAPI 

staining were conducted on GBM6 tumor under different combination. Scale bars represent 20 

µm. (b) Xenogen IVIS fluorescence images of brains from nude mice bearing GBM6 tumors at 3 

hr after injection. (c) Representative fluorescence microscopy images of brain sections 

demonstrate Dy755 labeled NP-siRNA-CTX (red) distribution in tumor. Scare bars represent 100 

µm. (d) Accumulation of NP-siRNA-CTX in tumor as revealed by Prussian blue staining. The 

scale bars represent 100 µm. (e) Western blot analysis of MGMT and β-actin protein levels from 
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GBM6 intracranial tumors 24 hr after the last treatment with either NP-siGFP-CTX or NP-

siMGMT-CTX. Densitometric quantification of the Western blot is shown in the lower panel in 

which MGMT expression is compared to that of the untreated control. (f) MGMT activity of 

GBM6 intracranial tumors at 24 hr post the last treatment with NP-siGFP-CTX or NP-siMGMT-

CTX. (g) Flow cytometry analysis of apoptosis in GBM6 GSC by anti-CD44 and Annexin V 

double staining. Numbers indicate the percentages of Annexin V-positive and negative cells in 

CD44 positive GBM6 tumors treated with NP-siGFP-CTX+TMZ, NP-siMGMT-CTX+TMZ or 

left untreated. Experiments were repeated three times. 

 

6.3.5 In Vivo Delivery of MGMT siRNA Extends Survival and Decreases Tumor Burden 

Examination of tumor growth rate after treatment was conducted using high-resolution MRI. 

Tumor-bearing mice were followed with serial MR scans starting two weeks after implantation 

of GBM6 cells. T2-weighted images of two representative examples of tumor development from 

each group are shown in Figure 32b. The initiation of tumor formation at around week 4 is 

indicated as the arrows. The rapidly expanded tumor from untreated and control siRNA treated 

groups corresponds to their growth curve. The NP-siMGMT-CTX + TMZ treated animals 

showed obviously smaller tumors at week 7. H&E histology on brain tumor slides confirms the 

accuracy and reliability of MRI quantification. Together these results revealed a correlation 

between improved survival and reduction in tumor burden. Tumor growth curves for all included 

mice are displayed in Figure 32c. The treatment of mice was selected to begin at week 4 after 

implantation (black arrow), at which time tumor growth was visualized on MRI in all mice 

(average volume 2.7 mm
3
). The examination of the group averages of tumor size demonstrates a 

relative similarity of growth curves between the control NP-siGFP-CTX + TMZ group and 

untreated group. At 6 weeks, the average tumor size of the NP-siMGMT-CTX + TMZ treated 

mice was 11 ± 3.3 cm
3
, compared to an average tumor size of 61 ± 16 cm

3
 for the aggregate 5 

mice in the two control groups, a 5.5-fold reduction in tumor volume. Between 6-7 weeks, 2 of 3 

mice in the untreated group met criteria for sacrifice due to critical tumor-related illness. 

Accordingly, the final data point in the untreated group reflects the tumor size of a single 

surviving mouse.  We also noticed the tumor in one of the NP-siMGMT-CTX treated mice 

almost disappeared. This data point likely underestimates the extrapolated size of untreated 
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tumors at week 7, assuming that critical illness had not limited the continued monitoring of these 

mice. 

We then tested the survival benefit of mice receiving NP-siMGMT-CTX in combination 

with TMZ. Both untreated mice and mice receiving both control NP-siGFP-CTX and TMZ 

exhibited the same survival rate of 11.5 ± 1.9 and 10.1 ± 2.5 days, respectively (Figure 32d). 

Treatment with NP-siMGMT-CTX and TMZ led to a significant improvement in animal survival 

as compared to both untreated and control siRNA treated animals, achieving a 3-fold extended 

median survival (37.8 ± 7.7, P < 0.01). Notably, one animal survived almost 80 days after its 

tumor nearly disappeared. This treatment strategy could have a dramatic impact in the treatment 

of GBM patients with unmethylated MGMT promoters to give them the same survival benefit 

with TMZ as patients with methylated MGMT promoters. 
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Figure 32. NP-siMGMT-CTX increases TMZ sensitivity and prolongs survival. (a) Scheme of 

tumor implantation and NP-siRNA-CTX+TMZ treatment. Mice were orthotopically injected 

with GBM6 cells for tumor formation (day 0) followed by four intravenous injections of NP-

siRNA-CTX and four TMZ treatments through oral gavage. (b) Representative examples of 

tumor development obtained from untreated control group, NP-siGFP-CTX+TMZ control group, 

and NP-siMGMT-CTX+TMZ group. T2-weighted images for each mouse are displayed over the 

full time course of imaging, from week 2 post-tumor implantation until week 7. Tumor volume 

at each week, as calculated over the entire 3-dimensional extent of the mass, is displayed in the 

bar graph alongside corresponding images. Note that the images displayed are the individual 

slice of maximum tumor diameter. Red arrow in each row marks the first appearance of tumor 
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for each mouse. H&E staining was conducted on brain slides from animals at the end of survival 

studies. (c) Average tumor sizes for treatment and control conditions. Black arrow indicates the 

start of treatment. Open square data point in untreated group highlights the presence of only one 

surviving mouse at this time point. Error bars represent standard deviation. (d) Kaplan-Meier 

survival curves of untreated mice (n = 8) and mice treated with NP-siGFP-CTX + TMZ (n = 8) 

and NP-siMGMT-CTX + TMZ (n = 8). P value was calculated with the log-rank test. 

 

6.4 CONCLUSIONS 

In summary, we designed a polycationic copolymer based superparamagnetic nanovector. The 

NP was demonstrated to be capable of efficiently condensing siRNA and the complex displayed 

excellent stability and payload protection in serum. NP-mediated silencing of MGMT using 

siRNA significantly sensitized GBM cells to TMZ in vitro and extended survival of animals 

bearing GBM6 tumor in vivo. The systemic administration of MGMT-specific NP to intracranial 

tumor also exhibited selectivity and favorable toxicity, which may enable the siRNA delivery to 

GBM patients. Considering the urgent need of novel therapeutics for GBM treatment and lack of 

efficient RNAi delivery strategies, such findings establish the NP system as a promising gene 

therapy agent for GBM.   
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7. THREE-DIMENSIONAL SCAFFOLDS AS IN VITRO TUMOR 

MODELS FOR THE EVALUATION OF 

NANOPARTICLE-MEDIATED GENE 

DELIVERY 

 

The cationic nanoparticles (NPs) for targeted gene delivery is conventionally evaluated using 2D 

in vitro cultures. However, this does not translate well to corresponding in vivo studies because 

of the marked difference in NP behavior in the presence of the tumor microenvironment. In this 

study, we investigated if prostate cancer (PCa) cells cultured in three-dimensional (3D) chitosan-

alginate (CA) porous scaffolds could model cationic nanoparticle-mediated gene targeted 

delivery to tumors in vitro. We assessed in vitro tumor cell proliferation, formation of tumor 

spheroids, and expression of marker genes that promote tumor malignancy in CA scaffolds. The 

efficacy of NP targeted gene delivery was evaluated in PCa cells in 2D cultures, PCa tumor 

spheroids grown in CA scaffolds, and PCa tumors in a mouse TRAMP-C2 flank tumor model. 

PCa cells cultured in CA scaffolds grew into tumor spheroids and displayed characteristics of 

higher malignancy as compared to those in 2D cultures. Significantly, targeted gene delivery was 

only observed in cells cultured in CA scaffolds whereas cells cultured on 2D plates showed no 

difference in gene delivery between targeted and non-target control NPs. In vivo NP evaluation 

confirmed targeted gene delivery indicating that only CA scaffolds correctly modeled NP-

mediated targeted delivery in vivo. These findings suggest that CA scaffolds serve as a better in 

vitro platform than 2D cultures for evaluation of NP-mediated targeted gene delivery to PCa. 

 

7.1 INTRODUCTION 

Prostate cancer (PCa) is the second leading cause of cancer death among the male population in 

the United States with approximately 29,000 deaths each year [268]. Current treatment for PCa 

often involves radical prostatectomy, radiation, and hormone therapy [269]. Surgery is highly 

invasive and might increase the risk of metastasis, whereas radiation therapy generates systemic 

toxicity [270, 271]. Additionally, PCa can develop resistance to hormone therapy, leading to the 



101 

 

 

relapse of fatal hormone refractory cancer [272, 273]. Substantial efforts have been devoted to 

identifying novel treatment modalities, among which gene therapy is particularly appealing as it 

holds a number of advantages over traditional therapies, including the ability to overcome drug 

resistance, reduced systemic toxicity, and most importantly, improved target specificity [81]. 

Several clinical trials that used suicide genes, immunomodulatory genes, and tumor suppressor 

genes have demonstrated the potential of gene therapy for PCa [273, 274]. Nevertheless, 

translation of potential therapeutics into the clinic remains challenging due to the lack of a safe 

and efficient delivery strategy [275, 276]. 

Nanoparticles (NPs), including gold NPs, quantum dots, liposomes, and polymer-based 

nanovectors, have been extensively studied as gene delivery vehicles [277, 278]. 

Superparamagnetic iron oxide NPs have shown significant promise as gene delivery vehicles that 

can be tracked using magnetic resonance imaging [6, 154]. Typically, NP development is 

initiated with in vitro analysis using two-dimensional (2D) cell cultures followed by extensive in 

vivo evaluation in animals prior to clinical trials. However, successful NP delivery observed in 

2D cell culture studies does not usually translate well to in vivo studies due to the intrinsic 

limitation of 2D monolayer cultures that fail to account for the extracellular barriers that are 

present in vivo [73]. 

To bridge the gap between in vitro and in vivo analyses, three-dimensional (3D) cell cultures 

are being developed because they can provide a more realistic model of the in vivo tumor 

microenvironment than cells in 2D culture [5, 74]. There are many types of 3D cell culture 

systems that are mostly scaffolds composed of natural materials such as collagen, gelatin, and 

polysaccharides, as well as synthetic materials such as polystyrene, polycaprolactone, and 

poly(lactic-co-glycolic acid) [75, 279-281]. Of note, we have demonstrated that 3D porous 

scaffolds composed of a polyelectrolyte chitosan–alginate (CA) complex are able to mimic the 

tumor microenvironment and improve the tumorigenic potential of cultured cancer cells, 

including PCa [9, 10, 282-284]. Both chitosan and alginate are FDA approved for broad tissue 

engineering applications in view of their biocompatibility, biodegradability, and limited 

immunogenicity [285, 286]. Their  structure resembles glycosaminoglycans (GAGs), which are 

essential components of the extracellular matrix (ECM) [287], which makes these polymers 

promising choices for in vitro modeling of the tumor microenvironment. 
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We hypothesized that PCa cells cultured in 3D CA scaffolds can better replicate the 

response to targeted gene delivery in vivo and thus can be used in preclinical studies to reduce 

the number of animals required for preclinical tests. In this study, we assessed in vitro tumor cell 

proliferation, formation of tumor spheroids, and expression of marker genes that promote tumor 

malignancy in CA scaffolds. We then assessed the NP–mediated gene transfection in PCa cells 

in CA scaffold culture systems as compared with those in PCa tumors in vivo. 

 

7.2 EXPERIMENTAL 

7.2.1 Materials 

All chemicals and reagents were purchased from Sigma-Aldrich and all tissue culture reagents 

were purchased from Life Technologies unless otherwise specified. 

 

7.2.2 Plasmid DNA Preparation 

The plasmid pDsRed-Max-N1 vector containing red fluorescent protein (RFP) encoding DNA 

under the control of the cytomegalovirus (CMV) promoter was purchased from Addgene [288], 

and was propagated in DH5α E. Coli and purified using the Plasmid Giga Kit (Qiagen). 

 

7.2.3 Scaffold Synthesis 

CA scaffolds were prepared as described previously [9, 289]. Briefly, 4 wt % CA solutions were 

casted in molds and lyophilized prior to being cut in 2 mm thick disks and crosslinked in 0.2 M 

CaCl2 solution. The CA scaffolds were then washed with excess deionized water and sterilized in 

70% ethanol overnight. The scaffolds were then washed three times with Dulbecco’s phosphate-

buffered saline (DPBS), immersed in 500 mL DPBS, and shaken on an orbital shaker at 100 rpm 

overnight to remove remaining ethanol. 
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7.2.4 NP Synthesis 

PEG-grafted-chitosan (CP) copolymer and NPs were synthesized using the methods reported 

previously [6, 165]. Briefly, CP-coated iron oxide NPs were prepared in presence of CP by co-

precipitation of ferrous and ferric chlorides with ammonium hydroxide followed by buffer 

exchange into thiolation buffer (0.1 M sodium bicarbonate, pH 8.0, 5 mM EDTA) through S-200 

Sephacryl resin (GE Healthcare). PEI (1.2 kDa) was conjugated to NPs through the formation of 

a thioether bond between 2-iminothiolane (Traut’s Reagent, Molecular Biosciences) modified 

NPs and succinimidyl iodoacetate (SIA, Molecular Biosciences) modified PEI, then NPs purified 

to remove excess PEI through size exclusion chromatography using S-200 Sephacryl resin 

equilibrated with 20 mM HEPES buffer (pH 7.4). NPs were then complexed with RFP encoding 

plasmid DNA at a NP:DNA weight ratio of 10:1 by mixing NPs and DNA in reaction buffer (20 

mM of HEPES, pH 7.4) for 30 min. Chlorotoxin (CTX, Alamone Laboratories) was conjugated 

to DNA-loaded NPs using NHS-PEG12-maleimide (Thermo Scientific). Finally, unreacted CTX 

was washed away using S-200 Sephacryl resin equilibrated with 20 mM of HEPES buffer (pH 

7.4) to form NP-CTX. 

 

7.2.5 Cell Culture 

Mouse TRAMP-C2 (TC-2) PCa cells were purchased from American Type Culture Collection. 

TC-2 cells were cultured in Dulbecco's Modified Eagle's Medium (DMEM) supplemented with 

10% FBS, and 1% penicillin/streptomycin at 37°C in a humidified atmosphere with 5% CO2. 

The medium was changed every 2–3 days. For CA scaffold culture, 50,000 cells were seeded on 

each scaffold in 12-well plates and allowed to grow for 10–14 days to form tumor spheroids 

before conducting transfection. The medium was changed every 3–4 days. TC-2 cells were 

seeded at 50,000 cells per well in 12-well plates as 2D control for all in vitro assays, and they 

were subcultured every 4 days once they reached confluency. 

RFP expressing TC-2 cells (TC-2
RFP

) were generated by transfecting TC-2 cells with 

pDsRed-Max-N1 plasmid using Lipofectamine 2000 following the manufacture’s protocol (Life 

Technologies). Three days after transfection, the regular DMEM medium was replaced by 

DMEM containing 1 mg/ml G418 disulfate (TOKU-E). Cells were maintained in the selective 



104 

 

 

medium for three weeks prior to sorting with a BD FACSAria II cell sorter (BD Biosciences). 

The stably transfected TC-2
RFP

 cells were cultured in a complete medium supplemented with 0.5 

mg/ml G418 disulfate. 

 

7.2.6 Live Cell Imaging  

TC-2
RFP

 cells grown on 2D and in CA scaffolds were imaged at 10× and 20× magnification with 

a phase contrast fluorescence microscope (Nikon ECLIPSE TE2000-S). 

 

7.2.7 Cell Proliferation Assay 

The Alamar blue (AB) assay was used to evaluate cell proliferation on both 2D cultures and CA 

scaffolds following the manufacture’s protocol (Life Technologies). Briefly, cells were cultured 

as described above. Cells were washed with DPBS three times before adding 10% AB solution in 

the complete growth medium to the wells. The samples were incubated at 37°C for a 

predetermined time for each culture method (3 hr for 2D cultures and 4.5 hr for CA scaffolds). 

Then the AB solution was transferred to a 96-well plate, and the fluorescence at an excitation 

wavelength of 556 nm and an emission wavelength of 586 nm was measured on a SpectraMax 

M5 microplate reader (Molecular Devices). The cell number was calculated according to 

standard curves generated separately for 2D cultures and CA scaffold cultures. 

 

7.2.8 Evaluation of CTX Binding Efficiency In Vitro 

Flow cytometry was used to assess the binding efficiency of CTX in PCa cells. Alexa Fluor 647 

(AF647, Life Technologies) was conjugated to CTX according to the manufacturer's protocol. In 

brief, 160 µg of AF647 was mixed with 0.5 ml of 1 mg/ml CTX, and reacted for 1 hr at room 

temperature (pH 8.0) to form the CTX-AF647 conjugates. Unreacted fluorophore was removed 

using Zeba spin desalting columns (Thermo Scientific) and the number of AF647 per CTX was 

quantified by UV-Vis. TC-2 cells on 2D culture were incubated with CTX-AF647 conjugates at 

CTX concentrations of 1 µM, 2 µM and 4 µM. Free AF647 was used at the fluorophore 

concentrations equivalent to that on CTX-AF647 conjugates. Incubation was conducted for 1 hr 
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at 37°C, and then cells were washed and collected for flow cytometry analysis. At least 10,000 

cells from each condition were analyzed. Experiments were repeated three times. 

 

7.2.9 In Vitro Gene Transfection 

For 2D conditions, 24 hr after plating TC-2 cells at a concentration of 50,000 cells/ml (0.5 

ml/well) in 12 well plates, transfection was performed by replacing the cell culture medium with 

0.5 ml of NP:DNA complex-containing medium (2 µg plasmid DNA per well). After 4 hr of 

transfection, the complex-containing medium was removed and replaced with the regular cell 

culture medium. For cells growing in CA scaffolds, the medium was removed and 50 µl of 

NP:DNA complex was added drop-wise onto the tops of scaffolds with 4 µg plasmid DNA per 

well. 2 ml of fresh medium was added to each well 4 hr later. 

 

7.2.10 Quantitative RT-PCR (qRT-PCR) 

RNA was extracted from TC-2 cells cultured in CA scaffolds for 12 days using the Qiagen 

RNeasy kit. cDNA was prepared using the iScript cDNA synthesis kit (Bio-Rad) following the 

manufacturer’s protocol. Mouse β-actin served as the house-keeping gene. SYBR Green PCR 

Master mix (Bio-Rad) was used for template amplification with a primer for each of the 

transcripts in a Bio-Rad CFX96 real-time PCR detection system. Quantitative amplification was 

monitored by the level of fluorescence reflecting the cycle number at the detection threshold 

(crossing point) using a standard curve. Thermocycling for all targets was carried out in a 

solution of 20 µl containing 0.5 µM primers (Integrated DNA Technologies) and 4 pg of cDNA 

from the reverse transcription reaction under following conditions: 95°C for 2 min, 40 cycles of 

denaturation (15 sec, 95°C), annealing (30 sec, 58°C), and extension (30 sec, 72°C). The primers 

are listed in Table 1. Relative gene expression was analyzed using the 2 (–delta delta C(T)) 

method. 

 

Table 1. Primers used for qRT-PCR 

Genes Forward Reverse 

http://www.bio-rad.com/en-us/product/reverse-transcription-reagents/iscript-cdna-synthesis-kit
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β-actin [290] CGGTTCCGATGCCCTGAGGCTCTT CGTCACACTTCATGATGGAATTGA 

Col1a1 [291] GCAACAGTCGCTTCACCTACA CAATGTCCAAGGGAGCCACAT 

Laminin α5 [292] ACCCAAGGACCCACCTGTAG TCATGTGTGCGTAGCCTCTC 

Snail [293] TCCAAACCCACTCGGATGTGAAGA TTGGTGCTTGTGGAGCAAGGACAT 

Slug [293] CACATTCGAACCCACACATTGCCT TGTGCCCTCAGGTTTGATCTGTCT 

Sip1 [294] ATGGCAACACATGGGTTTAGTGGC ATTGGACTCTGAGCAGATGGGTGT 

TWIST [295] AATTCACAAGAATCAGGGCGTGGG TCTATCAGAATGCAGAGGTGTGGG 

E-cadherin [296] AAGTGACCGATGATGATGCC CTTCTCTGTCCATCTCAGCG 

 

7.2.11 Animal Model 

All animal studies were performed in accordance with the University of Washington Office of 

Animal Welfare guidelines for the use of animals, and all procedures were reviewed and 

approved by the Institutional Animal Care and Use Committee. For the flank syngeneic model, 

8-week-old female black-6 mice (Jackson Laboratories) were anesthetized using 1.5% inhaled 

isoflurane and one million TC-2 cells were injected into the right flank of the animal in Matrigel 

matrix (BD Biosciences). Imaging was performed using an IVIS Lumina II system 

(PerkinElmer) to monitor RFP expression. 

 

7.2.12 Scanning Electron Microscopy (SEM) 

Samples for SEM analysis were fixed with 2.5% glutaraldehyde in fully supplemented media for 

30 min at 37°C. The samples were then fixed in 2.5% glutaraldehyde in 0.1 M sodium 

cacodylate buffer overnight at 4°C. The samples were dehydrated in a series of ethanol washes 

(0%, 30%, 50%, 70%, 85%, 95%, 100%), with each wash performed twice. The samples were 

critical point dried, mounted, and sputter coated with platinum, and then imaged with a JSM-

7000F SEM (JEOL). 
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7.2.13 Histological Analysis 

CA scaffolds containing TC-2 tumor spheroids were fixed in 4% formaldehyde for 24 hr and 

placed in 30% sucrose until fully saturated. Afterwards, the scaffolds were cut into small pieces 

and frozen in optimal cutting temperature compound (OCT) embedding medium (Sakura) at 

80°C. The frozen sections (12 µm thickness) were stained with hematoxylin and eosin (H&E) 

and photographed under a Nikon ECLIPSE TE2000-S microscope. 

 

7.2.14 Statistical Analysis 

All of the data was statistically analyzed to express the mean ± standard deviation (SD) of the 

mean. Statistical significance was set at p  0.05 and tested with Student’s t-test. 

 

7.3 RESULTS AND DISCUSSION 

7.3.1 Characterization and Growth Features of TC-2 PCa Cells Cultured in 2D and 3D 

A 3D culture system should offer an environment in which the alterations of tumor cell 

phenotype are similar to those associated with tumor progression [297, 298]. It is therefore 

critical to assess the development of a tumor-like structure in CA scaffolds to evaluate their 

potential as an in vitro model for cancer research. Cell growth patterns and morphological 

changes were monitored after mouse TC-2
RFP

 PCa cells were cultured in 2D TCPs and 3D CA 

scaffolds. TC-2
RFP

 tumor spheroids were observed in CA scaffolds (Figure 33). In contrast, TC-

2
RFP

 cells in 2D cultures in TCPS exhibited characteristics of adherent epithelial cells. The 

morphology of TC-2
RFP

 cells was also observed with SEM. TC-2 cells in 2D cultures grew as flat 

monolayers (Figure 34a and b), whereas they formed tumor spheroids in the pores of the porous 

CA scaffolds (Figure 34c and d) and grew to 100 µm in diameter in 12 days (Figure 34d). 

This was further confirmed by H&E staining of a cross section of the scaffold, where tumor 

spheroids were located both inside (Figure 35a-b) and towards the exterior (Figure 35c-d) of 

CA scaffolds. The ability of PCa cells to form tumor spheroids in 3D cultures demonstrated that 

CA scaffolds provided a better mimic of the in vivo tumor environment than 2D cultures. 
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Figure 33. Optical (top row) and fluorescent (bottom row) images of the tumor cells/spheroids 

of TC-2
RFP

 cultured in 2D cultures and CA scaffolds for 5 and 12 days. Scale bars represent 100 

µm. 

 

 

 

Figure 34. SEM images of TC-2 cells cultured in 2D (a-b) and CA scaffolds (c-d) for 5 and 12 

days. Scale bars represent 50 µm. 
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Figure 35. H&E staining of TC-2 tumor spheroids grown in CA scaffolds for 12 days. Tumor 

spheres were observed (a-b) inside and (c-d) close to the surface of scaffolds. Scare bars 

represent 100 µm. 

 

Although cancer research has been mainly conducted using cells cultured as monolayers on 

TCPS, the distinct physicochemical properties of 3D cell culture platforms can efficiently bridge 

the simplified in vitro 2D models and complex in vivo models [73, 74]. Various engineering 

methods have been developed to facilitate tumor spheroid formation. Tumor cells can form 

aggregates when confined in “hanging drops”, in rotating-wall vessels on orbital shakers, or 

centrifuged in well plates with round or conical bottoms [299-302]. However, many of these 

systems were designed for cells to self-aggregate to form spheroids generating loose pack of 

cells without the distinct features of tumors. In the current study, TC-2 cells were trypsinized and 

resuspended as single cell suspensions before seeding onto CA scaffolds. CA scaffolds have pore 

sizes of 100–300 µm [289]. Observed under the microscope, cells were well distributed 

throughout the entire scaffolds after seeding. Therefore, we speculated that unlike the other 3D 

culturing systems, the naturally formed tumor-like spheroids observed in CA scaffolds originated 

from single PCa cells. We proposed that cell-cell interactions, production of ECM, and cell 

proliferation from the exterior to the spheroid center in CA scaffolds are more representative of 

what occur in the tumor milieu in vivo. We have previously demonstrated that in addition to 

maintaining tumor cell morphology, CA scaffolds can also increase tumor cell malignancy [9, 
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10, 284]. This further emphasized the important role of CA scaffolds as an in vitro tumor culture 

system that can better represent the tumor microenvironment than 2D TCPS. 

 

7.3.2 PCa Cell Proliferation in CA Scaffolds 

To further evaluate the behavior of cancer cells in the CA culture system, we monitored the 

growth kinetics of the naturally formed TC-2 tumor spheroids. Cell proliferation in 2D and CA 

cultures was determined using the AB assay. TC-2 cells in 2D cultures had a high proliferation 

rate and became highly confluent in three days (Figure 36), which corresponds with the growth 

kinetics of most established cancer cell lines on conventional 2D culture systems [303, 304]. In 

contrast, TC-2 cells cultured in CA scaffolds showed a greatly reduced growth rate, better 

matching the in vivo growth of tumors [74]. It was speculated that PCa cells in 2D cultures were 

exposed to sufficient nutrients and oxygen whereas CA scaffolds had limited nutrient and 

oxygen transport and removal of cell wastes, which is similar to the in vivo milieu as tumors 

must recruit blood vessels before they can begin to proliferate rapidly. In fact, this agrees with 

previous studies that the 3D microenvironment provided by porous scaffolds promotes 

malignancy of tumor cells in vitro and in vivo, which contributes to the decreased cell 

proliferation and a better mimic tumor in vivo conditions than the rapidly proliferating cells in 

standard 2D culture [74, 305]. The current hurdle of PCa drug development lies in the lack of 

predictability of tumor behavior, which is due to the discordance between traditional cell culture 

and the in vivo microenvironment. The features of TC-2 cell growth in CA scaffolds better 

reflect the in vivo physiological situation in human cancer tissues than conventional 2D cultures. 
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Figure 36. Growth kinetics of TC-2 cells in 2D cultures and in CA scaffolds as determined by 

the AB assay. 

 

7.3.3 ECM and Cell-Matrix Interactions of PCa Cells in CA Scaffolds 

In vitro 3D cultures may serve as a more representative model of the in vivo system than 

standard 2D cultures. In fact, the local tumor microenvironment is primarily composed of 

endogenous ECM.[306] Collagen and laminin are both important components of the ECM and 

have been used in producing 3D culture systems [307-310]. These two ECM related genes in 

cells cultured in 2D cultures and 3D scaffolds were quantified with qRT-PCR. A 20% (collagen) 

and 81% (laminin) increase in mRNA expression was observed in cells cultured in CA scaffolds 

relative to 2D cultures (Figure 37a). This suggests that in addition to resembling the architecture 

of solid tumors, the CA scaffolds also promoted the expression of ECM genes. 

An epithelial-mesenchymal transition (EMT) is a developmental process of cells switching 

from epithelial to mesenchymal status [311]. Additionally, the EMT is activated by carcinoma 

cells during their course of invasion and metastasis [312]. Recent studies have demonstrated the 

role of the EMT in facilitating progression and metastasis of PCa as it increases motility and 

invasiveness of the cancer cells [313, 314]. We have previously shown that culture of brain and 

liver cancer cells on CA scaffolds increases their malignancy and chemo-resistance [10, 283], 

which was caused by transition to a more-stem like state through an EMT [10]. Therefore, to 
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better recapitulate the in vivo situation in vitro, 3D culture systems should be able to induce the 

EMT in PCa cells. We measured the expression levels of EMT related genes in PCa cells grown 

in CA scaffolds and 2D cultures. 

Snail mediates the EMT through downregulation of cell adhesion molecules, and its 

expression increases with PCa progression [315, 316]. A 20% increase in Snail expression was 

demonstrated in CA scaffolds over 2D cultures as determined by qRT-PCR (Figure 37b), 

suggesting the CA culture system promoted the EMT of PCa cells. 

Slug plays a critical role in the EMT and its upregulation is associated with advanced-stage 

PCa [317, 318], and Twist expression is positively correlated with Gleason grading of PCa, 

suggesting its role in tumorigenesis [319]. Twist is a highly conserved basic helix-loop-helix 

transcription factor in PCa that promotes the EMT [320]. The expression patterns of these two 

gene markers were similar to that of Snail, where the increased expression in CA scaffolds was 

approximately 34% and 90% higher than in 2D cultures (Figure 37b). Slug can also suppress the 

proliferation of PCa cells [321], which is in line with the decreased proliferation rate of TC-2 

cells in CA scaffolds shown above (Figure 36). 

Sip1, a member of the δEF-1 family of two-handed zinc finger nuclear factors, is another 

protein involved in the EMT of PCa [322]. Sip1 expression correlates with PCa cell migration 

and invasion [323, 324]. Sip1 mRNA expression in TC-2 cells cultured in CA scaffolds 

increased 2.2-fold as compared to those in 2D cultures (Figure 37b). 

In addition to the upregulation of the mesenchymal markers, we also observed a 2.7-fold 

increase in mRNA expression of an epithelial marker E-cadherin (Figure 37c). High expression 

of E-cadherin is speculated to occur at the late stage of EMT, when the disseminated 

mesenchymal tumor cells recapitulate the pathology of their corresponding primary tumors at the 

metastatic sites [325]. In fact, E-cadherin upregulation can induce a more stem-like state in PCa 

cells [325-327]. Furthermore, upregulation of E-cadherin has been detected in advanced 

metastatic PCa, and is considered to be correlated with tumor invasion and poor patient 

prognosis [328, 329]. 

Overall, the upregulation of these EMT related transcriptional factors induced by culture in 

CA scaffolds shows the increased migratory potential and the ability of cells to invade an 

artificial scaffold, a typical phenotypic feature of PCa. Previous studies have demonstrated that 

the expression levels of these factors were induced by microenvironmental stimuli [330]. This 
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phenomenon observed in CA cultures suggests the potential of 3D CA scaffolds to act as a 

mimic of in vivo tumor microenvironment. 

 

 

 

Figure 37. Expression of (a) ECM and (b and c) EMT gene markers quantified by qRT-PCR. 

Cells were grown in 2D cultures and CA scaffolds for 12 days prior to collection and analysis. 

Asterisks indicate significance as determined by Student’s t-test: *P   0.01 and ** P  0.05. 

Results are from 3 independent experiments run in triplicate. 

 

7.3.4 Analyzing Plasmid Delivery in CA Scaffolds 

Our previous studies demonstrated that CTX conjugated NPs are able to enhance delivery 

specifically to brain tumors by increasing the distribution and cell uptake of the NP throughout 

the tumor [6, 70]. It has also been reported that CTX is able to target PCa through specific 

interactions with cell surface receptors MMP-2 or Annexin A2 [104, 331]. To determine if CTX 

can target TC-2 PCa cells, the cells growing on 2D cultures were incubated with CTX-AF647 

conjugate and free AF647 fluorophore at different concentrations for 1 hr and the binding of 

CTX-AF647 to PCa cells was assessed using flow cytometry. Here the free fluorophore served 

as the control to determine the background cellular uptake. Little binding of the free fluorophore 

to PCa cells was observed at the three fluorophore concentrations tested (Figure 38a and b). On 

the other hand, the binding of CTX-AF647 conjugates to PCa cells at the three concentrations of 
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CTX with the fluorophore amounts equivalent to the three free fluorophore concentrations was 

substantially higher than free AF647 and demonstrated strong dose-dependence. PCa cells 

treated with CTX-AF647 exhibited an approximate 3-, 4-, and 6-fold higher fluorescence 

intensity at the three fluorophore concentrations, respectively, compared to the untreated PCa 

cells, while free AF647 showed less than 1 fold increase in fluorescence intensity for all three 

concentrations of fluorophores as compared to the untreated cells (Figure 38b). 

 

 

 

Figure 38. In vitro evaluation of tumor targeting of CTX to TC-2 cells. (a) Flow cytometry 

analysis of 2D cultured TC-2 cells incubated with free AF647 fluorophore and AF647 

conjugated CTX (CTX-AF647) at different concentrations of CTX. (b) Normalized mean 

fluorescence intensity of TC-2 cells from (a). 

 

To reveal the difference in mimicking the tumor microenvironment between 2D cultures and 

CA scaffolds for tumor targeted NPs as gene delivery carriers, PCa cells cultured in both 2D 

cultures and CA scaffolds were treated with RFP encoding plasmid DNA loaded NPs with (NP-

CTX) or without CTX (NP-control) conjugated. The transfection efficiency was evaluated three 

days post-inoculation of NPs by measuring RFP fluorescence in solubilized cells using a 

microplate reader (Figure 39a and b). NP-CTX showed no cell targeting effect in 2D cultures 

whereas an 80% increase in RFP fluorescence intensity was observed in NP-CTX treated cells 

cultured in CA scaffolds as compared with NP-control treated cells. This is consistent with the 

fluorescence microscopy images that show more RFP expressing TC-2 cells in CA scaffolds 
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treated with NP-CTX than those treated with NP-control, while a similar percentage of RFP 

positive cells in 2D cultures was detected with both treatments (Figure 39c). Perls’ Prussian blue 

staining also revealed that NP-CTX has higher affinity to TC-2 tumor spheres than NP-control, 

whereas cellular uptake is similar between NP-control and NP-CTX in 2D cultures (Figure 39d). 

In accord with our previous findings [6, 70], CTX promoted the distribution of NP inside the 

tumor, suggesting the high penetration capacity of NP-CTX in solid tumor. 
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Figure 39. In vitro evaluation of targeted delivery of RFP plasmid to TC-2 cells in 2D cultures 

and CA scaffolds using NP-control and NP-CTX. (a) RFP transfection of TC-2 cells induced by 

NP-control and NP-CTX in 2D cultures and CA scaffolds. RFP fluorescence in TC-2 cells was 

measured using a microplate reader and normalized to total protein content. (b) RFP fluorescence 

intensity from NP-CTX and NP-control treated TC-2 cells growing in 2D and CA scaffolds 

acquired from (a) was normalized to the NP-control. Asterisk indicates significance as 

determined by Student’s t-test: *P  0.01. (c) Brightfield and fluorescence images of NP-control 

and NP-CTX transfected TC-2 cells growing in 2D cultures and CA scaffolds. Scale bars 

represent 100 µm. (d) NP-control and NP-CTX were also detected by staining with Perls’ 

Prussian blue. TC-2 cells were counterstained with nuclear fast red. Scale bars correspond to 100 

µm. 

 

The lack of tumor cell targeting of NP-CTX in 2D cultures was likely due to the direct 

interaction between each cell and the positively charged NPs and to the absence of other 

materials in 2D cultures. The uptake of NP-CTX by each tumor cell was caused by both 

receptor–mediated (CTX and tumor cell surface receptors) and absorptive-mediated (positively 

charged NPs and negatively charged cells) endocytosis. Absorptive-mediated endocytosis 

dominates cellular uptake of NPs when NPs are highly positively charged, which has been 

observed with several other cationic gene delivery agents [7, 332]. When NPs were incubated 

with PCa tumor spheroids in CA scaffolds, positively charged NPs interact with cells as well as 

CA scaffolds. The tumor-targeted NP-CTX had high affinity to the PCa cells through specific 

interactions with cell surface receptors MMP-2 or Annexin A2 [104, 331] whereas non-targeted 

NP-control had similar affinity to the cell surface, CA scaffold, and ECMs produced by tumor 

cells through electrostatic interactions. Thus, the cellular uptake of NP-CTX in CA scaffolds was 

via both receptor- and adsorptive-mediated endocytosis while the cellular uptake of NP-control 

was via adsorptive-mediated endocytosis only. Additionally, the higher malignancy of PCa cells 

in 3D CA scaffolds as compared to 2D cultures likely caused increased expression of MMP-2 

[333] so provided a higher number of cell surface receptors for NP-CTX to attach to. Thus, NP-

CTX would have stronger affinity to PCa cells in tumor spheroids than PCa cells in 2D cultures 

[334-336]. 
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7.3.5 In Vivo Delivery of RFP Using NP-CTX 

Abnormal vasculature, elevated interstitial fluid pressure, and ECM are three unique 

architectural features of solid tumors that restrict mobility of a nanomedicine through malignant 

tissue [334, 335]. NPs can escape blood vessels by the enhanced permeation and retention (EPR) 

effect. Following extravasation from blood vessels, the transport of NP through the extracellular 

space to reach target cells is hindered by the complex structure of ECM in solid tumors 

comprising fibrous macromolecules such as collagen and GAGs [336]. Without a targeting 

ligand, positively charged NPs have a strong affinity to both ECM and target cells. Therefore, a 

targeting ligand is important for enabling the specific attachment of the NPs to the tumor cells. 

Our studies revealed that CTX enhanced NP-mediated transfection on cancer cells cultured in 

CA scaffolds. 

We expected that the 3D model would serve as a good indicator of gene transfection 

efficiency in vivo. After establishing that the NP-CTX could enhance the delivery of plasmid 

DNA into cells in CA culture, we evaluated targeted gene delivery of NP-CTX in mice bearing 

TC-2 PCa tumors. NP-CTX and NP-control complexed with RFP plasmid were injected 

intravenously through the tail vein. After 48 hr, tumors were collected and imaged using the 

IVIS Lumina II system. 1.6-fold increase in fluorescence intensity was observed in the NP-CTX 

treated tumor as compared to cells treated with NP-control, demonstrating the increased 

transfection efficiency in the tumor as a result of targeting ability of CTX in PCa (Figure 40a 

and b). Perls’ Prussian blue staining corroborated these results and showed accumulation of NP-

CTX at a higher level than NP-control in tumor sections (Figure 40c and d). These results 

showed that NP-control and NP-CTX in PCa tumors behave similar to that in CA scaffolds in 

vitro (Figure 39c and d). Importantly, the increased transfection efficiency observed in the PCa 

tumor was target specific as RFP expression in liver, kidney, spleen, heart and lung was not 

affected by the presence of CTX (Figure 41). 

Various strategies have been developed to facilitate efficient NP penetration into tumors. 

Size has been found to be a crucial factor that affects the permeability of nanodrugs [337, 338]. 

Additionally, targeting ligands have been shown to improve the delivery of NPs throughout the 

tumor [6, 339, 340]. The targeting capacity of CTX to human brain tumors is well established [6, 

126]. Some evidence also indicates that CTX can target PCa in vivo [331]. When conjugated 
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onto NPs, CTX did not facilitate targeted gene delivery in PCa cells cultured on standard 2D 

TCPS surfaces. Instead, these in vitro results falsely predicted CTX is not a good targeting agent 

to use on the surface of cationic NPs to target PCa even though CTX itself showed high uptake 

in PCa cells. However, in agreement with the previous studies, our results demonstrate that CTX 

conjugated NPs had high binding efficiency in PCa tumors and were readily taken up and well 

distributed throughout PCa tumors while not affecting non-specific uptake in healthy tissues. 

Importantly, the in vivo targeting corresponded well to the in vitro NP-CTX delivery in CA 

scaffolds, revealing that NP-CTX mediated gene delivery in this in vitro cell culture model could 

replicate the in vivo targeting effect. It also indicated that this 3D cell culture model could be 

applied in the study of penetration and transport of anticancer nanomedicines in order to better 

predict their targeting efficiency in vivo. 
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Figure 40. Accumulation and transfection efficiency of NP-control and NP-CTX in tumors. (a) 

Xenogen imaging of tumors from untreated, NP-control, and NP-CTX treated animals. (b) 

Quantification of fluorescence intensities (photons/sec/cm
2
/steradian)/(μW/cm

2
) of tumors from 

untreated mice and mice treated with NP-control and NP-CTX. (c-d) Perls’ Prussian blue 

staining indicating the accumulation of NP. Scale bars represent 100 µm. 
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Figure 41. Xenogen images of harvested livers, kidneys, spleens, hearts, and lungsfrom 

untreated mice and mice treated with NP-control or NP-CTX (n  3).  

 

7.4 CONCLUSIONS 

In the present study, we demonstrated that PCa TC-2 cells cultured in CA scaffolds in vitro more 

accurately predict in vivo targeted nanoparticle-mediated gene delivery. TC-2 PCa cells formed 

tumor spheroids when cultured in CA scaffolds and showed upregulation of ECM and EMT gene 

markers as compared to standard 2D culture on TCPS. Targeted nanoparticle-mediated delivery 

of RFP plasmid DNA into TC-2 tumor spheroids was achieved with CTX in cells cultured in CA 

scaffolds but not on 2D cultures in TCPS. This underscores the utility of the 3D culture when 

testing positively-charged targeted NPs as the standard 2D culture on TCPS did not show the 

targeting effect of CTX. Significantly, the in vitro targeted transfection results seen using CA 

scaffolds matched the in vivo targeted transfection efficiency observed in PCa tumors. Taken 

together, our results provide strong evidence that this in vitro cell culture system can serve as a 
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useful 3D tumor model that mimics the in vivo tumor microenvironment structure and accurately 

predicts in vivo targeting efficiency. Thus, this 3D scaffold culture system should be used in the 

initial screening of tumor targeted NP delivery vehicles. 
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8. SUMMARY OF MAJOR FINDINGS 

Gene therapy possesses the potential to overcome many of the shortcomings of current cancer 

treatments, such as low therapeutic ratio and dose limiting toxicity [341]. The application of 

nanotechnology to cancer gene therapy has the potential to improve its efficacy while limiting 

off target toxicity. The aim of this dissertation was to design and develop multifunctional 

nanomaterials to improve nonviral gene delivery to cancer cells in vitro and in vivo as well as 

develop a better in vitro 3D scaffold that better mimics in vivo growth in order to evaluate 

nanoparticle-mediated gene delivery under more physiological conditions. 

The development of an iron oxide nanoparticle system for non-viral gene delivery was 

presented in Chapter 3. It was demonstrated that nanoparticle coated with copolymer comprising 

biocompatible chitosan, PEG, and PEI with further modification of a targeting peptide called 

chlorotoxin was able to delivery plasmid DNA with limited toxicity. Targeted delivery of a 

suicide gene, TRAIL, can induce obvious toxicity in vitro and significantly inhibit tumor growth 

of a human GBM mouse xenograft model. We then applied this nanoparticle system in RNAi-

mediated gene therapy in Chapter 4. By using a luciferase reporter system, we showed that the 

nanoparticle could deliver siRNA to tumor in a target-specific manner and efficiently suppress 

the target gene both in vitro and in vivo. In order to expand the work, we identified two 

therapeutic siRNA-based treatments in vitro in Chapter 5. The knock-down of both EGFR and β-

catenin expression inhibited GBM cell proliferation, migration, and invasion while increasing 

apoptosis. The delivery of siRNA against MGMT significantly sensitized GBM cells in vitro to 

the clinical methylating agent temozolomide by about 5-fold. Thus, we also evaluated treatment 

with anti-MGMT siRNA in vivo in Chapter 6. We found that nanoparticle-mediated delivery of 

MGMT siRNA successfully inhibited MGMT expression in an intracranial human GBM mouse 

xenograft, delayed the tumor growth, and prolonged animal survival.  

Finally, the growth of human tumor cells cultured on three-dimensional (3D) scaffolds 

fabricated with chitosan and alginate better mimicked that of tumors in vivo was reported in 

Chapter 7. Tumor cells cultured on 3D scaffolds demonstrated higher expression of genes 

associated with tumor malignancy and treatment resistance compared to cells cultured as 

adherent monolayers. Nanoparticle-mediated gene delivery was demonstrated in cells grown on 



123 

 

 

scaffolds, suggesting that the scaffolds could be used for inexpensive, high-throughput screening 

of nanomedicines prior to in vivo evaluation in costly animal models.  
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