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ABSTRACT 

Cancer is the second leading cause of mortality worldwide, resulting in over 

eight million deaths per year. In the fight against cancer, traditional 

chemotherapeutics are not very effective due to poor delivery, toxicity to healthy 

tissues, and ever-increasing cancer resistance. Since neoplastic cells require 

increased levels of iron (Fe) to proliferate, a promising strategy for cancer 

treatment is Fe deprivation using metal chelators. One such chelator, Di-2-

pyridylketone-4,4-dimethyl-3-thiosemicarbazone (Dp44mT), has been shown to 

be extremely toxic towards many types of cancer in its free form (IC50 of 4 - 500 

nM), due to its ability to chelate both Fe and copper (Cu), produce reactive 

oxygen species (ROS) through redox cycling, and overcome multi-drug 

resistance in malignant cells. Therefore, Dp44mT presents a promising candidate 

for the treatment of highly aggressive tumors. However, due to the 

hydrophobicity and toxicity of this compound, encapsulating Dp44mT into a 

nano-carrier will enhance its therapeutic effectiveness, while also preventing 

premature drug degradation, improving biodistribution and drug release to the 

tumor, and mitigating negative side effects to healthy tissues.  The objective of 

this project was the development of a new anti-cancer nano-formulation based on 

Dp44mT and the in vitro evaluation of this formulation against malignant cells.  

To this end, we first utilized two distinct techniques, nanoprecipitation and 

single emulsion, to fabricate nanoparticle of poly(lactic-co-glycolic acid)(PLGA) 

loaded with Dp44mT (referred to as “Dp44mT-NPs”). During fabrication, 

Dp44mT encapsulation efficiency and NP size was optimized through the 
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adjustment of the polymer, drug, and surfactant concentrations, as well as 

injection rate. The resultant Dp44mT-NPs were also characterized for shape, 

surface potential, colloidal stability and drug release. Next, we assessed, for the 

first time, the therapeutic effectiveness of both free and encapsulated Dp44mT in 

glioma (U251, U87) cells, as compared to healthy astrocytes. We further applied 

our Dp44mT-NPs to other malignant cells, namely breast (MCF7) and colorectal 

(HT29) cancer cells, to evaluate this nano-formulation as a universal anti-cancer 

platform. Finally, we modified this nano-formulation, via surface PEGylation and 

conjugation of a cancer-specific targeting ligand, to improve nanoparticle 

stability, biodistribution, and delivery for future in vivo applications. We then re-

evaluated the efficacy of our PEGylated Dp44mT-NPs against malignant cells, 

both with and without targeting. Lastly, we assessed the ability of these 

PEGylated NPs to bypass the endothelial layer of an in vitro Blood-Brain Barrier 

model. In summary, this dissertation presents the fabrication, optimization, and 

assessment of a novel nano-formulation, containing anti-cancer chelator 

Dp44mT, for future application as a chemotherapeutic against malignant cells. 
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CHAPTER I 

INTRODUCTION 

 

1.1. Societal Impact of Cancer 

One of the greatest health issues in our society to date is cancer. Cancer causes 

approximately 22% of all deaths annually [1-3], ranking it as the second highest cause 

of mortality worldwide, surpassed only by cardiovascular disease (Figure 1.1). In 2012, 

over 14 million cases of cancer were diagnosed globally, of which over 57% of those 

cases  resulted in death [4]. This translates to approximately 21,000 deaths per day 

worldwide. While cancer has an impact worldwide, its influence is most apparent in 

wealthy and industrialized (first-world) countries [4], where infectious diseases, 

nutrient-deprivation, and sanitation-related diseases are less problematic. In the United 

States alone, cancer kills over 600,000 people per year, which is a daily mortality rate 

of 1,600 people [1].  These rates are further influenced by social behaviors (e.g., diet, 

exercise, drinking, smoking), life expectancy, race and genetics, as well as 

environmental exposure [1].  

Cancer also has an enormous and ever increasing financial burden on society; it is 

estimated that over $80 million was spent on cancer-related medical costs, including 

pharmaceuticals, surgery, and doctor’s visits, the United States in 2015 [1, 4]. However, 

cost of treatment is not the only impact of cancer on the economy. When combined with 

secondary costs, including travel, loss of income, reduced productivity, and end-of-life 

expenses, it was estimated that the total annual economic cost of cancer was over one 
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trillion dollars in 2010. As costs of medical care and rates of cancer occurrence increase, 

this cost will only continue to rise. Together, cancer is a huge burden on society, both 

socially and financially. As such, we need more effective methods of treating these 

deadly diseases. Given that, this study will focus on breast cancer, colorectal cancer, 

and glioblastoma (brain cancer), as representative models, more details on these cancers 

are discussed below. 

 

 

Figure 1.1 Societal Impact of Cancer. (A) Leading causes of death worldwide and (B) 

Rates of mortality and five-year survival in common cancers [1-4]. 

 

1.1.1. Breast Cancer 

Globally, breast cancer is the second most common type of cancer worldwide, with 

over 1.6 million cases, or an incidence 11.9%, diagnosed in 2012 [4]. While both men 

and women are affected by this type of cancer, it is heavily weighted towards women, 

and is the primary cause of cancer death in women [1, 4-6], due genetic and hormonal 

influences [5, 7]. The majority (50 - 80%) of breast cancer patients are diagnosed with 

invasive ductal carcinoma [6], cancerous epithelium of the milk duct that has invaded 

the surrounding fibrous tissue, when they are between 50 - 65 years of age. If detected 

A             B        
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early via mammography [1, 5], the mortality rate is relatively low at 6.4% (or 

5.2/100,000) [4] and the five year survival rate is quite high at > 85% [5, 7].  However, 

the main cause of death for breast cancer patients is not the primary tumor but instead 

metastasis to other sights [6], which commonly targets the lymph nodes, bone, lung, and 

liver [6]. Hence, the first line of treatment is chemotherapy, followed by surgery and/or 

radiation [6]. Even with treatment, If the tumor becomes metastatic, metastasis reduces 

5 year survival drastically to ~ 30% [5, 6] and recurrence after surgery occurs in 40% 

of cases [6]. 

 

1.1.2. Colorectal Cancer 

Colorectal cancer is the third most common type of cancer, with over 1.3 million 

cases diagnosed globally, or an incidence of 9.7%, in 2012 [4]. Colorectal 

adenocarcinoma, cancer of the mucus-producing glandular cells of the colon/rectum, is 

the most common form of colorectal cancer (> 95%). is most commonly diagnosed in 

patients of 70 years median age [7], the majority of which are men [4, 5]. Other than 

family history, risk factors are mostly related to age and lifestyle choices (e.g., diet, 

alcohol consumption, and weight) [5]. The result is the second leading cause of cancer-

related mortality [8] of 8.5% (or 7/100,000) in 2012 [4]. While early diagnosis, via 

colonoscopy, and treatment can result in very high long-term survival of 90% [5], the 

average five year survival rate is currently only a moderate 65% [7], as most adults tend 

to avoid proper screening procedures.  Metastasis, usually to the lung or liver, severally 

reduces long-term survival to < 10% [5], therefore the current median survival is 24 

months even with aggressive combinatorial therapy [8]. 
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1.1.3. Glioblastoma Multiforme (GBM) 

Glioblastoma/GBM, cancerous non-neuronal (glial) support cells of the brain, is the 

most common and aggressive primary brain tumor in humans. With a 3% incidence [1, 

9], GBM is not nearly as common as breast cancer (11.9%) or colorectal cancer (9.7%), 

as described above [4]. In fact, brain/nervous cancers do not even rank within the top 

ten cancers affecting the global population. Even so, GBM accounts for approximately 

14,000 new diagnoses per year in the United States [9], which is 15 - 20% of total brain 

tumors diagnosed annually [9-13]. Similar to the other two cancers  discussed above, 

GBM is predominantly observed in older patients (> 50 years) [14]. However, unlike 

the other cancers, the five-year survival is very poor, at less than 16% [10, 15]. As such, 

aggressive treatment typically only extends life by additional 12 - 16 months [10, 16]. 

GBM also causes a huge social burden; with the cost of initial care reaching over 

$150,000, it has the highest per-patient cost of any cancer group.  

 

1.2. Current Cancer Treatments 

Regardless of the type of cancer, the traditional modes of treatment usually involve 

a combination of surgery, radiation, and chemotherapy. (Figure 1.2) The combination 

of therapies prescribed to a patient is dependent upon the stage, grade, and location of 

the cancer, as well as patient comorbidity, age, and personal preferences [7].  

The most aggressive cancer therapy is surgery. When applicable, resection of the 

cancerous tumor and nearby lymph nodes is the quickest way to reduce cancer burden 

and increase the chance of patient survival [17]. However, surgery is not always 
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applicable, perhaps due to the location or size of the tumor. To preserve the quality of 

life of a colorectal patient, for instance, surgery might instead be replaced with a 

regimen of aggressive chemotherapy and/or radiation [7]. Another disadvantage to 

surgery is incomplete tumor resection and recurrence, which is quite common for 

diffuse and/or metastatic cancers, like glioblastoma, where it is difficult to locate and 

remove all cancerous tissue. Therefore, surgery is usually followed by aggressive 

regimens of radiation and chemotherapy.  

Radiation therapy is used to kill cancer cells through the application of ionizing 

radiation, which damages cellular DNA beyond repair. While radiation can be applied 

by external or internal (implantable) means depending on the cancer being treated [18], 

external exposure is by far the most common technique. The limitations of this 

technique are penetration depth and accuracy. For deeply located tumors like 

glioblastoma, radiation must bypass the skull and healthy brain/nervous tissues in order 

to effectively localize to the cancerous tissue. However, this can damage the surround 

healthy tissues since radiation is not cell-specific [19]. It has also been reported that 

hypoxic tumor regions have reduced sensitivity to radiation, which predisposes the 

cancer to metastasize [19].  As such, radiation is typically used in conjunction with 

surgery and chemotherapy [18].  

Chemotherapy utilizes biological/chemical agents to kill rapidly-dividing cells 

remaining in the primary tissue or that might have spread to other parts of the body [19, 

20].  As such, this type of therapy includes the application of small-molecule anti-

neoplastic drugs, gene-modifying drugs or nucleic acids, and even modified immune or 

stem cells. The efficacy of a chemotherapeutic regimen depends on the type, stage, 
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location, and size of the cancer being treated. Its effectiveness is often limited by the 

drug’s high toxicity, issues with tumor-specific delivery, and multi-drug resistance. 

While some chemotherapeutic agents can be administered directly to the tumor site, 

through ointments (skin), meshes (uterine, bladder), inserted chips/pumps (brain), oral 

inhalants (lung), etc. [20, 21], many cancers are located in deeper or more fragile organs 

for which direct application is too invasive. Treatment in these organs relies on vascular 

application, which has been reported to be very effective for systemic cancers, like 

leukemia, or cancers involving filtration organs (e.g., liver or kidney cancer). For other 

cancers, however, vascular drug delivery relies upon the enhanced permeability and 

retention (EPR) effect [19] to bypass biological barriers and access the tumor. While 

this may be beneficial for controlled-delivery platforms like nanoparticles, this “leaky 

vasculature” can also cause drug delivery problems due to irregular flow, occlusions 

and high interstitial pressure [19]. To overcome ineffective delivery, short drug half-life 

and poor drug solubility [22], while maintaining therapeutic drug levels in the tumor 

tissue, chemotherapeutics are applied in large, repetitive doses. Since chemotherapy 

drugs are often not cell-specific, general drug application results in off-target toxicity in 

healthy tissues and the formation of multi-drug resistance (MDR). MDR is an ever 

increasing complication against successful chemotherapy as it negates the effectiveness 

of the applied chemotherapeutic and often leads to metastasis [23]. Together, these 

issues emphasize the need for more effective and targeted therapies. 
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Figure 1.2. The Many Sides of Cancer Therapy. A comprehensive summary of 

traditional cancer treatment regimens as compared to new precision 

medicine regimens being applied for personalized therapy [24]. 

 

1.3. Iron Chelation in Cancer 

Due to the need for more effective therapies for the treatment of malignant cells, a 

recent trend in the field is focused on pursuing more generalized cellular targets which 

are common to multiple cancer cell types. In this vein, the use of metal chelators, 

specifically iron (Fe) chelators, has become of particular interest, as Fe is essential for 

the proper functioning of all cells [25, 26] and it has been observed that altered Fe 

metabolism is a key hallmark in many cancers [25]. 

Intracellular Fe is involved in many major cellular functions including: proper heme 

functionalization during hemostasis, DNA synthesis, cell cycle regulation and division, 

and the proper function of proteins containing Fe-Sulphur (S) clusters, which contribute 

to genomic stability and respiratory function [25, 27]. One of the most important Fe-

containing metalloenzymes is ribonucleotide reductase, which converts ribonucleotides 

into deoxyribonucleotides for DNA synthesis [27]. To maintain these essential cellular 
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functions, intracellular Fe levels are normally tightly regulated through a combination 

of iron storage, transport, distribution, and the production of reactive oxygen species 

(ROS). ROS production, which results from the controlled redox cycling of Fe and 

copper (Cu), is also important several cellular processes including lipid peroxidation, 

protein oxidation, and nucleic acid degradation [26].  

In disease states, this normal regulation of Fe can be disrupted by the presence of 

either too much iron, due to excessive environmental absorption, or too little iron, due 

to the influence of iron chelators [25]. Due to the rapid growth rate of cancer cells and 

their increased need for Fe uptake compared to healthy cells (Figure 1.3), cancer cells 

reprogram cellular Fe metabolism in their favor. They upregulate proteins that are 

involved in Fe uptake (e.g., transferrin receptor-1 (TfR1), 6-transmembrane epithelial 

antigen of prostate (STEAP) metalloreductase proteins, and lipocalin-2 (LCN2)), 

downregulate the expression of Fe storage and efflux proteins (e.g., ferritin, ferroportin) 

[25], and interrupt the translation of iron-regulatory proteins (IRP1/2) [28]. The overall 

result is an unregulated net influx of Fe contributing to uncontrolled cellular growth and 

division. Thus, one method of killing cancer cells that is currently being explored is the 

use of Fe chelators to deprive cancer cells of essential Fe. 
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Figure 1.3. The Uptake and Intracellular Impact of Iron. Iron influx and efflux in 

(A) healthy vs. (B) malignant cells [25]. 

 

Fe chelators are small molecules that utilize the movement of donor and acceptor 

electrons to form stable complexes with transition metal ions [29-31]. Traditionally, Fe 

chelators such as Deferoxamine (DFO) were used in hematology cases as a treatment 

for iron overdoses; now they are being developed to target the proteins essential for Fe 

influx, efflux, and regulation for use in cancer treatments [32, 33]. The majority of 

chelators can readily bypass cellular membranes due to their small size and lipophilicity. 

However, there are a few exceptions, like DFO, that have been found to trigger cancer 

cell apoptosis but are not very effective as chemotherapeutics due to their hydrophilic 

nature, resulting in poor membrane permeability and uptake [34-37].  

Once in the cytosol, these molecules work through two main strategies: (1) cellular 

deprivation of Fe to prevent essential cellular growth and division and (2) redox cycling 

leading to the production of toxic ROS [25, 26, 34]. These toxic free radicals are capable 

of permeabilizing endosomal membranes and triggering the intracellular caspase-3/9 

apoptotic pathway via cytochrome-c activation [38]. By binding up essential transition 

metals, chelators also trigger the inhibitory function of iron-containing metalloenzymes 
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[26]. Chelator toxicity is, therefore, a function of its ability to bind multiple transition 

metal conformations (low metal selectivity) [26] and inhibit multiple essential cellular 

pathways, as is summarized in Figure 1.4. Other chelators have been found to modulate 

the expression of cell cycle regulatory proteins, which are commonly altered in cancer 

cells. Iron chelation has been reported to reduce the activity of cyclin-dependent 

kinases-2 (CDK-2), which normally promotes cell cycle progression, thereby inducing 

apoptosis [28]. Other chelators have been found to up-regulate N-myc downstream 

regulated gene 1 (NDRG1), which has been shown to inhibit the invasion and metastasis 

of some cancers [39, 40]. Although chelators have been shown to be effective at killing 

cancer cells, their efficiency is either limited by their chemical characteristics or cancer-

developed resistance.  

 

Figure 1.4. The Downstream Effects of Iron Depletion. Iron Depletion leads to a change 

in intracellular regulation pathways resulting in cell cycle arrest and 

apoptosis [41]. 
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1.4. A Family of Chelators with Excellent Anti-tumor Activity: 

Thiosemicarbazones 

The thiosemicarbazone (TSC) family of chelators was designed to address the 

lipophilicity and permeability issues experienced with other chelators. Reported as early 

as the 1960s [42, 43], the ability of TSCs to form stable complexes with multiple 

transition metal ions, including Cu(I/II) and Fe(II/III), and perform redox cycling with 

both complexes plays a significant role in their biological activity and makes them 

versatile pharmacophores [29-31, 44]. TSCs have also been reported to markedly 

upregulate NDRG1 [45, 46]. One such TSC, Triapine (3-aminopyridine-2-

carboxaldehyde thiosemicarbazone, (3-AP)), has made it successfully to Phase II 

clinical trials [47, 48]. This tridentate Fe chelator acts mainly as a ribonucleotide 

reductase inhibitor to prevent DNA repair and synthesis, but it has also been reported to 

form redox complexes and produce ROS in renal cell carcinoma [49]. Unfortunately, 

Triapine has not been found to be very effective in clinical trials and comes with very 

significant side effects [27, 50]. 

Another more active TSC, however, shows much more promise. Di-2-

pyridylketone-4,4-dimethyl-3-thiosemicarbazone (Dp44mT) is a small, hydrophobic 

chelator that has been tested against over 30 cancer cell lines, with an average IC50 ~ 30 

nM (IC50 ranges from 5 - 400 nM depending on the cell line) [45], which is more 

effective than other TSCs like Triapine (IC50 = 1 - 3 µM), other chelators including DFO 

(IC50 = 3 - 25 µM), and even other common chemotherapeutics such as DOX (IC50 = 

0.3 - 1 µM) [38, 45, 46, 51-53]. As summarized in Figure 1.5, Dp44mT’s enhanced 

cytotoxicity can be attributed to three main functions: (1) high Fe and Cu chelation 
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efficacy due to its ability to inhibit Fe uptake from TFR1 and increase Fe release from 

cells [51, 54]; (2)  production of ROS via Fe and Cu-redox complexes resulting in 

apoptosis [51]; and (3) utilization of the NDRG1 pathway to block cellular proliferation, 

overcome cancer metastasis, and bypass p53-induced MDR [45, 51, 55]. While 

Dp44mT has an apparent selectivity towards neoplastic tumor cells rather than normal 

cells (IC50 > 25 µM in fibroblasts) [51], suggesting that it should have reduced side 

effects on healthy tissues, it should be noted that large doses of 0.75 mg/kg of free 

Dp44mT, administrated in free form [45], have been found to cause myocardial lesions 

in mice [45, 46, 56]. Therefore, to enhance its therapeutic effectiveness to target cancer 

cells while reducing off-target toxicity to healthy cells, Dp44mT should be encapsulated 

into an effective carrier/delivery system.  

 

                                

Figure 1.5. Dp44mT and Its Mechanism of Action. Dp44mT toxicity occurs by (A) 

chelating iron and copper [54], (B) producing of reactive oxygen species 

[38], and (C) altering intracellular signaling pathways [55]. 

 

1.5. The Use of Nano-Carriers in Cancer Therapy 

Due to the toxicity, instability, and ambiguous delivery of current chemotherapeutic 

drugs, better platforms are required to enhance the effects and delivery of these 

A        B           C 
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compounds. One option is to employ the use of nano-carriers for the delivery of these 

chemotherapeutics. Nanomaterials and nano-scale based platforms have become very 

popular for many medical applications due to the unique properties afforded by their 

size range and their versatility in curing diseases or repairing damaged tissues [57, 58]. 

Materials in this size range have an increased surface-to-volume ratio compared to 

larger materials, which results in changes to the material reactivity, elasticity, magnetic 

properties, conductivity, etc. [59].  Nanoparticles (NPs) are also able to access tiny areas 

of the body for better drug delivery [60] and can be easily manipulated for targeted and 

controlled delivery of their toxic payload, while bypassing the immune system and 

filtration organs, resulting in a more effective treatment regimen with reduced side 

effects [61]. In Figure 1.6 are the major classes of NPs currently used for medical 

applications, which include: liposomes, nanoshells (including quantum dots), metals 

and metal oxides, carbon-based particles (carbon nanotubes and fullerenes), nano-

emulsions, nanocrystals, and polymer-based nanomaterials (including dendrimers) [59]. 



 

14 

 

Figure 1.6. Nano-Carriers Utilized for Drug Delivery in Medicine [62]. 

 

1.5.1. The Benefits of PLGA as a Nano-Carrier 

Among the multitude of available nano-scale carriers that have been explored for 

efficient chemotherapeutic delivery (Figure 1.6) [61, 63, 64], NPs composed of 

poly(D,L-lactic-co-glycolic acid) (PLGA) have become particularly popular for drug 

delivery purposes.Since PLGA was first approved for use by the Food and Drug 

Administration (FDA) in 1984, it has become the best defined and most commonly ised 

polymeric biomaterial for the fabrication of drug delivery platforms [64, 65]. PLGA is 

an amorphous polymeric biomaterial composed of poly lactic acid and poly glycolic 

acid (PGA) in a diblock formation [63]. It is very versatile because it can be dissolved 

in a wise range of common solvents and subsequently processed into almost any size or 
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shape [66, 67], including microspheres, microcapsules, nanoparticles, and implants  

[64]. PLGA has also become particularly popular for drug delivery due to its various 

physical characteristics. However, there are a series of parameters that must be 

considered during NP fabrication in order to achieve optimal chemotherapeutic 

delivery, including chemical characteristics of the encapsulated drug, NP durability and 

biodistribution, and the ability to overcome physical barriers within the body. Here, we 

examine the impact  of these parameters, in lieu of naked drug administration, for 

improved cancer treatment efficacy.  

First, NPs comprised of PLGA are very mechanically strong and stable. Compared 

to nano-carriers fabricated from lipids (e.g., liposomes), PLGA nano-carriers are not 

likely to burst or be damaged by various handling processes [63]. The mechanical 

strength of this polymer can be tuned through the polymer’s molecular weight, lactic 

acid/glycolic acid ratio, swelling behavior, crystallinisty, and geometric regularity of 

individual chains [63, 68-70]. This is especially important for chemotherapeutic 

delivery via the vasculature, as any nano-platform applied in this manner will 

experience various changes in blood flow, pressure, and vessel size. The stability and 

durability of a nano-carrier can then be enhanced through the use of surfactants [71] or 

the covalent attachment of poly(ethylene glycol) (PEG) [72]. The addition of PEG 

chains creates a hydrophilic layer at the aqueous interface of the nano-carrier which 

increases the carrier’s colloidal stability [73, 74]. The degree/density of PEGylation, 

PEG chain length, and molecular weight will determine the degree of steric coverge that 

can be achieved for a nano-carrier [61]. Improved stability results in increased 

circulation half-life and decreased cellular uptake, which in turn improves NP 
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biodistribution and half-life. Consequentially, prolonged circulation time leads to 

prolonged drug delivery and activity at tumor sites. At the same time, the PEG layer 

also prevents protein aggregation [74] to the nanoparticle surface [61, 63] thereby 

helping the nanoparticle escape detection and degradation by the immune system [63, 

74, 75]. 

Second, PLGA is an excellent drug carrier due to its ability to encapsulate large 

quantities of drug and modulate subsequent drug release. Due to the methyl side groups 

present in the PLGA backbone, this polymer is hydrophobic and therefore has been 

shown to be an excellent material for the encapsulation of variety of drugs including 

small hydrophobic drugs [63, 64, 75, 76]. Since most chemotherapeutic compounds are 

not stable long-term, or have very low solubility in aqueous solutions, these drugs are 

rapidly degraded or absorbed upon application in aqueous systems, resulting in reduced 

drug effectiveness against cancer cells, toxic side effects to healthy tissues, and the need 

for greater and repeated doses. Therefore, non-covalent entrapment (encapsulation) of 

unstable or toxic drugs inside a PLGA NP core can protect the drug from direct exposure 

to the aqueous environment thereby preventing degradation, improving delivery to the 

target tissue in a controlled manner, and preventing toxicity to healthy tissues [22, 77-

79]. Inevitable drug release from PLGA is then controlled through a combination of 

drug diffusion and polymeric matrix degradation, the rate of which can be tuned through 

the lactic acid/glycolic acid ratio, molecular weight, polymeric end groups, pH, 

temperature, amount and type of encapsulated drug, as well as NP size and shape 

(surface area ratio) [63, 64, 75]. 
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 Third, unlike metallic or silica-based NPs, PLGA-based nano-carriers do not 

require removal or excretion after delivering their chemotherapeutic payload as PLGA 

is a biodegradable material. PLGA hydrolysis at its ester linkages [63, 64] produces 

lactic acid and glycolic acid monomers (Figure 1.7), both of which are natural 

compounds that participate in a number of physiological and biochemical pathways [64, 

80]. Therefore, there is minimal toxicity associated with the use of this biocompatible 

material for drug delivery or other biomaterial applications [80]. 

 

 

Figure 1.7. The Structure and Degradation of PLGA [63]. 

 

Lastly, while traditional chemotherapeutic drugs are dependent upon their chemical 

properties (polarity, charge, size, etc.) for delivery and are not cell specific [80], PLGA 

NPs can be easily modified, as represented in Figure 1.8, to take advantage of passive 

or active targeting techniques [60], which will enable them to bypass biological barriers 

for more effective drug delivery to tumors.  

Passive targeting simply relies on the basic characteristics of the NPs (size, shape, 

and surface potential) to take advantage of the enhanced permeability and retention 

(EPR) effect, the “leakiness” of the vasculature around a tumor due to tumor growth 

and corresponding inflammation [59, 80]. One such characteristic, PLGA NP size, can 
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be adapted for improved biodistribution and delivery. It has been observed that larger 

particles (> 200 nm) tend to trigger humoral responses and get engulfed by immune 

cells. They also have a tendency to be filtered out of the blood by the liver and spleen 

[22, 78]. On the other hand, studies have shown that very small (< 50 nm) particles are 

likely to be filtered out of the blood by the kidneys [78]. Therefore, NPs ranging from 

50 - 200 nm, which have been found to accumulate in tumor tissues, are much better at 

evading the immune system and avoiding filtration [61, 75, 78]. The shape of a NP can 

also be adjusted to optimize biodistribution and delivery. Previous research has shown 

that spherical polymeric nanoparticles are internalized faster and to a greater extent 

compared to their non-spherical counterparts [50, 79]. This is due to the fact that non-

spherical polymeric nanoparticles have a predominance of low curvature regions which 

results in reduced cellular attachment and internalization, as well as prolonged survival 

in circulation [79]. Similarly, due to their hydrophobicity [63], PLGA NPs have a 

negative surface potential, which has been found to be less cytotoxic than particles with 

positive surface potentials and also allows them to maintain appropriate colloidal 

stability [61].  

Active targeting, on the other hand, involves the modification of the NP surface, 

through the attachment of biochemical moieties (“targeting ligands”), to facilitate 

precise delivery and uptake by cancerous cells. These biochemical targeting moieties, 

which include small molecules, antibodies, membrane receptors, peptides, and nucleic 

acids [59, 60], can help nano-carriers bypass endothelial barriers, like the Blood-Brain 

Barrier (BBB), in order to reach the tumor site. Polysorbate 80/LDL, OX26 TfR 

antibody, lactoferrin, etc. have all been shown to improve delivery of large molecule 
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drugs into the brain via receptor-mediated transcytosis [80]. Tissue targeting also 

ensures that the NPs only deliver their drug payload once they are uptaken by the 

appropriate target cells. Together, this increases the effectiveness of the chemotherapy 

while also reducing toxic side effects to off-target tissues. Therefore, the most successful 

nano-formulations combine features of passive and active targeting to maximize NP 

delivery to cancer cells [80]. 

 

 

Figure 1.8. Nanoparticle Properties for Optimal Drug Delivery. Surface properties can 

be optimized for increased nanoparticle stability, prolonged biodistribution, 

and cell-specific delivery [71]. 

 

1.6. Research Objectives 

The goal of this dissertation is to develop the first nano-scale carrier for the 

encapsulation and delivery of iron chelator, Dp44mT, and evaluate the effectiveness of 

this therapeutic formulation against malignant cells. In Chapter 2, we apply two distinct 

methods of nanoprecipitation and single emulsion to fabricate PLGA nanoparticles 
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loaded with iron chelator Dp44mT. This chapter focuses on the optimization of each 

technique required to produce our ideal nanoparticles. Characterization of the resultant 

nanoparticles allows for comprehensive comparison of these techniques for future 

nanoparticle fabrication. In Chapter 3, we provide a preliminary assessment of the 

therapeutic potential of our Dp44mT-loaded nano-formulation in brain, breast, and 

colorectal cancer cells in vitro. This chapter focuses on the cytotoxicity and exposure 

time required for sufficient cancer cell apoptosis, in comparison to the application of 

free Dp44mT. We then report the efficacy of this platform for drug delivery to a variety 

of malignant cells. In Chapter 4, we modify our Dp44mT-loaded nano-formulation for 

future in vivo application. This chapter focuses on improving the stability and 

biodistribution of our nano-formulation through the attachment of PEG and targeting 

ligands to the surface of the nanoparticles. We further evaluate and optimize the 

effectiveness of this new nano-formulation against cancer cells in vitro. Finally, in 

Chapter 5, we discuss the implications of this new nanoparticulate platform for future 

delivery of Dp44mT to cancer cells in vivo, along with some of future directions of this 

research. 

 

 

 

 

 

 

 

 

 

 



 

21 

CHAPTER II 

FABRICATION AND OPTIMIZATION OF 

DP44MT-LOADED NANOPARTICLES 

 

2.1. Abstract 

This chapter describes the preparation of poly(lactic-co-glycolic acid) (PLGA)  

nanoparticles (NPs) loaded with iron chelator Dp44mT, using two common techniques 

of nanoprecipitation and single emulsion. Using nanoprecipitation, we examined the 

impact of polymer type and amount, drug-to-polymer ratio, and surfactant concentration 

in the aqueous phase on the formation of our Dp44mT-loaded NPs (referred to as 

Dp44mT-NPs), which were characterized for shape, size, surface potential, colloidal 

stability, encapsulation efficiency, loading capacity, and drug release. Similarly, we 

produced Dp44mT-NPs using single emulsion and optimized polymer concentration, 

surfactant concentration, injection rate, and drug-to-polymer ratio. These NPs were also 

characterized for shape, size, surface potential, colloidal stability, encapsulation 

efficiency, and loading capacity. We then preformed a comprehensive comparison of 

the NPs produced by each of these techniques, to determine the optimal method for the 

fabrication of our Dp44mT-loaded nano-carrier. Overall, this chapter establishes the 

parameters necessary to produce our ideal nano-formulation, for future drug delivery to 

malignant cells.  
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2.2. Introduction  

PLGA NPs have been widely applied in drug delivery systems [81-84]. These 

NPs can be produced through a number of techniques such as nanoprecipitation 

as well as single – and double–emulsions [60, 85]. However, it has been shown 

that the results of these techniques for encapsulation of pharmaceutical cargos 

into PLGA NPs can vary significantly, depending on the properties of the cargo. 

Since Dp44mT and PLGA are both hydrophobic, these compounds require the 

use of an organic solvent (or “oil” phase) for dissolution. Therefore, the 

fabrication techniques most commonly used to produce such NPs are 

nanoprecipitation or single emulsion. In this study, for the first time, we employ 

both of these techniques for the fabrication of Dp44mT-loaded PLGA NPs 

(Dp44mT-NPs).  

Nanoprecipitation has been reported to be particularly efficient for 

encapsulation of hydrophobic compounds [65]. It requires a water-miscible 

organic solvent (e.g., acetone), as the NPs are formed from organic phase 

diffusion out of the out of the micro-droplets and into the surrounding aqueous 

phase. To this end, Dp44mT-NPs were prepared by nanoprecipitation and then 

we studied the effect of modulating polymer type (lactic acid (LA)-to-glycolic 

acid (GA) ratio), amount of poly(vinyl alcohol) (PVA) surfactant in the aqueous 

phase, and drug-to-polymer ratio. The resultant NPs were characterized for size, 

surface potential, morphology, and colloidal stability. We further examined the 

encapsulation efficiency, loading capacity, and release of Dp44mT from PLGA 

NPs.  
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However, it has been noted that there is the potential for poor drug encapsulation if 

the drug in question is partially soluble in the aqueous phase at low concentrations (i.e., 

appreciable solubility). As this is the case with Dp44mT, this drug will have a tendency 

to dissipate into the continuous aqueous phase, resulting in drug lost from the system 

[65]. Single emulsion (oil-in-water emulsion/solvent evaporation) is another common 

technique for encapsulating hydrophilic or hydrophobic compounds into micro- and 

nano-scale particles [60, 65, 85]. This technique uses a water-immiscible solvent (e.g., 

dichloromethane, DCM), which is then removed by vacuum evaporation, to prevent the 

flux of drug into the aqueous phase after injection [65]. The size of NPs can then be 

tuned by type and concentration of stabilizer, polymer concentration, and 

homogenization speed [60]. In order to examine the potential of the single emulsion 

technique for loading Dp44mT into NPs of PLGA with a size range proper for cancer 

therapy (i.e., 80 - 120 nm) [22] and high encapsulation efficiencies (> 60%), we studied 

the effect of modulating the method and rate of organic phase injection, amount of PVA 

in the aqueous phase, and PLGA concentration in the organic phase. We then 

characterized the resultant NPs for size, zeta potential, colloidal stability, encapsulation 

efficiency, and loading capacity. Comparison of the NPs produced by these two 

techniques will reveal the optimal NP formulation as a vehicle for Dp44mT delivery in 

future cancer treatment. 
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2.3. Experimental Methods 

2.3.1. Materials 

Dichloromethane (DCM) was purchased from Acros Organics (New Jersey, 

USA). Centrifuge filter tubes (50,000 MWCO) were from Millipore Sigma 

(Burlington, MA). 50:50 poly(lactic-co-glycolic acid) (PLGA) (10,000 - 15,000 

MW), 75:25 PLGA (10,000 - 15,000 MW), methoxy poly(ethylene glycol)-b-

poly(lactic-co-glycolic acid) (mPEG-PLGA; 2,000 - 15,000 MW), and maleimide 

poly(ethylene glycol)-b-poly(lactic-co-glycolic acid) (mal-PEG-PLGA; 5,000 - 

20,000 MW) were from PolySciTech (West Lafayette, IN). Di-2-pyridylketone-

4,4-dimethyl-3-thiosemicarbazone (Dp44mT), acetone, ethanol, and polyvinyl 

alcohol (PVA) (31,000 - 50,000 MW) were from Sigma-Aldrich (St. Louis, MO). 

Biotech CE dialysis membrane (3,500 - 5,000 Da MWCO) was from Spectrum 

Labs (Rancho Dominguez, CA).  Silicon wafer was purchased from 

UniversityWafer (Boston, MA).  

 

2.3.2. Fabrication of Dp44mT-loaded Nanoparticles via Nanoprecipitation 

We applied a modified nanoprecipitation method for the preparation of Dp44mT-

loaded PLGA NPs [86, 87]. Briefly, for the 0.15 mg/mL Dp44mT-NPs, 1 mg of PLGA 

and 0.15 mg of Dp44mT were co-dissolved in 1 mL of acetone, and this organic phase 

solution was injected into 3 mL of deionized (D.I.) water containing 1% (w/v) PVA at 

a flow rate of 60 mL/hr under magnetic stirring. The solution was gently stirred for 

about 45 - 60 min at room temperature in a fume hood to evaporate the organic solvent. 

The resultant NPs (Figure 2.1) were concentrated via centrifugation (4,700 rpm for 30 
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min) and then washed two-to-three times by addition of 1 mL of D.I. water followed by 

centrifugal filtration to remove unloaded drug. Lastly the NPs were resuspended to a 

final concentration of 1 mg/mL PLGA and 0.15 mg/mL of Dp44mT (referred to as 0.15 

mg/mL Dp44mT-NPs) in water. These NPs were stored in 4°C until usage. 

For variation of the drug: polymer ratio, the amount of Dp44mT co-dissolved with 

PLGA was changed to either 0.0375 mg or 0.3 mg. All other steps remained the same 

as mentioned above. To vary PVA percentage in aqueous phase, the amount of PVA 

was adjusted to either 0.5% or 4% and the mixture was filtered with a 0.2 μm filter 

before use. All other steps remained the same as mentioned above. The other NP 

formulations used for this study are summarized in Table 2.1. 

 

2.3.3. Fabrication of Dp44mT-loaded Nanoparticles via Single Emulsion 

We applied a modified single emulsion method [85] for the preparation of Dp44mT-

loaded PLGA NPs. Briefly, for the 0.15 mg/mL Dp44mT-NPs, 1 mg of PLGA and 0.15 

mg of Dp44mT were co-dissolved in 1 mL of dichloromethane (DCM), and this organic 

phase solution was injected onto the surface of 2 mL of deionized (D.I.) water 

containing 1% (w/v) PVA at a flow rate of 90 mL/hr under magnetic stirring. The 

solution was then stirred for 15 seconds (sec) after which the emulsified solution was 

homogenized for 30 sec using a Q55 tip sonicator (QSonica LLC, Newton, CT) at an 

amplitude of 35%. The emulsified solution was then placed under vacuum for 2 hrs 

using a rotary evaporator (Heidolph International, Schwabach, Germany) to allow for 

the evaporation of the DCM. The resultant NPs (Figure 2.7) were then concentrated 

and washed four times with D.I water via ultracentrifugation (Optima Max 130,000 
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ultracentrifuge, Beckman Coulter, Palo Alto, CA) at 13,000 rpm for 15 min each to 

remove unloaded drug and residual polymer and emulsifier. Lastly the NPs were re-

suspended in water to a final concentration of 1 mg/mL PLGA and 0.15 mg/mL of 

Dp44mT. These NPs were stored at 4°C until usage. 

For studying the effect of the injection rate on NP formation, the injection method 

was changed from dropwise manual addition to continuous injection with flow rates of 

22.5 - 90 mL/hr using a syringe pump. All other steps remained the same as mentioned 

above. To vary PVA concentration in aqueous phase, the amount of PVA was adjusted 

to either 1% or 5% and the mixture was filtered with a 0.2 μm filter before use while all 

other steps remained the same as above. To vary PLGA concentration in the organic 

phase, the amount of PLGA was adjusted to 1, 10, or 100 mg/mL while keeping other 

steps the same as mentioned above. 

 

2.3.4. Imaging  

For scanning electron microscopy (SEM), a small droplet of diluted NP 

solution was placed on a clean piece of silicon wafer or glass, dried using vacuum 

pump, and coated with a thin (10 - 20 nm) layer of gold. The coated sample was 

then secured to a stand via carbon tape before SEM imaging was performed using 

a FEI 235 Dual-Beam Focused Ion-Beam System (FEI, Hillsboro, OR).  

 

2.3.5. Size Distribution and Surface Potential 

Particle size distribution was measured by dynamic light scattering (DLS) using a 

Malvern Nano ZS (Malvern Instruments, Malvern, UK) at room temperature. This 
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instrument was also used for zeta potential measurements. For each measurement, at 

least three replicates were used to calculate the average and standard deviation (SD). 

 

2.3.6. Colloidal Stability 

For colloidal stability studies, a solution of 1 mg/mL PLGA NPs was diluted in 

an equal volume of either water or 1X PBS, pH 7.4 and incubated at 37°C. Size 

distribution and zeta potential of NPs were monitored over the course of a week. 

Resulting data is represented by the mean ± SD, n > 3. 

 

2.3.7. Encapsulation Efficiency and Loading Capacity 

To assess the encapsulation efficiency of Dp44mT in PLGA NPs, we measured the 

amount of drug that was not encapsulated in NPs and used this value to calculate the 

encapsulation efficiency. Upon the fabrication of NPs, the centrifugal waste solution 

from the wash steps was collected and used to determine the amount of free (i.e., 

unencapsulated) Dp44mT using UV/vis spectrophotometry (SpectraMax M5 Molecular 

Devices, Molecular Devices, Sunnyvale, CA) at 329 nm wavelength since the aromatic 

rings in Dp44mT have maximum light absorption at this wavelength [87-89]. A standard 

curve was produced using a set of samples with known Dp44mT concentrations. This 

standard curve was used to convert the measured absorbance value into Dp44mT 

concentration, which was then used for encapsulation efficiency calculation using 

Equation (2.1):  

𝐸𝑛𝑐𝑎𝑝𝑠𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (%) = 100 − (
𝐷𝑓

𝐷𝑖
×  100).                                (2.1) 
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In this equation, Df represents the amount of Dp44mT that was not encapsulated 

in the NPs (from spectrophotometry measurements of the centrifugal waste), and 

Di represents the initial amount of Dp44mT used in the organic phase (i.e., “Drug 

fed”).  

Based on the obtained encapsulation efficiency for Dp44mT, we determined 

the mass of encapsulated drug and then calculated the loading capacity of NPs 

using Equation (2.2): 

𝐿𝑜𝑎𝑑𝑖𝑛𝑔 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦 (%) = (
𝐷𝑚

𝑀𝑡
) ×  100.                       (2.2) 

In this equation, Dm represents the mass of Dp44mT encapsulated in NPs and Mt 

represents the total mass of NPs (i.e., mass of PLGA in organic phase plus the mass of 

encapsulated Dp44mT). Resulting data is represented by mean ± SD, n > 3. 

 

2.3.8. Drug Release 

For Dp44mT release studies, concentrated Dp44mT-NPs were diluted in 2X 

PBS to produce a solution with a final concentration of 1 mg/mL PLGA and 0.15 

mg/mL of Dp44mT (referred to as 0.15 mg/mL Dp44mT-NPs) in 1X PBS. The 

NP solution was then placed in dialysis tubes (1 mL per tube) and the tubes were 

immersed in 1 L of 1X PBS solution at 37°C under magnetic stirring. At each 

time point, one dialysis tube was removed, the NP sample inside was collected, 

and the amount of drug remaining within the NPs was measured. For these 

measurements, the NP samples were diluted with acetone (ratio of 1:1) to release 

the encapsulated Dp44mT from NPs thereby allowing the amount of Dp44mT 
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remaining in each sample to be measured by UV/vis spectrophotometry at 329 

nm. Note that the standard curve for this experiment was based on known 

dilutions of Dp44mT dissolved in a 1:1 acetone: 1X PBS solution. The release 

percentage was then calculated using Equation (2.3):  

𝐷𝑟𝑢𝑔 𝑅𝑒𝑙𝑒𝑎𝑠𝑒 (%) = 100 − (
𝐷𝑡

𝐷0
 ×  100).                                                          (2.3) 

In this equation, Dt represents the amount of encapsulated Dp44mT remaining in 

NPs at each time point and D0 represents the initial amount of Dp44mT 

encapsulated in NPs (measured at time = 0 min). Resulting data is represented by 

mean ± SD, n > 3. 

 

2.3.9. Statistical Analysis 

GraphPad Prism 8 was used to perform student’s t-tests to compare experimental 

groups and to evaluate statistical significance. For all collected data, statistical 

significance is represented by *p < 0.05, **p < 0.01, ***p < 0.001. 

 

2.4. Results and Discussion for Nanoprecipitation 

2.4.1 Preparation and Characterization of Dp44mT-loaded Nanoparticles       

Among different techniques developed for the preparation of nano-scale PLGA 

particles, nanoprecipitation has proven to be particularly suitable for encapsulation of 

small hydrophobic agents [63, 64, 75]. The nanoprecipitation technique utilizes a water-

miscible solvent (e.g., acetone) as its organic phase. After injection into the aqueous 

phase, the solvent diffuses out of the injected micro-droplets and into the aqueous phase, 
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thereby solidifying the hydrophobic components (polymer and drug) into the finalized 

nanoparticle. The NPs are then easily collected and purified via centrifugation [90]. 

Here, we applied this technique and injected a solution of PLGA and hydrophobic drug, 

Dp44mT, dissolved in acetone into an aqueous solution containing a 1% PVA as a 

stabilizer, which resulted in the formation of Dp44mT-NPs via rapid solvent 

displacement [86] (Figure 2.1).  

 

 

 

Figure 2.1. Schematic of Dp44mT-loaded PLGA NP fabrication via nanoprecipitation. 

 

Using this approach, a number of NPs with slight variations in their 

formulation, such as drug to PLGA ratio, PLGA monomer (i.e., LA:GA) ratio, 

and encapsulated cargo were fabricated and characterized for size, morphology, 

surface potential, encapsulation efficiency, and loading capacity as summarized 

in Table 2.1.   
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We assessed the morphology of the produced NPs using SEM imaging and found 

these NPs were spherical in shape and relatively homogenous as depicted in Figure 

2.2A. As represented in Figure 2.2B, further evaluation of size distribution using 

dynamic light scattering (DLS) confirmed the production of PLGA NPs with a size 

distribution of 85 ± 15 nm, and also revealed that inclusion of Dp44mT in PLGA NPs 

led to a slight increase in the average size of NPs, to 100 ± 12 nm with a polydispersity 

index (PDI) of < 0.25. Interestingly, we observed a drop in NP size when the monomer 

ratio in PLGA was switched from 50:50 to 75:25, which corresponded to a more 

hydrophobic polymer matrix. We attributed this result to the stronger interactions 

between PLGA chains and the hydrophobic molecule Dp44mT and presumably, a more 

compact drug-polymer matrix in the resultant NPs. Nevertheless, all the produced NPs 

remained close to the optimal size range of 50 - 200 nm, which avoids the mononuclear 

phagocyte system and renal filtration while also escaping hepatic and splenic filtration, 

for therapeutic delivery in cancer [22, 78, 79]. 

Measurements of zeta potential revealed that all the examined NP 

formulations were negatively charged, suggesting a good colloidal stability for 

these particles. We further evaluated the colloidal stability of these NPs under 

physiological conditions, at 37°C under gentle agitation, over the course of 

several days. As illustrated in Figure 2.2C, with slight fluctuations, the size of 

Dp44mT-NPs incubated in water remained close to their original size, showing 

the stability of these NPs. In PBS, however, the NP average size and its variation 

had an increasing trend. Although this size change was not statistically 

significant, it suggested that the long-term storage of these NPs could benefit 
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from further modification. Together, these data demonstrate that 

nanoprecipitation can produce Dp44mT-encapsulating PLGA NPs with relatively 

homogenous size and shape and with a good level of colloidal stability, 

potentially suitable for cancer therapy. 

 

 

Figure 2.2. Characterization of Dp44mT-NPs, prepared by nanoprecipitation, 

through (A) SEM, (B) representative DLS size distribution, and (C) 

colloidal stability of Dp44mT-NPs in solution over time. 

 

2.4.2. Encapsulation Efficiency and Loading Capacity 

Encapsulation efficiency, which represents the percentage of drug entrapped in NP 

relative to the total amount of drug used for the formulation, is an important parameter 

A        B  

 

 

 

 

 

 

 

 

 

        C  
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for evaluating the capacity of nano-carriers and should ideally be high [75]. While we 

previously demonstrated that PLGA NPs can incorporate Dp44mT with high 

encapsulation efficiency (~ 81%) compared to another commonly used carrier 

nanoliposomes (~ 4%) [87], here we aimed to further investigate the effect of PVA 

percentage, PLGA type, and drug-to-polymer ratio on this parameter. To evaluate the 

capacity of PLGA NPs for encapsulation of Dp44mT, we measured the encapsulated 

amount of this chelator in PLGA NPs by UV/vis spectrophotometry and calculated the 

encapsulation efficiency as described in the methods section.  

Our results showed that encapsulation efficiency was significantly improved 

by: (1) increasing the amount of PVA in aqueous phase (0.5 - 4% w/v) where 

encapsulation increased from ~ 43% to ~ 82% (Figure 2.3A), (2) increasing the 

polymer’s lactic acid to glycolic acid monomer ratio (50:50, 75:25, and 90:10) 

resulting in encapsulation efficiencies of ~ 60% to ~ 89% (Figure 2.3B),  or (3) 

by decreasing the drug-to-polymer ratio (0.0375 - 0.3: 1 mg/mL) leading to 

encapsulation of ~ 35% increasing to ~ 75% (Figure 2.3C).  
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Figure 2.3. Optimization of Dp44mT encapsulation efficiency in PLGA NPs, prepared 

by nanoprecipitation, influenced by (A) PLGA type, (B) PVA %, and (C) 

Dp44mT-to-PLGA ratio. 

 

Overall, the average encapsulation efficiency of Dp44mT in PLGA NPs 

varied within a relatively high range of 57 - 86% for different formulations, 

indicating the appropriateness of PLGA NPs for encapsulation of this chelator 

(see Table 2.1). This range is indeed comparable to the previously reported values 

for encapsulation of other hydrophobic compounds such as docetaxel (~ 75%) 

and coumarin (~ 88%) in nanoprecipitated PLGA particles [91, 92]. Notably, 

encapsulation of Dp44mT in these PLGA NPs clearly improved the solubility of 

this hydrophobic agent in aqueous solution (Figure 2.4) similar to previously 

reported results for other hydrophobic compounds such as docetaxel and 

coumarin [91, 92]. 

 

 

   A             B         C  
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Figure 2.4. Solubility of free Dp44mT and Dp44mT-loaded PLGA NPs. (A) 500 µM 

free Dp44mT in water (red arrows mark precipitated Dp44mT) compared 

to (B) 500 µM free drug loaded in PLGA NPs. 

 

Another significant parameter for evaluation of nano-formulations is the drug 

loading capacity, which represents the ratio of drug mass in NP to the total NP 

mass and is thus, essential for dosing calculations particularly for in vivo studies. 

Calculated as described in the methods section, the loading capacity of the 

examined Dp44mT-NP formulations here varied between 2.7% and 9.1%. Unlike 

the encapsulation efficiency, the average loading capacity of Dp44mT-NPs 

decreased from 7.8% to 2.7% when the drug to PLGA ratio was reduced (Figure 

2.5). However, increasing the hydrophobicity of PLGA (75:25) enhanced the 

average loading capacity to 9.1%. Both 7.8% and 9.1% for loading capacity of 

Dp44mT-NPs are considered relatively high values for this parameter [77, 91]. 

These findings confirm that PLGA NPs can serve as an effective carrier for the 

chelator Dp44mT and slight variations in Dp44mT-NP formulation can be 

utilized to fine-tune their encapsulation and loading efficiencies.   

 

A          B          



 

37 

 

Figure 2.5. Relationship between encapsulation efficiency and loading capacity of 

Dp44mT in PLGA NPs, due to change in Dp44mT: PLGA ratio in the 

organic phase. 

 

2.4.3. Drug Release Studies  

Release kinetics of a cargo from a particular carrier is essential for the cargo’s 

biodistribution and efficacy [63, 64, 75, 76, 78]. It thus, deserves careful 

consideration during the development and assessment of a nano-formulation. To 

investigate the release of Dp44mT from PLGA NPs, here we incubated Dp44mT-

NPs in PBS (pH 7.4) at body temperature (i.e., 37°C) under gentle agitation and 

monitored the fractional release of Dp44mT over time. As depicted in graphs in 

Figure 2.6, Dp44mT release showed a relatively fast phase (i.e., burst release) 

that was followed by a slower phase over time (i.e., sustained release). 

Interestingly, nearly half of the encapsulated Dp44mT was released from these 

particles within the first few hours. Since the kinetics of drug release from PLGA 

particles is the collective result of bulk diffusion and bulk degradation of PLGA 

matrix [93, 94], the drug release profile depends on both the cargo properties and 
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the properties of PLGA, such as molecular weight and monomer ratio (i.e., 

LA:GA) [63, 64]. While 50:50 PLGA is known to have the fastest degradation 

among different PLGAs, its degradation typically occurs within weeks [63, 64]. 

In agreement with these findings, here we observed no detectable degradation of 

these particles in water or PBS within a one-week period (Figure 2.2C). The 

initial fast release of Dp44mT from the NPs was hence, attributed to a non-

homogenous dispersion of the drug within the polymer matrix with its highest 

concentrations near the surface of NPs [95]. In order to reduce the initial rate of 

Dp44mT release from PLGA NPs, we examined some of the parameters that are 

known to influence the cargo’s release kinetics including increased PLGA 

hydrophobicity (i.e., increasing LA:GA ratio that reduces the degradation of 

PLGA) and reduced drug to polymer ratio [63, 64]. In fact, both of these 

parameters enhanced the entrapment of Dp44mT within the PLGA NPs (Table 

2.1) and presumably affected the dispersion of this chelator in NPs. As 

anticipated, both increasing the LA:GA ratio and lowering Dp44mT to PLGA 

ratio effectively reduced the release rate of Dp44mT from the NPs (Figure 2.6A-

B). This trend was, however, more pronounced in Figure 2.6B that depicts the 

effect of drug to polymer ratio. These data demonstrate that the release of 

Dp44mT from these PLGA NPs can be effectively tuned to reach a desired profile 

for the application of these Dp44mT-NPs in vivo.  
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Figure 2.6. Profile of release of Dp44mT from PLGA NPs. (A) Time-dependent 

fractional release of Dp44mT from NPs with (A) different PLGA 

types or (B) different Dp44mT-to-PLGA ratios. 

 

2.5. Results and Discussion for Single Emulsion 

2.5.1. Preparation and Characterization of Dp44mT-loaded Nanoparticles         

NPs used for delivery of therapeutics should ideally be in the size range of 10 - 200 

nm to avoid filtration by either the renal, hepatic, or immune systems [22, 96].  This 

optimal size range can be further reduced to 80 - 120 nm by the need to utilize vascular 

diffusion for delivery to tumors while still avoiding aggregation due to protein 

adsorption at the NP surface [22, 96]. Size distribution of NPs produced by single 
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emulsion is affected by different fabrication parameters, including injection rate of the 

organic phase, surfactant concentration, and polymer concentration [85]. We hence, first 

focused on optimizing the size of Dp44mT-NPs for the future delivery applications 

through adjustment of these fabrication parameters. Here, we applied the single 

emulsion technique and injected a solution of PLGA and Dp44mT, dissolved in DCM, 

into an aqueous solution containing a 1% PVA as a stabilizer, which resulted in the 

formation of Dp44mT-NPs (Figure 2.7). 

 

 

Figure 2.7. Schematic of PLGA NPs encapsulating Dp44mT fabricated by single 

emulsion technique. 

 

Using a previously published single emulsion protocol [85], we initially used a 100 

mg/mL concentration of PLGA in the organic phase, which was added dropwise 
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(manually) to an aqueous phase containing 5% PVA (w/v). The produced NPs had an 

average diameter of 647 nm with a large polydispersity index (PDI), suggesting a wide 

size distribution. We attributed this large variation in NP size to the slow and 

uncontrolled method of injection of organic phase to the aqueous phase. Given that a 

faster injection rate has been reported to reduce the size of NPs [85], we next switched 

from dropwise addition to continuous and controlled injection using a syringe pump. 

For these experiments, we examined the injection rates of 22.5, 45, and 90 mL/hr during 

fabrication. As depicted in Figure 2.8A, a faster and steadier injection indeed led to a 

decrease in NP size. While the average size of NPs was 439 nm for the 22.5 mL/hr 

injection rate, this value reduced to 266 nm for the 45 mL/hr injection rate and 339 nm 

for the 90 mL/hr injection rate. Although the differences in NP size among these flow 

rates were not statistically significant, the trend in this data suggested that increasing 

the flow rate results in smaller NP size. We thus, used the injection rate of 90 mL/hr for 

the next steps. 

This increase in the injection rate of the organic phase also resulted in a significant 

reduction in the surface potential of the resultant particles (Figure 2.9A). All tested, NP 

formulations, however, retained a negative surface potential, ranging from -48 to -1.2 

mV, suggesting that these NPs would be colloidally stable in solution. 
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Figure 2.8. Optimization of size distribution of Dp44mT-loaded NPs, prepared by 

single emulsion, by modulating (A) injection rate, (B) PVA %, and (C) 

PLGA concentration. 

 

Next, we examined the effect of aqueous phase surfactant concentration on particle 

size. As previously reported, in the single emulsion technique high concentrations of 

PVA can impede the complete separation of nascent droplets and result in a larger 

number of aggregated particles during solidification [65]. Thus, while maintaining the 

100 mg/mL PLGA concentration and 90 mL/hr injection rate, we reduced the amount 

of PVA in the aqueous phase from 5% to 1% w/v. We anticipated that lowering the PVA 

amount would not only reduce the NP size but would also decrease the sample viscosity 

during the washing/processing steps, thereby resulting in smaller PDIs. The results, 

shown in Figure 2.8B, revealed that decreasing the amount of PVA resulted in a 

decrease in NP size by 32%, from 485 nm to 329 nm. Based on these results, we focused 

on the lower PVA percentage for the next steps of this study. 

Interestingly, as presented in Figure 2.9B, while the surface potential of the 

produced NPs remained negative in these experiments, those fabricated with lower PVA 

A                     B            C  
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amount had a more negative surface potential (-21.8 mV) compared to those fabricated 

with higher amounts of PVA (-1.2 mV). This change in NP surface potential may be 

attributed to the reduced amount of the inherently positive PVA molecules on NPs [65]. 

As anticipated, reducing the PVA concentration also helped to make NP 

processing/washing easier and reduced the final NP solution’s viscosity and 

opaqueness. 

 

 

Figure 2.9. Surface potential of Dp44mT-loaded NPs prepared by single emulsion, as 

a result of modulating (A) injection rate of organic phase injection and (B) 

PVA % in the aqueous phase.  

 

Lastly, we studied the effect of varying the concentration of PLGA on final size of 

NPs. For these experiments, we reduced the PLGA concentration in the organic phase 

from 100 mg/mL to 10 mg/mL or 1 mg/mL while maintaining the injection rate at 90 

mL/hr and the PVA concentration at 1%. As illustrated in Figure 2.8C, decreasing the 

concentration of PLGA led to a decrease in the average NP size, from 329 nm to 187 

A                     B               
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nm and 136 nm, respectively. This finding is in agreement with prior reports that 

reducing the solvent-to-polymer ratio leads to a decrease in the size of particles [85, 89]. 

Together, these results demonstrated that Dp44mT-loaded particles can be produced 

by the single emulsion method and that through the adjustment of organic phase 

injection rate, surfactant amount, and PLGA concentration, the size of these NPs can be 

tuned to an average diameter of 136 nm with a negative surface potential, which makes 

them suitable for the future use in cancer therapy.  

 

2.5.2. Encapsulation Efficiency and Loading Capacity 

High drug encapsulation efficiency –the mass of drug entrapped within the particles 

relative to the total mass of drug added– is an important indicator of suitability of a 

nano-scale delivery system. We have previously demonstrated that PLGA NPs 

fabricated with the nanoprecipitation technique can incorporate Dp44mT with high 

encapsulation efficiencies (> 80%) compared to another commonly used liposomal 

nano-carrier (< 7%) [87]. Here, to further assess the potential of single emulsion 

technique for the fabrication of Dp44mT-loaded NPs, we examined the Dp44mT 

encapsulation efficiency in the produced NPs.  

To this end, we employed the above-mentioned optimal fabrication parameters of 

1% PVA in aqueous phase, 90 mL/hr injection rate of organic phase, and lower PLGA 

concentrations (1 and 10 mg/mL) in the organic phase to produce Dp44mT-loaded NPs. 

The amount of Dp44mT encapsulated in the particles was then determined by UV/vis 

spectrophotometry, as described in the methods section. As demonstrated in Figure 

2.10, these results revealed a Dp44mT encapsulation efficiency of 78 ± 12% in NPs 
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fabricated with 10 mg/mL PLGA, and 74 ± 14% in NPs fabricated with 1 mg/mL PLGA. 

Others and we have previously reported that reducing the amount of polymer in the 

organic phase, which results in an increased drug-to-polymer ratio, lowers the cargo’s 

encapsulation efficiency as there is physically less polymer available to entrap the free 

drug [87, 96]. Overall, this high encapsulation efficiency is a promising result and 

suggests that the single emulsion method is capable of producing PLGA NPs as an 

effective carrier for the hydrophobic drug Dp44mT.  

Furthermore, we calculated the loading capacities –the mass of drug entrapped in 

NPs relative to the total mass of the entire particle formulation– of these optimal 

formulations as this parameter is of high importance for dosing in clinical applications. 

The loading capacity of NPs with 1 mg/mL PLGA was ~ 9.5% compared to the ~ 1.2% 

for those with 10 mg/mL PLGA. Therefore, while the lower drug-to-polymer (i.e., 10 

mg/mL PLGA) formulation had a slightly higher encapsulation efficiency compared to 

the higher drug-to-polymer (i.e., 1 mg/mL PLGA) formulation, its loading capacity was 

much lower than the latter. We have previously observed a similar trend with the 

nanoprecipitation protocol. For therapeutic purposes, the loading capacity and 

encapsulation efficiency should therefore, be balanced to determine the best formulation 

[89]. 
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Figure 2.10. Drug carrying capacity of Dp44mT-loaded NPs prepared by single 

emulsion (formed using 1% PVA and 90 mL/hr injection rate), as a result 

of varying Dp44mT:PLGA ratio. 

 

2.6. Comparison of Nanoprecipitation and Single Emulsion for Dp44mT-loaded 

Nanoparticle Fabrication   

Using nanoprecipitation, we optimized the encapsulation of Dp44mT in PLGA 

nanoparticles by varying the polymer type, surfactant concentration, and drug-to-

polymer ratio. Depending on the formulation, the highest encapsulation efficiency was 

found to be ~ 89%, which corresponded to a loading capacity of ~ 10% [89]. However, 

these NPs were fabricated from 75:25 PLGA which was found to have a slower drug 

release profile as compared to 50:50 PLGA. Therefore, our optimal 50:50 PLGA nano-

formulation (labeled +Dp44mT-NP in Table 2.1) had a moderate encapsulation 

efficiency of ~ 57% balanced with a loading capacity of 7.8%. We then evaluated the 

shape, size, and surface poatential of the NPs, all of which were found to be relatively 
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similar to those reported for our optimal nano-formulation: spherical, with an average 

size of  92 nm, and a surface potential of -14 mV [89]. The NPs were also found to be 

colloidally stable in water for one week at 37ºC.   

Comparatively, using injection rate, polymer concentration, and surfactant 

concentration, we optimized PLGA NP size produced by single emulsion. Using 

identical fabrication parameters as the optimal +Dp44mT-NP formulation identified for 

nanoprecipitation, we produced Dp44mT-NPs with an average size of 136 nm and 

negative surface potential of ~ -20 mV indicating colloidal stability in water at 37ºC. 

Based on the similarity in size to our nanoprecipitated NPs, we then evaluated the 

encapsulation and loading capacity of these Dp44mT-NPs, which was 77% 

(encapsulation efficiency) and ~ 10% (loading capacity) for the 0.15:1 drug-to-polymer 

ratio formulation, mirroring the Dp44mT-NPs made via nanoprecipitation. This 

increased drug encapsulation and loading can be attributed to the slightly larger NPs 

produced through this technique.  

Together, these results demonstrate that, when using identical parameters of 

1 mg/mL 50:50 PLGA and 0.15 mg Dp44mT in the organic phase injected into 

an aqueous phase containing 1% PVA, both techniques employed here are 

capable of producing our optimal negatively charged, spherical, Dp44mT-loaded 

nano-formulation of approximately 50 - 200 nm in size, with a moderate 

encapsulation efficiency, balanced with high loading capacity. While these two 

methods are comparable, it should be noted that nanoprecipitation does not 

require any specialized equipment, while single emulsion must be performed 

under vacuum, using special glassware, to remove the non-miscible organic 
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solvent. This specialized equipment also makes single emulsion slightly more 

difficult to scale up for production of larger batches of NPs. For our purposes, 

these two limiting factors made nanoprecipitation the more attractive method for 

the production of our Dp44mT-NPs. 

 

2.7. Conclusions 

This study presents the preparation and initial characterization of PLGA NPs 

encapsulating Dp44mT, a metal chelator with outstanding anti-tumor activity, as 

a new strategy for the application of this chelator for cancer treatment. We tested 

two different fabrication techniques, nanoprecipitation and single emulsion, and 

optimized the parameters of each technique to determine which technique would 

be optimal for Dp44mT-NP fabrication.  

Using these two common techniques, we investigated the effect of polymer type and 

concentration, surfactant concentration, drug-to-polymer ratio, and injection rate on NP 

fabrication. We characterized the resultant Dp44mT-NPs for shape, size, surface 

potential, colloidal stability, encapsulation efficiency, loading capacity, and drug 

release. Together, our results demonstrate that Dp44mT-NPs can be produced by either 

the nanoprecipitation or single emulsion technique. The resultant PLGA NPs provide a 

suitable carrier for the encapsulation of Dp44mT for the future application against 

cancer cells. In addition, the present nano-formulation may be further optimized for 

targeting tumor cells through attachment of ligands. 
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CHAPTER III 

ASSESSMENT OF DP44MT-LOADED NANOPARTICLE 

THERAPEUTIC EFFECTIVENSS IN VITRO 

 

3.1. Abstract 

In this chapter, we test the efficacy of our new anti-cancer formulation, loaded with 

iron chelator Dp44mT, against malignant cells in vitro. The outstanding anti-tumor 

activity of this chelator has previously been assessed in its free form in > 30 other cancer 

cell lines. Here, for the first time, we assessed the cytotoxicity of free Dp44mT in 

malignant glioma cells, specifically U251 and U87, in comparison to healthy astrocytes. 

Using nanoprecipitation, we then fabricated Dp44mT-loaded NPs (called Dp44mT-

NPs) and assessed the efficacy of this nano-formulation against glioma (U251, U87), 

breast (MCF7), and colorectal (HT29) cancer cells in vitro. Further, we evaluated the 

impact of enhanced incubation time on NP cyotoxicity, as compared to prolonged 

exposure to free Dp44mT. Finally, we measured the uptake rate and localization of our 

particles, labeled with fluorescent dye coumarin-6 (C6), to evaluate the performance of 

PLGA NPs as an efficient delivery vehicle for Dp44mT. Overall, this chapter 

demonstrates the great potential of this novel Dp44mT-based nano-formulation for the 

use in cancer therapy. 

 

3.2. Introduction 

Fe chelator Dp44mT has shown remarkable anti-proliferative activity in over 

30 cancer cell types [45, 51]  since proliferative neoplastic cells, like cancer, are 
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known to have higher sensitivity to Fe deprivation compared to their normal 

counterparts [25]. However, to the best of our knowledge, its anti-cancer activity 

has never been assessed in glioma cells or their healthy astrocyte counterparts, 

which will be the focus of the first part of this study. 

As we have now developed an appropriate PLGA nano-carrier for effective 

encapsulation and delivery of anti-tumor Dp44mT, the second part of this study 

will demonstrate the potential of this formulation to defeat neoplastic cells in 

vitro. To this end, we applied Dp44mT-NPs, fabricated via nanoprecipitation as 

optimized in Chapter 2, against malignant cells in vitro. First, the cytotoxicity of 

Dp44mT and Dp44mT-NPs was carefully evaluated in U87 and U251 glioma 

cells, as a cancer model, as well as normal astrocytes, as a healthy control. Next, 

we observed the cellular uptake of Dp44mT-NPs in both glioma cell lines and 

astrocytes to determine the mechanism and time frame for nanoparticle 

internalization. Lastly, to explore the versatility of this formulation as a general 

cancer chemotherapeutic platform, we further assessed the cytotoxicity of these 

NPs in other malignant cells, namely MCF7 breast cancer and HT29 colorectal 

cancer cells. 

 

3.3. Experimental Methods 

3.3.1. Materials 

Glioma cell lines (U251, U87) were a gift from Dr. James Connor’s Lab 

(Department of Neurosurgery, Penn State University). The breast cancer cell line 

(MCF7) and colorectal cancer cell line (HT29) were a gift from Dr. Chandra 
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Mohan’s Lab (Department of Biomedical Engineering, University of Houston). 

MTT Cell Viability kit was from Biotium (Fremont, CA). Human Astrocytes, 

Astrocyte Growth Medium, Bovine Brain Microvascular Endothelial Cells 

(BBMVECs), and BBMVEC media, were from Cell Applications (San Diego, 

CA). Dulbecco’s modified Eagle’s medium (DMEM), Dulbecco’s phosphate 

buffered saline (DPBS), fetal bovine serum (FBS), trypsin, and 

Antibiotic/Antimycotic solution were from Gibco® BRL (Carlsbad, CA). DiI 

(1,1-dioctadecyl 3’3, 3,3-tetramethylindo-carboxycyanate perchlorate) was from 

Invitrogen (Waltham, MA). Centrifuge filter tubes (10,000 and 50,000 MWCO) 

were from Millipore Sigma (Burlington, MA). NucBlue DAPI solution was from 

Molecular Probes (Eugene, OR). 50:50 poly(lactic-co-glycolic acid) (PLGA) 

(10,000 - 15,000 MW) was from PolySciTech (West Lafayette, IN). Di-2-

pyridylketone-4,4-dimethyl-3-thiosemicarbazone (Dp44mT), acetone, ethanol, 

coumarin-6 (C6), polyvinyl alcohol (PVA) (31,000 - 50,000 MW), dimethyl 

sulfoxide (DMSO), ribonuclease A (RNase A), propidium iodide (PI), poly-L-

lysine, and Fluoroshield mounting solution were from Sigma-Aldrich (St. Louis, 

MO).  

 

3.3.2. Free Form of Dp44mT 

Given the low water solubility of Dp44mT, we prepared a working stock of 

the free form of Dp44mT in DMSO at 1 mg/mL (≈ 3.5 mM). We then prepared 

our final desired experimental concentration by diluting our Dp44mT working 

stock in cell culture medium, DMEM. 
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3.3.3. Cell Culture 

Cells were incubated in proper culture medium supplemented with nutrients 

and antibiotics at 37°C in a humid incubator with uniform supply of carbon 

dioxide (5%). Specifically, human glioma cell lines (U251 and U87), human 

colorectal cell lines (HT29) and human breast cancer cells (MCF7) were cultured 

in DMEM supplemented with 10% FBS and 2% 100X antibiotic/antimycotic 

solution. Human astrocytes were cultured in complete Astrocyte Growth 

Medium. Bovine brain microvascular endothelial cells (BBMVECs) were 

cultured in complete BBMVEC Growth Medium.  

 

3.3.4. Cellular Viability Measurements and IC50 

Cells were seeded into 96-well plates at 1x104 cells per well (glioma), 2x104 

cells per well (BBMVEC), 5x104 cells per well (breast and colorectal cancers), or 

1x105 cells per well (astrocytes).  Cells were allowed to grow until they were 

confluent (approximately 24 - 48 hrs). Cells were then treated with increasing 

concentrations of one of following: free Dp44mT, Dp44mT-NPs, or PLGA NPs. 

After 48 hrs, the treated media was gently removed for MTT development. 

Following the manufacturer’s instruction, 10 μL of MTT reagent diluted in 100 

μL of media was added to each well and incubated for 2 - 4 hrs at 37º C. Live 

cells enzymatically turn this reagent into Formazan crystals that, after incubation 

and removal of MTT-containing media, were dissolved in DMSO (200 μL per 

well). The resultant color change was then quantified by UV/vis 
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spectrophotometry at a 570 nm and 630nm (background) wavelengths. For 

analysis, the background 630nm signal was first subtracted from the true 570nm 

signal. The resultant absorbance values were normalized against the signal from 

the 0 nM control wells, providing the percentage of viable cells. Using these 

viability measurements, IC50 (i.e., drug concentration at which viability is 50%) 

was calculated for each cell line using Equation (3.1):  

𝑌 = 𝑉𝑚𝑖𝑛 + (
(𝑉𝑚𝑎𝑥−𝑉𝑚𝑖𝑛)

1+(
𝑥

𝐼𝐶50
)

−(𝑛)

 

).                (3.1) 

In this equation, Y represents the measured percent cellular viability, Vmin and Vmax 

represent the lowest and the highest measured percent cellular viabilities, 

respectively, x represents the concentration of drug, and n represents the Hill 

slope (corresponding to the slope of the steepest point of the dose-dependent 

curve). This equation is further used to calculate best-fit IC50 curves for collected 

cytotoxicity data, represented as a solid line on the corresponding graphs. For all 

experiments, at least three replicates were used to calculate the average and 

standard error of the mean (SEM). 

 

3.3.5. Assessment of Apoptotic Cell Population 

To determine the percentage of the cells undergoing apoptosis, the cellular 

DNA was examined by flow cytometry using a sub-G1 assay. U251 glioma cells 

were first treated for 48 hrs with 100 nM of free Dp44mT or Dp44mT-NPs 

(calculated based on Dp44mT encapsulation efficiency). Cells were then washed 
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with 1X DPBS to remove residual media and drug, harvested, and fixed with 75% 

ice cold ethanol (EtOH). Finally, cells were stained with RNase A and PI for 30 

min, to mark the DNA content of these cells. Flow cytometry (FC500, Beckman 

Coulter, Fullerton, CA) was then used to detect and analyze the apoptotic cellular 

populations containing fragmented DNA (called “sub-G1”). 

 

3.3.6. Cellular Uptake of Nanoparticles via Flow Cytometry 

To determine the percentage of uptaken Dp44mT-NPs, U251 cells were 

treated with C6-loaded PLGA NPs (C6-NPs) prepared with a ratio of 0.01 mg 

C6:1 mg PLGA. Cells were seeded into 12-well culture plates at a density of 

1.25x104 - 2.5x104 cells per well. After allowing the cells to reach confluency (for 

approximately 24 hrs), cultures were dosed with C6-NPs at a concentration of 10 

μg C6/mL (calculated based on C6 encapsulation efficiency). NPs were allowed 

to incubate on the cells for 0 - 6 hrs, after which the NP-containing media was 

removed, and the cells were washed twice with 1X DPBS to remove any non-

internalized or membrane-bound NPs. The cells were then trypsinized and 

collected for flow cytometry analysis using an ACEA NovoCyte machine and a 

NovoExpress software (Accela, Prague, Czech Republic). For analysis, we 

subtracted the cellular auto-fluorescence detected in 0 hr untreated control cells 

(as our 0% threshold) and normalized all data to our stain control cells spiked 

with C6-NPs right before the flow cytometry measurement (as our 100% 

threshold). The mean percentage of uptaken C6-NPs was plotted against time. 

Resulting data is represented by mean ± SEM, n > 3. 
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3.3.7. Cellular Uptake of Nanoparticles via Confocal Microscopy 

For NP uptake assessment using confocal microscopy, glass coverslips were 

coated with poly-L-lysine overnight to aid in cell attachment. U251 glioma cells 

were then cultured on the coverslips (8x104 cells/mL) for 24 hrs or until at least 

60% confluent. Once ready, cells were treated with C6-NPs at a concentration of 

10 µg C6/mL (based on the measured C6 encapsulation efficiency), for 0 - 4 hrs 

in an incubator, mirroring the flow cytometry uptake experiments described 

above. After incubation, non-internalized NPs were washed with 1X DPBS and 

cells were fixed with a mixture of ice-cold fixation solution (80% methanol + 20% 

acetone) at -20°C for at least 30 min. The fixed cells were then stained with DiI 

(for 45 min) and DAPI (for 20 min) solutions at room temperature in the dark, 

with multiple washes with 1X DPBS between solutions to remove excess dye. 

Finally, any remaining solution was removed allowing the coverslips to dry out 

before adding mounting solution and sealing the glass coverslips onto glass slides. 

The coverslips were lastly sealed with nail polish and allowed to dry overnight 

(in the dark) before performing confocal imaging using a 63X oil immersion 

objective on an LSM 800 Inverted Confocal Microscope (Carl Zeiss Microscopy, 

Oberkochen, Germany). 

For epifluorescence time-lapse imaging, the cells were not fixed but instead 

imaged live after initial exposure to C6-NPs. In brief, cells were cultured (1.5x105 

cells/mL) for 24 hrs in glass-bottom petri dishes for optimal imaging at high 

resolution. Once ready, cells were imaged before the addition of C6-NPs and then 
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every 15 min over the course of 2 hrs after treatment with C6-NPs (10 µg C6/mL) 

4 hrs in an incubator, mirroring the flow cytometry uptake experiments described 

above. Confocal images were collected every 30 min to remove background 

fluorescence. All images were collected using a 63X oil immersion objective on 

an LSM 800 Inverted Confocal Microscope (Carl Zeiss Microscopy, Oberkochen, 

Germany). 

 

3.3.8. IC50 Calculations and Statistical Analysis 

GraphPad Prism 8 was used to perform IC50 calculations and student’s t-test to 

compare experimental groups and to evaluate statistical significance. For all 

collected data, statistical significance is represented by *p < 0.05, **p < 0.01, and 

***p < 0.001. 

 

3.4. Results and Discussion 

3.4.1. Cytotoxicity of Dp44mT in Glioma Cells 

In order to assess the effectiveness of Dp44mT-NPs in defeating malignant 

cells in vitro, we investigated the cytotoxicity of these NPs in two brain glioma 

cell lines, U87 and U251, as a cancer model. For these experiments, we focused 

on +Dp44mT-NP formula from Table 2.1 (with 50:50 PLGA and 0.15:1 drug to 

PLGA ratio) as this formulation provided relatively high loading capacity and 

encapsulation efficiency as well as slightly faster release compared to the 75:25 

PLGA NPs. U251 and U87 cells were treated with increasing amounts of 

Dp44mT-NPs for 48 hrs and then tested for viability using a MTT assay. Blank 
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PLGA NPs were tested as control NPs. Since the toxicity of Dp44mT has not 

been tested in glioma cells before, here we performed these experiments for free 

Dp44mT as well. As demonstrated in Figure 3.1A-B, exposure to increasing 

amounts of Dp44mT-NPs led to a significant drop in viability of U87 and U251 

cells at very low concentrations of < 150 nM, indicating a high-level of 

cytotoxicity of this formulation against these malignant cells.  Indeed, IC50 values 

for these Dp44mT-NPs was ~ 85 nM in U251 and ~ 100 nM in U87 cells (Table 

3.1), while the blank PLGA NPs did not show a significant effect on the viability 

of these cells. Notably, free Dp44mT showed an even higher level of cytotoxicity 

in both examined cells lines, with IC50 values of ~ 10 nM for U251 and ~ 5 nM 

for U87 cells. This difference in IC50 values between the free and encapsulated 

Dp44mT may be attributed to the difference in the mechanism of uptake of 

Dp44mT in these two forms; while Dp44mT is a lipophilic molecule and thus, 

may readily cross the lipid bilayer, PLGA NPs are most likely uptaken by 

receptor-mediated endocytosis [97, 98]. The IC50 values for free Dp44mT 

obtained from these experiments are within the previously reported range of 5 - 

400 nM for the free Dp44mT in other types of malignant cells [45]. More 

importantly, the IC50 values of Dp44mT, both in free and encapsulated form, were 

significantly lower than that of other common anti-cancer drugs, such as 

Doxorubicin (DOX) and Temozolomide (TMZ) used for eliminating U251 cells 

(IC50, DOX ≈ 5.7 μM, IC50, TMZ ≈ 33.0 μM) and U87 cells (IC50, DOX ≈ 2.2 μM, IC50, 

TMZ ≈ 23.0 μM) [76, 99], demonstrating the Dp44mT’s excellent anti-tumor 

activity in these two cancer cell lines.  



 

58 

In cancer therapy, success is often determined by not only the ability to kill 

malignant cells but also the ability to spare healthy cells. In order to test the safety 

of Dp44mT-NPs, we studied the toxicity effect of these NPs in human astrocytes 

as the control healthy cells, as these brain support cells are the ones that, when 

cancerous, lead to the formation of glioma tumors. Similar to the glioma cells, 

astrocytes were treated with PLGA NPs, free Dp44mT, or Dp44mT-NPs and 

evaluated for cell viability after 48 hrs via MTT assay. As Figure 3.1C illustrates, 

the viability of these healthy cells was not significantly affected by Dp44mT, in 

either free or encapsulated form, within the concentrations that were toxic 

towards their malignant counterparts (i.e., < 150 nM). It should be noted that more 

pronounced effects of Dp44mT-NPs on viability of astrocytes (reducing the 

viability to ~ 60%) was observed only at much higher concentrations (> 2 μM) of 

Dp44mT, indicating an inherent selectivity of this formulation against malignant 

cells. These results do not only demonstrate that Dp44mT has an excellent anti-

tumor activity in glioma cells –for the first time– but they also highlight the 

inherent selectivity of this compound towards these neoplastic cells. More 

importantly, findings of these experiments show that encapsulation of Dp44mT 

in PLGA NPs did not alter the anti-tumor activity of this chelator in malignant 

cells. 
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Figure 3.1. Dose-dependent cytotoxicity of free Dp44mT and Dp44mT-NPs in 

(A) U251 and (B) U87 glioma cells, as well as (C) astrocytes after 48 

hrs treatment. 
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Table 3.1. IC50 values of Dp44mT and Dp44mT-NPs in glioma and astrocyte cell 

lines.  

 

 Free Dp44mT Dp44mT-NP 

U87 ~ 5 nM ~ 93 nM 

U251 ~ 10 nM ~ 85 nM 

Astrocytes > 32 µM > 32µM 

 

Prior studies on anti-tumor activity of Dp44mT in malignant cells have shown 

that this compound induces apoptosis in a number of cancerous cells including 

neuroepithelioma, lung carcinoma, breast cancer, and leukemic cells [45, 51]. To 

determine if Dp44mT has a similar effect on glioma cells, we measured the 

population of U251 glioma cells undergoing apoptosis after 48 hr exposure to free 

Dp44mT or Dp44mT-NPs, at 100 nM Dp44mT concentration, using a sub-G1 

assay. Shown in Figure 3.2, flow cytometry analysis of these cells, stained with 

PI to track apoptotic cells with fragmented DNA, revealed that Dp44mT 

treatment led to a marked increase in the apoptotic cell populations in U251 cells 

from ~ 5% in the control (i.e., untreated) group to ~ 22% for free Dp44mT and ~ 

26% for Dp44mT-NPs. Similar experiments in U87 cells showed a comparable 

trend. These data suggest that Dp44mT does induce apoptosis in these glioma 

cells in agreement with those reported in non-glioma cancer cell types [45, 51]. 

These results do not only demonstrate that Dp44mT has an excellent anti-tumor 

activity in glioma cells –for the first time– but they also highlight the inherent 

selectivity of this compound towards these neoplastic cells. More importantly, 
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findings of these experiments show that encapsulation of Dp44mT in PLGA NPs 

did not alter the anti-tumor activity of this chelator in malignant cells. 

 

 

Figure 3.2. Sub-G1 apoptotic population, measured by flow cytometry, in U251 

cells after 48 hrs exposure to 100 nM free Dp44mT or Dp44mT-NPs 

compared to untreated control cells. 

 

To test our theory that the IC50 variation between the Dp44mT and Dp44mT-

NP treatments is the result of a difference in time-dependent uptake mechanism, 

we next varied the incubation time of either free Dp44mT or Dp44mT-NPs on 

U251 glioma cells over the span of 24 and 72 hrs, as compared to the 48 hr 

incubation results reported in Figure 3.1A. From Figure 3.3A, we can see that 

U251 glioma toxicity was reduced in a dose-dependent manner when the cells 

were exposed to either the free Dp44mT or the Dp44mT-NPs. While the free 

Dp44mT quickly reduced viability, treatment with Dp44mT-NPs was much 

slower but eventually surpassed that of free Dp44mT at 200 nM dosage, although 

the difference was not significant. Interestingly, this trend was similarly observed 

for 48 hr incubation (Figure 3.3B) and 72 hr incubation (Figure 3.3C); however, 
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as incubation time increased, the highest dose of Dp44mT-NPs did significantly 

reduce glioma viability compared to the equivalent amount of free Dp44mT.  

 

Figure 3.3. Dose-dependent cytotoxicity of U251 glioma cells treated with free 

Dp44mT or Dp44mT-NPs for (A) 24 hrs, (B) 48 hrs, or (C) 72 hrs. 
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As depicted in Figure 3.4 and summarized in Table 3.2, increasing incubation 

time led to a decrease in the IC50 values of Dp44mT-NPs and an increase in those 

of free Dp44mT, indicating that longer incubation times enhanced the overall 

effectiveness of Dp44mT-NPs but had an opposite effect in free Dp44mT. These 

results show that there is a time delay factor that must be taken into account when 

applying nanoparticulate treatments, as these NPs are uptaken into cells by a 

slower, time-dependent mechanism. Together, these data demonstrated that 

Dp44mT-NPs were highly toxic towards aggressive glioma cells and their effect 

on cell viability became more pronounced with longer exposure times. 

 

Table 3.2. IC50 of Dp44mT and Dp44mT-NPs due to varied incubation time in 

U251 glioma cells. 

 

 Free Dp44mT Dp44mT-NP 

24 hr < 1 nM ~ 100 nM 

48 hr ~ 10 nM ~ 85 nM 

72 hr ~ 20 nM ~ 63 nM 
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Figure 3.4. Comparison of Dp44mT vs. Dp44mT IC50 over time, calculated from 

dose-dependent viability after treatment with free Dp44mT or 

Dp44mT-NPs in U251 glioma cells.  

 

3.4.2. Cellular Uptake of C6-loaded Nanoparticles by Glioma Cells 

To further evaluate the performance of PLGA NPs as an efficient delivery 

vehicle for Dp44mT, we studied the U251 glioma uptake of C6-loaded PLGA 

NPs (C6-NPs), as C6 is a naturally fluorescent compound that is often employed 

as a model hydrophobic drug to monitor in vitro or in vivo distribution of nano-

carriers [92]. To check the reliability of this labeling approach for tracking NPs, 

we first tested the release of C6 from NPs co-loaded with Dp44mT and C6 (i.e., 

Dp44mT/C6-NPs) and demonstrated that only a small fraction (< 5%) of the 

encapsulated C6 was released during the first few hours [100]. After confirming 

that C6 could serve as an effective marker for these NPs, we dosed U251 cells 

with C6-NPs for increasing amounts of time and tracked the amount of NP uptake 

using flow cytometry. As depicted in Figure 3.5, ~ 11% of the C6-NPs were 

uptaken within 1 hr and their uptake reached a maximum of ~ 14% after about 2 
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hrs. For U87 glioma cells and astrocytes, a similar but higher trend of uptake was 

observed, with ~ 33% of the C6-NPs were uptaken within 1 hr and a maximum 

uptake of ~ 45% after about 2 hrs.  

 

  

Figure 3.5. Percentage of C6-NPs uptaken by glioma cells and astrocytes as a 

function of time, measured by flow cytometry.  

 

This uptake trend was further visualized through fluorescence confocal 

microscopy (Figure 3.6A) in which U251 glioma cells were stained to identify 

cellular membrane (DiI - red), nucleus (DAPI - blue), and NPs (C6 - green). 

Along with epifluorescence time lapse microscopy (Figure 3.6B), our results 

indicate that these C6-NPs are rapidly uptaken into the cellular cytoplasm, with 

uptake saturation occurring after several hours. Again, similar fluorescence 

microscopy results were observed for the U87 glioma cells and astrocytes [100]. 

We initially attributed increased NP uptake by U87 glioma, as compared to U251 

glioma, to the slightly faster replication rate of these cells. However, as astrocytes 
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were also observed to have increase NP uptake but are known to have a much 

slower (42 hr) replication rate, this cannot be the case. Rather increased uptake is 

probably the result of a difference in the endocytosis receptors being expressed 

on the surface of each of these cell lines. This uptake trend is indeed similar to 

other reports from hydrophobic drug-loaded PLGA NPs in literature [99, 101]. 

The relatively rapid uptake of Dp44mT-NPs further demonstrates the therapeutic 

potential of this nano-formulation for cancer therapy. Of course, future 

improvements upon this formulation, particularly decorating these PLGA NPs 

with targeting ligands, are expected to further enhance the cellular uptake of 

Dp44mT-NPs. 

 

 

Figure 3.6. Representative localization, via (A) confocal and (B) epi-

fluorescence microscopy, of C6-NPs uptaken by U251 glioma cells 

over time. 
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3.4.3. Cytotoxicity of Dp44mT-loaded Nanoparticles in Other Cancer Cells 

Based on the effectiveness of this Dp44mT-NP formulation against glioma 

cells, we began to explore the possible use of this platform as a ubiquitous cancer 

chemotherapeutic. As Dp44mT chelates a compound that is universally required 

for cellular growth and the PLGA NP core contains no cell-specific moieties, we 

concluded that this platform should also be generally effective against other types 

of cancer. Thus, we employed our Dp44mT-NPs in vitro against two other 

cancers, namely MCF7 breast cancer and HT29 colorectal cancer cells. These cell 

lines were selected as: (1) biologically both of these cancer lines are metastatic 

and have an epithelial origin like glioma; (2) both of these cancers have relatively 

high mortality rates with only moderate long-term survival rates, as summarized 

in Figure 1.1; and lastly (3) previous research using free Dp44mT has already 

been shown to be effective against these cell lines, allowing for better comparison 

to our platform [45, 51, 102, 103]. Together, these characteristics make MCF7 

and HT29 good targets to test our formulation. 

Mirroring the U87 and U251 glioma experiments in Figure 3.1, here we again 

focused on the +Dp44mT-NP formula from Table 2.1 (with 50:50 PLGA and 

0.15:1 drug to PLGA ratio). MCF7 breast cancer and HT29 colorectal cancer cells 

were treated with increasing amounts of Dp44mT-NPs for 48 hrs and then tested 

for viability using an MTT assay. Blank PLGA NPs were tested as a vehicle 

control and free Dp44mT was tested for comparative toxicity purposes. As 

demonstrated in Figure 3.7A-B, exposure to increasing amounts of Dp44mT-NPs 

did result in decreased viability, to 80% for MCF7 and 57% for HT29 cells. Both 
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lines required high concentrations (> 10 µM) of Dp44mT-NPs in order to trigger 

significant decreases in cell viability. As summarized in Table 3.3, the resultant 

IC50 for treatment with Dp44mT-NPs was found to be ~ 11.5 µM in MCF7 cells 

and ~ 14.5 µM in HT29 cells after 48 hrs treatment. In comparison, free Dp44mT 

in these cell lines resulted in IC50 values of ~ 800 nM for MCF7 and ~ 5.4 µM for 

HT29 cells. Therefore, while this platform was found to be extremely effective in 

glioma, it had only moderate effectiveness towards these other two cancer lines.  

However, it should be noted that the observed cellular toxicity towards our 

platform was still comparable to dosages reported for other chemotherapeutics.  
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Figure 3.7. Dose-dependent cytotoxicity of free Dp44mT and Dp44mT-NPs in 

(A) MCF7 breast and (B) HT29 colorectal cancers after 48 hrs 

treatment with free Dp44mT or Dp44mT-NPs. 

 

We theorized that sensitivity to Dp44mT-NPs and free Dp44mT, compared to 

glioma cells, may be attributed to distinct characteristics of these cell lines; MCF7 

and HT29 cells have slower replication rate (~ 40 hrs) than glioma cells (~ 22 - 

24 hrs), and unlike glioma cells, they need adequate cell-cell contact to sustain 

growth. In fact, other studies have reported lower IC50 values of 4 - 60 nM for 
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free Dp44mT in MCF7 cells after 72 hrs of treatment [45, 51, 102], suggesting 

that longer Dp44mT incubation times could enhance its toxicity in these cells, 

similar to our results in glioma cells (Figure 3.3). Therefore, we repeated the 

longer 72 hr incubation on these cell lines. From Figure 3.8A-B, we can see that 

prolonged exposure to our Dp44mT-NP formulation did result in a significant 

decrease in cell viability, to ~ 25%. The resultant IC50 values (Table 3.3) were 

also greatly reduced, compared to the 48 hr incubation, to ~ 1.6 µM for MCF7 

cells and ~ 1.4 µM for HT29 cells. These values are now similar to what was 

reported in literature, suggesting that the dosage time frame as well as the 

concentration must be optimized to gain the best therapeutic outcomes. Overall, 

the relatively high dosage requirement of these cells indicates that this specific 

formulation may not be as widely effective as first predicted, at least not without 

additional cancer-specific targeting. 

 

Table 3.3. IC50 of Dp44mT and Dp44mT-NPs in HT29 colorectal and MCF7 

breast cancer cells due to varied incubation time. 

 

MCF7 HT29 

 Free Dp44mT Dp44mT-NP Free Dp44mT Dp44mT-NP 

48 hr ~ 800 nM ~  11.5 µM ~ 5.4 µM ~ 14.5 µM 

72 hr ~ 25 nM ~ 1.6 µM ~ 60 nM ~ 1.4 µM 
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Figure 3.8. Reduced cytotoxicity of free Dp44mT and Dp44mT-NPs in (A) 

MCF7 breast and (B) HT29 colorectal cancers after 72 hrs treatment 

with free Dp44mT or Dp44mT-NPs.  

 

3.5. Conclusion 

This study presents the initial in vitro assessment of our novel anti-cancer 

nano-formulation. Specifically, it demonstrates, for the first time, the potent anti-

tumor activity of Dp44mT in glioma cells. The cytotoxicity studies showed that 

Dp44mT was highly effective in killing U251 and U87 glioma cells at very low 

concentrations (IC50 < 20 nM). Dp44mT encapsulated in PLGA NPs were found 
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to be similarly toxic to glioma cells (IC50 < 150 nM), confirming that 

encapsulation of Dp44mT in PLGA NPs did not alter the anti-tumor activity of 

this chelator in glioma cells. Most importantly, our experiments revealed that, at 

concentrations toxic to malignant cells, Dp44mT d id not induce significant cell 

death in healthy astrocytes, suggesting an inherent selectivity towards neoplastic 

cells. We then expanded the application of our Dp44mT-NP platform to other 

cancers, specifically MCF7 breast cancer and HT29 colorectal cancer. 

Cytotoxicity levels in these cell lines (IC50 > 10 µM), while significantly higher 

than in glioma, were still on par with doses of other commonly used 

chemotherapeutics. Further, for all cancer cell lines, Dp44mT-NP cytotoxicity 

can be improved with extended exposure time, which is not the case for 

unencapsulated Dp44mT. Together, these findings demonstrate that Dp44mT has 

a high-level cytotoxicity against brain glioma cells and that PLGA NPs provide 

a suitable carrier for the delivery of this hydrophobic compound to malignant 

cells. The application of Dp44mT-NPs is not limited to brain glioma cells as these 

NPs may be applied to other types of tumors. In addition, the present nano-

formulation may be further optimized for targeting tumor cells through 

attachment of targeting ligands.   
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CHAPTER IV 

PEGYLATION AND TARGETING OF DP44MT-LOADED 

NANOPARTICLES FOR IMPROVED THERAPEUTIC 

EFFECTIVENESS IN VITRO 

 

4.1. Abstract 

This chapter describes the preparation and optimization of PEGylated Dp44mT-

loaded PLGA nanoparticles towards tumor-targeted delivery of Dp44mT to cancer cells 

in vivo.  Using nanoprecipitation, we fabricated Dp44mT-NPs, the surface of which was 

completely covered with a dense layer of PEG. The resultant particles (referred to as 

Dp44mT-PEG-NPs) were characterized for shape, size, surface potential, colloidal 

stability, encapsulation efficiency, and loading capacity. We then assessed the efficacy 

of these Dp44mT-PEG-NPs by applying them to malignant cells (brain, breast, and 

colorectal cancer) in vitro. In addition, we used an in vitro model of the Blood-Brain 

Barrier to track the ability of these PEG-NPs to be transported into the brain. Finally, 

we applied two distinct methods to conjugate a glioma-specific targeting peptide from 

Interleukin-13 (IL13), IL13p, to the surface of these Dp44mT-PEG-NPs and assessed 

the effectiveness of these targeted NPs against glioma cells.  This chapter provides 

insight into the effect of PEGylation on the toxicity of the present Dp44mT-loaded NPs 

and demonstrates the great therapeutic potential of Dp44mT-PEG-NPs against different 

malignant cells, with particularly promising results for future targeted cancer-specific 

chemotherapies. 
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4.2. Introduction 

Two major challenges to effective cancer treatment include poor chemotherapeutic 

half-life and distribution in the vasculature, as well as undesirable side effects of these 

toxic therapeutics to healthy tissues. In the previous study (Chapter 3), we have shown 

that our Dp44mT-NPs formulation is highly effective against several different cancer 

cell lines (U87 & U251 glioma, MCF7 breast, and HT29 colorectal cancer cells) in vitro 

with minimal toxicity in healthy cells [100]. In this chapter, as a step towards future in 

vivo application of our Dp44mT-NPs, we evaluate the effect of adding surface 

poly(ethylene glycol) (PEG) on NP efficacy towards the examined cancer cell lines. 

Attachment of hydrophilic PEG chains creates a steric, hydrophilic barrier between the 

polymer surface and the aqueous environment which carrier's colloidal stability [73, 

74]. Enhanced stability leads to increased NP solubility, circulation time, and 

biodistribution [80, 104], which should enhance the delivery and effectiveness of these 

NPs. Additionally, the presence of a PEG layer acts as a “stealth layer” that prevents 

protein adsorption [61, 63, 74] thereby helping the nanoparticle escape detection and 

degradation by the immune system [63, 74, 75]. 

We aim to further improve the therapeutic potential of our NP formulation through 

the attachment of a targeting ligand. Using glioma as a malignant cell model, targeting 

would afford the selective delivery of our Dp44mT-loaded nano-formulation to glioma 

cells while sparing healthy cells. Previous research has utilized decoy receptor, 

Interleukin-13 Receptor alpha 2 (IL13Rα2), for glioma-targeted therapies, as this 

receptor is overexpressed on 80% of high-grade gliomas, including glioblastoma 

multiforme [105-109]. Therefore, a peptide from the IL13 protein (referred to as 
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“IL13p”) was chosen as the glioma targeting ligand, since this protein binds to IL13Rα2 

with high affinity (Kd = 2.5 ± 0.9 nM) [110] and has been found to increase NP uptake 

and penetration into glioma cells [111]. Additionally, IL13-targeted nanocarriers have 

been shown to successfully cross the Blood-Brain Barrier (BBB) [105, 111-113], which 

will be an essential component of future in vivo studies.  

To this end, we modified our PLGA NP formulation to add a layer of PEG chains 

onto the surface of these NPs. Upon preparation of PEGylated NPs (Dp44mT-PEG-

NPs) using nanoprecipitation, we characterized the resultant NPs for size, morphology, 

surface potential, colloidal stability, encapsulation efficiency, and loading capacity, to 

confirm relative similarity to our previously reported unPEGylated Dp44mT-NPs. After 

fabrication, we assessed the cytotoxicity of our Dp44mT-PEG-NPs in U251 and U87 

glioma cells, as well as MCF7 breast cancer and HT29 colorectal cancer cells, to 

determine the impact of PEGylation on the cytotoxicity of these NPs. We then decorated 

these NPs with a glioma targeting ligand, IL13p. For best conjugation results and future 

dual targeting, we explored two common techniques (Figure 4.10): EDC/NHS which 

attaches the targeting ligand directly to the carboxyl group of PLGA [111, 114, 115], or 

maleimide-thiol click chemistry in which a small percentage of the PEG chains 

contained a maleimide end group that served as an anchor for attachment of IL13p [112, 

113]. These targeted NPs (referred to as “IL13p-PEG-NPs”) were then also tested 

against glioma cells in vitro, to determine if cancer-specific targeting results in enhanced 

cytotoxic effects, thereby augmenting the chemotherapeutic properties of this nano-

carrier platform.  
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4.3. Experimental Materials and Methods 

4.3.1. Materials 

Glioma cell lines (U251, U87) were a gift from Dr. James Connor’s Lab 

(Department of Neurosurgery, Penn State University). The breast cancer cell line 

(MCF7) and colorectal cancer cell line (HT29) were a gift from Dr. Chandra 

Mohan’s Lab (Department of Biomedical Engineering, University of Houston). 

MTT Cell Viability kit was from Biotium (Fremont, CA). Human Astrocytes, 

Astrocyte Growth Medium, Bovine Brain Microvascular Endothelial Cells 

(BBMVECs), BBMVEC media, and Attachment Factor were from Cell 

Applications (San Diego, CA). Sephadex G15 was purchased from GE 

Healthcare (Chicago, IL). Dulbecco’s modified Eagle’s medium (DMEM), 

Dulbecco’s phosphate buffered saline (DPBS), fetal bovine serum (FBS), trypsin, 

and Antibiotic/Antimycotic solution were from Gibco® BRL (Carlsbad, CA). 

Centrifuge filter tubes (10,000 MWCO) were from Millipore Sigma (Burlington, 

MA). Polypropylene columns were purchased from Pierce Thermo Fisher 

(Waltham, MA). 50:50 methoxy poly(ethylene glycol)-b-poly(lactic-co-glycolic 

acid) (mPEG-PLGA; 2,000-15,000 MW), and 50:50 maleimide poly(ethylene 

glycol)-b-poly(lactic-co-glycolic acid) (mal-PEG-PLGA; 5,000-20,000 MW) 

were from PolySciTech (West Lafayette, IN). Di-2-pyridylketone-4,4-dimethyl-

3-thiosemicarbazone (Dp44mT), acetone, ethanol, coumarin-6 (C6), (31,000-

50,000 MW), dimethyl sulfoxide (DMSO), EDC (N-(3-Dimethylaminopropyl)-

N′-ethylcarbodiimide hydrochloride, MES (2-(N-Morpholino)ethanesulfonic 

acid), NHS (N-Hydroxysuccinimide), EDTA (ethylenediaminetetraacetic acid), 
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hydroxylamine hydrochloride, 2-IH (2-iminothiolane hydrochloride, Traut’s 

Reagent), and hydrocortisone were from Sigma-Aldrich (St. Louis, MO). IL13 

peptide (NH2-VDKLL LHLKK LFREG QFNRN FESII ICRDR TC-COOH) was 

made by Shanghai Royobiotech (Shanghai, China). DTNB (5,5’-Dithiobis(2-

nitrobenzoic acid), Ellman’s Reagent), L-Cysteine hydrochloride monohydrate, 

sulphuric acid, 12-well trans-well plate (12 mm insert, 0.4 µm polyester 

membrane) were purchased from VWR (Radnor, PA).  

 

4.3.2. Fabrication of Dp44mT-loaded PEGylated Nanoparticles via 

Nanoprecipitation 

Using the nanoprecipitation method previously described (see Section 2.3.2. 

Fabrication of Dp44mT-loaded Nanoparticles via Nanoprecipitation), we modified the 

formulation of the organic phase so that the resultant nanoparticles would contain an 

inner core of PLGA shielded by an outer layer of PEG chains. This formulation also 

included 10% maleimide-PEG which will be used for maleimide click chemistry to 

allow for the attachment of our desired targeting molecules. For the fabrication of 0.15 

mg/mL Dp44mT-PEG-NPs, 4.5 mg of mPEG-PLGA, 0.5 mg of malPEG-PLGA, and 

0.75 mg of Dp44mT were co-dissolved in 1 mL of acetone. An increased amount of 

Dp44mT is used in this formulation to maintain the 0.15 mg drug: 1 mg polymer ratio 

that has been previously optimized (see Chapter 2). This organic phase solution was 

injected into 3 mL of deionized (D.I.) water at a flow rate of 60 mL/hr under magnetic 

stirring. The solution was gently stirred for about 45 - 60 min at room temperature in a 

fume hood to evaporate the organic solvent. The resultant NPs were concentrated via 
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slightly reduced centrifugation (3,000 rpm for 30 min) to prevent excessive compacting 

on the filter. The nanoparticles were then washed two-to-three times by addition of 1 

mL of D.I. water followed by centrifugal filtration to remove unloaded drug. Lastly the 

NPs were resuspended to a final concentration of 5 mg/mL PLGA and 0.75 mg/mL of 

Dp44mT (referred to as 0.15 mg/mL Dp44mT-PEG-NPs) in water. These NPs were 

stored in 4°C until usage. 

 

4.3.3. Peptide Conjugation via Maleimide-Thiol Click Chemistry 

Using a modified version of the protocol originally provided by Madhankumar et 

al. [112, 113], we first attempted to conjugate IL13p to PEGylated NPs via maleimide-

thiol click chemistry. For appropriate amide conversion, the IL13p, calculated at a 1:1 

or 1:2 molar ratio as compared to the 0.5 mg mal-PEG-PLGA, was combined at 1:40 

ratio with 2-IH dissolved in 4 mM EDTA-1XPBS, pH 8. This solution was degassed 

using nitrogen (N2) gas to prevent oxygen reaction and then stirred for 2 hr in the dark 

at room temperature. The converted peptide was then separated from the basic 2-IH 

solution using a gel permeation/size exclusion chromatography (GPC) column 

containing sephadex-G15 and a running buffer of 4 mM EDTA-1X PBS, pH 6.5. Fifteen 

fractions (1 mL each) were collected from the column and tested for the presence of 

IL13p using Ellman’s Reagent (see 4.3.5. Quantification of Peptide Conjugation). The 

fractions containing the most IL13p were then combined with the PEG-NPs and then 

gently mixed at room temperature in the dark for 2 - 4 hrs. After conjugation, the 

resultant IL13p-PEG-NPs were washed 3X with 1 mL water and centrifuged in 10,000 

MWCO tubes (3,000 rpm, 30 min) to remove any unbound peptide. The NPs and the 
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wash wastes were again analyzed via Ellman’s reagent, to confirm IL13p conjugation 

to the PEG-NPs. 

 

4.3.4. Peptide Bioconjugation via EDC/NHS 

Using a modified protocol provided by ThermoFisher Scientific [111, 114, 115], we 

also attempted to conjugate IL13p to PEGylated NPs via the EDC/NHS technique. For 

conjugation using this method, the PEGylated nanoparticle formulation was slightly 

adjusted to remove the 0.5 mg mal-PEG-PLGA, which was replaced with 0.5 mg of 

50:50 PLGA (must contain a carboxyl group at the end of the polymer chain for reaction 

to work). The PEG-NPs were combined with a final concentration of 400 mM EDC and 

100 mM NHS, both of which were separately dissolved in MES buffer, pH 6.0. The 

solution was gently stirred for 30 min to allow for carboxyl conversion. After 

modification, the nanoparticles were centrifuged (3,000 rpm, 30 min, 10,000 MWCO 

tube) and washed with 3 mL 1X DPBS, pH 7.4 to completely remove EDC and NHS 

while also adjusting the pH of the NP solution to biological levels for optimal 

conjugation. The nanoparticles were then resuspended with 1X DPBS, pH 7.4 before 

being combined with IL13p, calculated at a 1:1 or 1:2 molar ratio as compared to the 

0.5 mg PLGA, for 4 hr in the dark at room temperature under gentle stirring. After 

conjugation, the reaction was quenched with a final volume of 10 mM hydroxylamine 

HCl. The resultant IL13p-PEG-NPs were then washed three times with 1 mL of water 

(3,000 rpm, 30 min, 10,000 MWCO filter tube) to remove any unbound peptide. 

Resulting data is represented by mean ± SEM, n > 1. 
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4.3.5. Quantification of Peptide Conjugation 

To assess the success of our peptide conjugation, we measured the amount of IL13p 

conjugated (i.e., bound) to the PEG-NP samples and the amount unbound in the 

centrifugal wash waste. For this, each sample was exposed to an equal volume of 

Ellman’s Buffer, which is comprised of 100 uL DTNB suspended in 5 mL of sodium 

sulfate dibasic (Na2HPO4) buffer, and incubated at room temperature for 15 min. When 

in the presence of cysteines, of which there are two on the IL13p, the Ellman’s Reagent 

will turn yellow. The amount of peptide was then measured by UV/vis 

spectrophotometry (SpectraMax M5 Molecular Devices, Molecular Devices, 

Sunnyvale, CA) and quantified against a standard curve of known cysteine monohydrate 

HCl concentrations. 

 

4.3.6. Preparation of In Vitro Transwell Blood-Brain Barrier Co-Culture 

Model  

To prepare our in vitro BBB co-culture model (Figure 4.7), the transwell insert was 

first inverted and coated with 250 uL of attachment factor and incubated at 37°C for 30 

min. The attachment factor was then removed and astrocytes (2.24 x105 cells/insert) 

were seeded onto the underside of the membrane polyester in complete Astrocyte 

Growth Media (AGM). The inserts were placed in the 37°C cell incubator for 6 - 8 hrs 

to allow the astrocytes to attach to the membrane. After attachment, the insert was 

flipped right-side up and placed in the transwell plate. The bottom chamber was then 

filled with 1.5 mL of AGM for continued astrocyte growth for the next 24 hrs. On the 

following day, BBMVECs were cultured on the top-side of the membrane at 1.22 x105 
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cells/insert in 0.5 mL of complete BBMVEC media. The entire co-culture system was 

then incubated at 37°C for 3 days until all cells reached confluency. On the third day, 

the media in the top chamber was replaced with 0.5 mL of Astrocyte Conditioned Media 

(ACM)* containing 180 nM hydrocortisone, to promote tight junction formation. The 

media in the bottom chamber was replaced with 1.5 mL of fresh AGM. The cells were 

again allowed to grow at under these conditions at 37°C for an additional 9 days, with 

the media being exchanged every 3 days. *ACM was prepared using a published 

protocol [116], in which used AGM was collected from a confluent astrocyte culture, 

filtered 0.22 µm filter, and then mixed 50:50 with fresh BBMVEC media. After 12 days 

of incubation, the Trans-endothelial electric resistance (TEER) was measured, per 

instrument manufacturer instructions, to confirm tight junction integrity.  

 

4.3.7. Nanoparticle Transport Across In Vitro Blood-Brain Barrier Model 

Once the co-culture was ready, the desired concentration of PEG-NPs (0.1, 0.5, or 

1 mg/mL) was diluted in media from the top chamber. The co-culture plate was then 

returned to the 37°C incubator for 8 hrs to allow NP transport. After 8 hrs, all media 

(0.5 mL from top chamber and 1.5 mL from the bottom chamber) was collected 

separately. Each sample was washed twice with DI water by ultracentrifugation (15,000 

rpm for 70 min each) and then re-suspended in 1 mL of DI water. The NP concentration 

in each sample was measured using Malvern LM10 NanoSight (threshold=10) and 

analyzed using Nanosight NTA 3.2 software.  
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The NP transport percentage was calculated using Equation 4.1: 

𝑁𝑎𝑛𝑜𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 𝑇𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡 (%) = (
𝑁𝑃𝑓  

𝑁𝑃𝑖
) × 100%.                                     (4.1) 

 

In this equation, NPf represents the final number of PEG-NPs in the bottom chamber 

(measured at time = 8 hrs of incubation) and NPi represents the initial number of PEG-

NPs added to the top chamber (measured at time = 0 hrs). Resulting data is represented 

by mean ± SD, n > 3. 

 

4.4. Results and Discussion 

4.4.1. Characterization of Dp44mT-loaded PEGylated Nanoparticles 

Attachment of PEG to the surface of NPs has been shown to increase their solubility, 

prolong their circulation, and improve their biodistribution by preventing protein 

adsorption and opsonization of these NPs [59, 80]. Therefore, as a step towards 

preparing Dp44mT-NPs for future in vivo studies, we modified our PLGA NP 

formulation by adding a layer of PEG polymer chains onto their surface. The 

nanoprecipitation method was again used to fabricate these PEG-NPs encapsulating 

Dp44mT (Figure 4.1). Briefly, mPEG-PLGA, mal-PEG-PLGA, and Dp44mT were co-

dissolved in acetone and the resulting mixture was injected into an aqueous solution 

under magnetic stirring. Here, mal-PEG-PLGA was added to the recipe for the future 

attachment of targeting ligands, which will be discussed later. The acetone was then 

evaporated under gentle stirring and the particles were collected and washed with water 

by centrifugal filtration. All NP formulations were then characterized for morphology, 
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size, surface potential, colloidal stability, encapsulation efficiency, and loading capacity, 

as summarized in Table 4.1. 

 

 

 

Figure 4.1. Schematic of nanoprecipitated Dp44mT-loaded PEG-NPs, consisting of 

Dp44mT entrapped in a PLGA core, with an outer PEG shell containing 

maleimide groups for conjugation. 
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SEM confirmed that the PEG-NPs were spherical and relatively homogenous in size 

(Figure 4.2A). As represented in Figure 4.2B, the size distribution of these PEG-NPs, 

measured by DLS, was narrow with a diameter of 97 ± 17 nm and a PDI of < 0.25. This 

size range is optimal for our future studies, as previous research has shown that NPs 

with a diameter of approximately 80 - 120 nm have a higher tendency to accumulate in 

hypervascular tumors, including brain tumors, compared to significantly smaller or 

larger particles [22, 78, 79]. In Figure 4.2C, colloidal stability assessed under 

physiological conditions over the course of a week confirmed the relative stability of 

these PEGylated NPs in both water and complete media over the course of a week, 

which was further supported with average negative surface potentials of approximately 

-55 mV. The presence of PEG on the surface of the NPs is known to minimize the 

interfacial free energy which increases the steric repulsion between the NPs and in vivo 

circulation time [61, 117].  

Next, we evaluated the encapsulation efficiency of Dp44mT in these particles. The 

Dp44mT-loaded PEG-NPs had an encapsulation efficiency of ~ 55 ± 9%, which was 

found to be similar to the encapsulation efficiency of Dp44mT in PLGA NPs previously 

reported [87, 89, 100]. Reducing the drug-to-polymer ratio (D:P) increased 

encapsulation efficiency ~ 69 ± 15%. Based on the encapsulation efficiency values, we 

calculated the loading capacity of these NPs, as this is the drug loading value used for 

clinical applications. While the encapsulation efficiency was lower for the 0.15:1 

formula, the loading capacity was at least three-fold higher (7.5% to 2.0% respectively). 

These values mirror those calculated for the unPEGylated Dp44mT-NPs, indicating that 
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this modified nanocarrier remained a good vehicle for the encapsulation and delivery of 

Dp44mT.  

Together, the physical characteristics of these PEG-NPs were similar to the 

unPEGylated Dp44mT-NPs reported in Chapter 2. It should be noted that the addition 

of a PEG layer did significantly reduce the rate of drug release from these NPs [118], 

as compared to the bare NPs. This effect is in agreement with previous findings by Xu 

et al. that higher density of PEG on drug-loaded PLGA NPs led to a more sustained 

drug release from the NPs [119]. As such, this characteristic must be taken into account 

and modulated along with polymer type (LA:GA) and drug-to-polymer ratio (D:P) to 

gain the optimal sustained drug release for ideal therapeutic conditions [118]. 
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Figure 4.2. Characterization of PEGylated NPs, prepared by nanoprecipitation, by (A) 

SEM, (B) representative DLS size distribution, and (C) colloidal stability 

of PEG-NPs in physiological solutions over time. 

 

4.4.2. Cytotoxicity of Dp44mT-loaded PEGylated Nanoparticles in Glioma Cells 

After fabrication and characterization, we investigated the impact of 

PEGylation on the effectiveness of these Dp44mT-PEG-NPs in defeating glioma 

cells in vitro. For these experiments, we focused on +Dp44mT-(100%)PEG-NP 

formula from Table 4.1 (with 50:50 PLGA and 0.15:1 drug to PLGA ratio) as 

this formulation provided relatively high Dp44mT loading capacity and 

encapsulation efficiency. We repeated the previously performed cytotoxicity 
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assay, wherein U251 and U87 cells were treated with increasing amounts of 

Dp44mT-PEG-NPs for 48 hrs and then tested for viability using an MTT assay. 

Blank PEG-NPs were tested as control NPs. As demonstrated in Figure 4.3A-B, 

exposure to increasing amounts of Dp44mT-PEG-NPs led to an observable 

decrease in U87 and U251 cell viability concentrations of < 250 nM. Specifically, 

the IC50 value for these Dp44mT-PEG-NPs was ~ 135 nM in U251 and ~ 210 nM 

in U87 cells (Table 4.2), while the blank PLGA NPs did not show a significant 

effect on the viability of these cells.  

 

Table 4.2. IC50 values of free, unPEGylated, and PEGylated Dp44mT-loaded NPs in 

glioma cells. 

 

 Free Dp44mT Dp44mT-NP Dp44mT-PEG-NP 

U87 ~ 5 nM ~ 93 nM ~ 210 nM 

U251 ~ 10 nM ~ 85 nM ~ 135 nM 
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Figure 4.3. Dose-dependent cytotoxicity of PEG-NPs and Dp44mT-PEG-NPs in 

(A) U251 and (B) U87 glioma cells after 48 hrs treatment with PEG-

NPs or Dp44mT-PEG-NPs.  

 

As demonstrated in Figure 4.4A, low doses of Dp44mT-PEG-NPs had a 

similar effect on cell viability to non-PEGylated NPs. However, as dosage 

increased, PEGylation started to show a pronounced impact on cytotoxicity, 

particularly at doses higher than 100 nM. As a result, the addition of PEG layer 

to the surface of Dp44mT-NPs increased the IC50 values in U251 cells from  
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85 nM to 135 nM (Table 4.2).While the PEG layer created a steric barrier that 

prevents protein adsorption onto NPs, its hydrophilicity and neutral charge has 

also been reported to reduce the NP internalization [120]. Therefore, the presence 

of PEG on these NPs likely hindered their cellular uptake to some extent and, as 

a result, dampened their cytotoxicity. We observed a similar trend in U87 glioma 

cells, leading to an increase in the IC50 values from 100 nM to 210 nM. It is 

noteworthy that, despite the reduced level of toxicity due to PEGylation, these 

Dp44mT-NPs remained highly toxic towards glioma tumor cells with outstanding 

IC50 values.  
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Figure 4.4. Comparative dose-dependent cytotoxicity as a result of (A) 

PEGylation of Dp44mT-NPs incubated in U251 cells after 48 hrs 

treatment, or (B) increased Dp44mT-PEG-NP incubation time (48 

hrs vs 72 hrs).  

 

For both glioma cell lines, we also noticed that the effectiveness of these particles 

quickly plateaued at ~ 50% similar to the unPEGylated Dp44mT-NPs (Figure 3.2). Due 

to the increased toxicity observed after 72 hr Dp44mT-NP treatment in glioma cells 

(Figure 3.4), we again applied our PEGylated NPs with increased incubation times. 
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From Figure 4.4B, preliminary results indicate that extended dosage time results in a 

cytotoxicity plateau of approx. 35 - 40% and an IC50 of 400 nM in U251 glioma cells. 

Interestingly, the extended incubation time did not result in a lower IC50 value but the 

cytotoxicity plateau was lower. This data suggests that increased exposure time for this 

PEGylated formulation does not result in a lowered required dosage but can help to 

remove more of the remaining cancer cell population. Over all, these results demonstrate 

that, while not as immediately effective as the unPEGylated formulation of our NPs, 

these Dp44mT-PEG-NPs still contain excellent anti-tumor activity in these two glioma 

cell lines and have the future potential for targeted delivery. 

In the previous study, we confirmed that our unPEGylated Dp44mT-NP formulation 

appeared to have minimal toxicity in healthy astrocytes, supporting the assertion that Fe 

chelators have an apparent selectivity for neoplastic cells. Now that we have modified 

our NPs for improved in vivo application, we wanted to confirm that this new 

formulation poses little toxicity to healthy cells.  Therefore, we evaluated the 

cytotoxicity of our Dp44mT-PEG-NPs in healthy astrocytes and Bovine Brain 

Microvascular Endothelial Cells (BBMVECs), the cells of the BBB that will be the first 

barrier to transport into the brain parenchyma. Mirroring the cytotoxicity experiments 

in cancer cells, astrocytes and BBMVECs were treated with either blank PEG-NPs or 

Dp44mT-PEG-NPs and evaluated for cell viability after 48 hrs via MTT assay. As 

illustrated in Figure 4.5A-B, the viability of these healthy cells was slightly reduced 

upon exposure to > 1 μM of Dp44mT-PEG-NPs. However, overall viability did not drop 

below 70% indicating that these NPs are still relatively non-toxic to healthy cells. 

Together, while the effect is dampened compared to cytotoxicity results from Dp44mT-
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NPs, this data demonstrates that our new Dp44mT-PEG-NP formulation is still toxic to 

glioma cells with minimal effect to healthy cells. 

 

 

Figure 4.5. Dose-dependent cytotoxicity of PEG-NPs and Dp44mT-PEG-NPs in 

healthy (A) astrocytes and (B) BBMVECs after 48 hrs treatment with 

PEG-NPs or Dp44mT-PEG-NPs. 
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4.4.3. Cellular Uptake of C6-loaded PEGylated Nanoparticles by Glioma Cells 

To test the performance of PEG-NPs as an effective delivery vehicle for future in 

vivo chemotherapy, we next evaluated the uptake of these NPs by glioma cells and 

astrocytes in vitro. The cells were treated with PEG-NPs loaded with fluorescent 

Coumarin-6 (C6), and uptake of these C6-PEG-NPs was then tracked over the course 

of 6 hrs by flow cytometry and confocal microscopy. As illustrated in Figure 4.6A-B, 

C6-PEG-NPs were rapidly uptaken in the first few hours by all cell types, though more 

so by the healthy astrocytes (~ 45%) as compared to the cancerous glioma cells (~ 30%).   

 

 

Figure 4.6. Uptake of C6-loaded PEG-NPs by glioma cells and astrocytes as a function 

of time, measured by (A) flow cytometry and (B) confocal fluorescence 

microscopy.  

 

These flow cytometry results were then compared, in Figure 4.7, to unPEGylated 

C6-NP uptake previously reported in Chapter 3. Based on the dampened cytotoxicity 

A                           B            U251 
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results observed with our Dp44mT-PEG-NPs and previous reports as to the effect of a 

PEG layer on NP internalization, we predicted that here we would also observe reduced 

NP uptake. While this was the case for U87 glioma, the opposite trend was observed for 

U251. This suggests that these cells might express more of the endocytosis receptor 

required for PEGylated NP uptake. Interestingly, astrocytes had no observable uptake 

bias between the two different types of NPs, which can be attributed to the fact that 

astrocytes act as neuronal support cells and their main function is influx and efflux of 

components from the environment. Together, these results suggest that, while reduced 

cytotoxicity is likely the result of decreased or slower NP uptake, there could be a 

cancer-specific endocytosis mechanism that can be exploited for more targeted delivery 

to these cancerous cells. 

 

 

Figure 4.7. Comparative uptake of C6-loaded NPs, with and without PEGylation, as a 

function of time in (A) U251 cells, (B) U87 cells, and (C) astrocytes. 

 

 

A        U251         B       U87              C          Astrocytes 
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4.4.4. Cytotoxicity of Dp44mT-PEG-NPs in Other Cancer Cells 

To further assess the applicability of Dp44mT-PEG-NPs against other types 

of cancer, we again assessed their efficacy in MCF7 breast and HT29 colorectal 

cancer cell lines. While 48 hr treatment with unPEGylated Dp44mT-NPs resulted 

in IC50 values > 10 μM in both cell lines, PEGylation further reduced the toxicity 

of these NPs to IC50 > 20 μM in these cells (Table 4.3). From Figure 4.8A-B, it 

is clear that the PEGylated NPs barely had an impact on these cancer cells. 

Application of blank PEG-NPs enabled continued cancer cell growth, while 

application of Dp44mT-PEG-NPs maintained the cancer cell populations (e.g., 

there was not noticeable decrease in the cell viability but at the same time there 

was also no new cell growth). Due to the effect of increased incubation time 

previously observed on cytotoxicity in these cancer cell lines (Figure 3.7), we 

predict that increased incubation times would again improve the cytotoxicity of 

this Dp44mT-PEG-NP formulation against MCF7 and HT29 cancer cells. These 

results suggest that, while 48 hr incubation is standard for in vitro drug toxicity 

studies, this time frame should be re-evaluated as the NP treatments applied to all 

of the cancers examined here required more time to be effective. This 

effectiveness is most likely the result of the uptake mechanism and the controlled 

drug release inherent in this polymeric platform, which should be modulated for 

best in vivo results.  
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Table 4.3. IC50 values of free, unPEGylated, and PEGylated Dp44mT-loaded NPs in 

MCF7 breast cancer and HT29 colorectal cancer cells. 

 

 Free Dp44mT Dp44mT-NP Dp44mT-PEG-NP 

MCF7 ~ 800 nM ~ 11.5 µM > 20 µM 

HT29 ~ 5.4 µM ~ 14.5 µM > 20 µM 

 

  

Figure 4.8. Dose-dependent cytotoxicity of PEG-NPs and Dp44mT-PEG-NPs in (A) 

MCF7 breast and (B) HT29 colorectal cells after 48 hrs treatment with 

PEG-NPs or Dp44mT-PEG-NPs.  
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4.4.5. Effect of PEG Density on Nanoparticle Cytotoxicity  

Given the reduced cytotoxicity of PEGylated Dp44mT-NPs in malignant cells, we 

hypothesized that the presence of PEG chains affects the cellular interactions of NPs 

and hence, their uptake. To test this hypothesis, we prepared Dp44mT-PEG-NPs with 

varying percentages of PEG and evaluated their cytotoxicity in U251 glioma cells. 

Specifically, we fabricated Dp44mT-NPs with 10, 20, and 30% PEG and compared their 

cytotoxicity levels to those previously collected for non-PEGylated Dp44mT-NPs 

(Figure 3.1) and 100% PEGylated Dp44mT-NPs (Figure 4.3 and identified as 

+Dp44mT-(100%)PEG-NP in Table 4.1). As illustrated in Figure 4.9, there was no 

significant difference between the toxicity of NPs with 10 - 20% PEGylation and what 

was observed for the 100% PEGylated NPs, especially at higher doses. Interestingly, 

these results did not appear to have a concentration-dependent trend. For instance, the 

cell viability for NPs with the lowest examined PEG percentage (10%) was similar to 

that for NPs with 100% PEGylation. Prior studies have shown that, while the addition 

of PEG decreases NP uptake [120], a minimum of 5 - 20% PEG is required to prevent 

protein adsorption to the NP surface [121]. Thus, we chose a 20% surface PEGylation 

(identified by †Dp44mT-(20%)PEG-NP in Table 4.1) for these Dp44mT-NPs, as this 

should provide an optimal balance between the desired colloidal stability and the lower 

toxicity due to reduced cellular uptake. The modification of the PEG layer on the NP 

surface will also allow us to perform different bioconjugation techniques for optimal 

targeting to specific cancer cells.  
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Figure 4.9. Dose-dependent cytotoxicity of Dp44mT-PEG-NPs with varying PEG 

density in U251 glioma cells after 48 hrs treatment. 

 

4.4.6. Transport of PEGylated Nanoparticles across an In Vitro Blood Brain 

Barrier Model  

After optimizing the PEG density on the surface of our PEG-NPs, we next wanted 

to examine the delivery of our 20% PEG-NP formulation across endothelial layer, as a 

model for transport of NPs from vasculature into tissue. As such, we studied the 

movement of our PEG-NPs across an in vitro transwell BBB co-culture model 

containing BBMVECs and astrocytes (Figure 4.10A) After establishing our in vitro 

BBB co-culture model (as described in 4.3.6 Preparation of In Vitro Transwell Blood-

Brain Barrier Co-Culture Model), we confirmed the integrity of the endothelial tight 

junctions through measurement of the trans-epithelial electrical resistance (TEER), with 
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an average of ≥ 130 Ω-cm2. We then added increasing concentrations of our 20% PEG-

NP formulation to the top transwell chamber and then collected samples from the 

bottom chamber after 8 hrs of incubation. The collected samples were then analyzed for 

NP concentration using Nanosight. The percentage of PEG-NPs transported was then 

calculated using Equation 4.1.  

From our preliminary data in Figure 4.10C, we observed that the highest percentage 

of PEG-NPs transported was ⁓ 5%, which equates to ⁓ 3.2x108 NPs moving across the 

endothelial layer. Interestingly, increasing the concentration of PEG-NPs added to the 

top chamber did not result in a significant change to the number of NPs transported 

across the BBB (Figure 4.10B). This is not the trend observed for PEG-NP transport 

across a bare membrane, which is driven solely by diffusion rather than transcytosis; in 

this case, increasing the polymer concentration in the top chamber resulted in an 

expected increase in the number of NPs collected from the bottom chamber. Therefore, 

the overall percentage of PEG-NPs transported actually decreased with increasing 

polymer concentration. These results, together with our C6-PEG-NP uptake results from 

Figure 4.6, suggest there is a threshold of NP saturation. For therapeutic application, 

this data suggests that increased NP dosage will not necessarily improve 

chemotherapeutic delivery. 

Our results are comparable to those collected from a previous pilot study, which 

tracked the permeability of the in vitro transwell BBB using untargeted and targeted 

densely PEGylated NPs [118]. During these experiments, the transport of untargeted 

PEG-NPs was approximately 1.3 ± 0.1%. The addition of an IL13-targeting protein to 

the surface of these PEG-NPs increased transport to ⁓ 1.8%, which is a 42.5% increase 
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in transport. Similar transport was observed for NPs targeted with Transferrin (Tf), the 

gold standard in BBB targeting molecules, resulted in 2.0 ± 0.2% transport. Currently, 

the observed transport for our unconjugated partially PEGylated polymeric NPs is 

within the range reported for unconjugated liposomes (0.1 - 3.2%). Conjugating Tf to 

those liposomes increased transport significantly, to 1.2 - 5.6%  [122, 123]. This is 

further evidence that coating our NP formulation with a targeting ligand is the best way 

to achieve improved endothelial transcytosis and enhanced NP uptake within the tissue. 

 

 

Figure 4.10. Effect of polymer concentration, across an (A) in vitro co-culture trans-

well model of the Blood-Brain Barrier, on the (B) number of NPs and (C) 

percentage of NPs transported. 

 

4.4.7. Targeting Dp44mT-PEG-NPs with IL13 peptide 

We have now optimized our Dp44mT-PEG-NP for improved survival in an in vivo 

system and have shown the effect of these particles on various cancer cells in vitro. Our 

next objective is to increase therapeutic potential and decrease toxic side effects to 

healthy tissues by coating our PEGylated NPs with a cancer-specific targeting ligand, 

which will facilitate delivery to only the cancer cells of our choice. For this, we used 

A          B          C 
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glioma as our malignant cell model; accordingly, we chemically attached a small 

peptide, IL13p, to the surface of our PEG-NPs, since this peptide should bind to the 

decoy IL13Rα2 that has been shown to be overexpressed on glioma cell surfaces [105-

107]. To achieve this, we investigated two common methods for bioconjugation (Figure 

4.11) and optimized both procedures for the attachment of our peptide. First, EDC/NHS 

chemically modifies the carboxyl group on PLGA, allowing for direct linkage to the 

amine groups on the IL13p. Second, maleimide-thiol click chemistry chemically 

modifies the amine group on the peptide, allowing for thiol attachment to the maleimide 

group found on a small percentage of the PEG chains added during NP fabrication [112, 

113].  

 
 

Figure 4.11. Schematic of IL13p conjugation to PEG-NPs for NP targeting to glioma. 

Conjugation is achieved either by EDC/NHS or maleimide-thiol click 

chemistry. 
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Previous pilot studies in our lab were able to successfully conjugate the full IL13 

protein to the surface of a similar PEG-NP using maleimide-thiol click chemistry [118]. 

Preliminary work with those targeted particles indicated that the presence of the 

targeting ligand did improve NP cytotoxicity, uptake, and even transcytosis across an in 

vitro BBB model. Now, with our optimized PEG-NP and our smaller peptide, we find 

that the EDC/NHS method is much more efficient for attaching a targeting ligand to the 

NP surface. Preliminary cytotoxicity results with these streamlined IL13p-conjugated 

Dp44mT-PEG-NPs (named Dp44mT-IL13p-PEG-NPs) indicate that the addition of the 

targeting peptide can decrease cell viability by 15 - 20% as compared to the untargeted 

Dp44mT-PEG-NPs (Figure 4.12). These results were especially apparent in the U87 

glioma cells, indicating that these cells may be more susceptible to this targeting peptide 

than U251 glioma cells. The observed cytotoxicity resulted in an IC50 of ~ 500 nM in 

U87 cells and ~ 1.2 µM in U251 cells. While these values are currently not lower than 

the IC50 values reported for untargeted Dp44mT-PEG-NPs in Table 4.2, it should be 

noted that the therapeutic threshold of the untargeted NPs was 55% for both cell lines. 

Here, the therapeutic threshold was as low as 40% for targeted Dp44mT-IL13p-PEG-

NPs in U87 glioma cells. These preliminary results suggest that targeting can help 

improve the effectiveness of this nano-formulation in glioma cells.  
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Figure 4.12. Dose-dependent cytotoxicity of Dp44mT-PEG-NPs and Dp44mT-IL13p-

PEG-NPs in (A) U251 and (B) U87 glioma cells after 48 hrs treatment. 

 

4.5. Conclusion 

This chapter presents the effect of adding surface PEGylation and targeting ligands 

to our Dp44mT-NPs, as a step towards enhanced tumor toxicity in vivo. Using 

nanoprecipitation, we fabricated PLGA NPs coated with a surface layer of PEG for 

improved biodistribution and stability. Our PEG-NPs were homogeneous in size (97 ± 

17 nm) and shape, had negative surface potential (-55 mV), and showed good colloidal 
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stability in physiological solutions, similar to our previously reported PLGA NPs. The 

PEG-NPs were also able to efficiently encapsulate Dp44mT, with a moderate 

encapsulation efficiency of ~ 69 ± 15%, which equates to 2.0 - 7.5% loading capacity. 

The cytotoxicity studies showed that these Dp44mT-PEG-NPs were toxic to U251 and 

U87 glioma cells (IC50 < 250 nM), though not to the degree as what was observed with 

the unPEGylated Dp44mT-NPs. Toxicity was enhanced by reducing the PEG coating 

to the minimal 20%. This platform was then expanded to MCF7 breast cancer and HT29 

colorectal cancer cells. There was very little toxicity apparent in these cell lines (IC50 > 

20 µM) but toxicity can most likely be enhanced with PEG density optimization, 

increased exposure time, and cancer-specific targeting. Afterwards, we conjugated these 

NPs with a novel ligand, IL13p, to enable targeted delivery to malignant glioma cells. 

Preliminary results indicate that Dp44mT-loaded IL13p-PEG-NPs showed a higher 

level of cytotoxicity in glioma cells (U251, U87) compared to Dp44mT-PEG-NPs, 

presumably due to the increased cellular uptake of these IL13p-PEG-NPs. Overall, this 

IL13p-conjugated nanoparticle formula offers an attractive strategy to enable the 

targeted delivery of this chelator to brain cancer cells. This nanoparticle platform may 

be further applied for the encapsulation of other hydrophobic anti-cancer drugs or the 

attachment of other targeting ligands for the treatment of other types of tumors.  
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CHAPTER V 

CONCLUSION & FUTURE DIRECTIONS 

 

5.1. Conclusion 

This dissertation presents the development and in vitro assessment of a novel 

anti-cancer nano-formulation, as a new strategy for the application of this chelator 

towards cancer. In the first part of this dissertation, we discussed the preparation, 

optimization, and characterization of PLGA NPs encapsulating anti-tumor 

Dp44mT using two common fabrication methods of nanoprecipitation and single 

emulsion. We demonstrated that PLGA NPs provide a suitable carrier for the 

encapsulation of Dp44mT for the future application against cancer cells. 

 In the second part of this dissertation, we evaluated the therapeutic 

effectiveness of this nano-formulation against malignant cells in vitro, in 

comparison to application of free Dp44mT. We demonstrated that application of 

free and encapsulated Dp44mT effectively kills glioma cells, while selectively 

bypassing healthy cells. Similar application to other cancer cells, specifically 

HT29 colorectal and MCF7 breast cancer cells, further demonstrated the 

applicability of this nano-formulation as a future chemotherapeutic against 

cancer.  

In the last part of this dissertation, we discussed the surface modification of 

our nano-formulation towards future application in vivo. We demonstrated that 

the addition of PEG and glioma-targeting ligand, IL13p, can enhance the efficacy 

of these NPs. This IL13p-decorated Dp44mT-PEG-NP formulation offers an 
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attractive strategy to enable the targeted delivery of Dp44mT chelator to brain 

cancer cells. We anticipate that the continued modification of this nanoparticle 

formulation will enhance its efficiency for the treatment of malignant cells. 

 

5.2. Future Directions  

5.2.1. Interleukin-13α2 Receptor Expression on Glioma Cell Surface 

First, since we are using glioma as a malignant cell model and have targeted our 

nano-formulation with a peptide designed to bind to a glioma-specific receptor, 

IL13Rα2, it is important to confirm and quantify the cell surface expression of our target 

receptor in our glioma cell lines. From our preliminary Dp44mT-loaded IL13p-PEG-

NP cytotoxicity results (Figure 4.11), it appears that U87 glioma cells have a more 

significant reaction to these targeted nanoparticles, as compared to U251 glioma cells.  

Since receptor binding should lead to NP internalization and improved toxicity, the 

dampened cytotoxic effect we are observing could be the result of reduced levels of 

IL13Rα2 on the surface of U251 glioma cells. Results from these experiments would 

indicate (1) if our cells are actually expressing this target receptor, as has been suggested 

in literature; and (2) whether the difference in cytotoxicity observed between the U87 

and U251 cell lines is due to a difference in receptor expression.  As such, a Western 

blot should be performed to quantify the level of receptor being expressed by cells. 

Alternatively, flow cytometry could be performed to determine whether a specific 

subset of our glioma cells is highly expressing this receptor. Results from these 

experiments will determine if continued use of IL13p as a targeting ligand is ideal or if 

other ligands, like Tf, should be considered. 
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5.2.2. Targeting PEGylated Nanoparticles to Other Cancers 

At the same time, we have also shown the potential of this nano-formulation to be 

used as a universal chemotherapeutic platform by assessing the cytotoxicity of these 

Dp44mT-NPs in breast cancer and colorectal cancer cells. Therefore, we should 

continue with this line of inquiry by targeting our nano-formulation against these other 

types of cancer. For the targeting ligand, there are two paths we can take: generalized 

cancer targeting or cancer-cell specific targeting. For the first option, we could utilize a 

more general targeting moiety, which could include EGFR (epidermal growth factor 

receptor), Tf, or folate receptor (FOLR2), as these targets have been implicated in the 

growth and metastasis of a variety of cancers. Results from these experiments would 

demonstrate the general applicability of our drug delivery platform against malignant 

cells. The second option is to target the cancers individually, as we have previously done 

with glioma. For these experiments, a more specific target should be used. CXCR4 and 

VEGF have been found to be upregulated in colorectal cancers while the estrogen (ER) 

and progesterone receptors (hPR-A/B) would make promising targets for breast cancer-

specific delivery. These cell-specific targeting experiments would not only prove that 

applicability of our nano-formulation against these cancers, but would also support our 

assertion that this platform can be easily modified for more universal applications.  

 

5.2.3. Apoptotic Mechanisms of Dp44mT in Glioma 

Due to particular interest in Dp44mT as an anti-cancer drug in glioma, we should 

more closely examine the specific apoptotic mechanisms being used by Dp44mT, in its 
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free form, to kill glioma cells.  Other than iron chelation and ROS production, previous 

studies have proposed Dp44mT functions through several intracellular signaling 

pathways, of which NDRG1 and CDK-2 are just two of the proteins that have been 

implicated. For these experiments, proteomic analysis of cell lysate after incubation 

with Dp44mT can give use some insight as to which proteins levels are changing. 

Isolation of changing protein levels can help narrow down the major pathways 

associated with Dp44mT action. Understanding the specific mechanisms of action for 

Dp44mT in our target cancer cells could give us better insight as to why our platform 

was so effective in one cancer cell line compared to another. This information could 

also be used to improve the efficacy of our platform, possibly through conjugation of 

additional targeting ligands or perhaps co-encapsulation with another drug for dual 

release.  

 

5.2.4. Nanoparticle Uptake and Transcytosis In Vitro 

The next set of experiments that should be explored in the future focus on the 

transport and endocytosis of this nano-formulation. In Chapter 3 and 4, we reported 

the uptake of both bare and PEGylated NPs by glioma cells and healthy astrocytes.   

While there is a general consensus in literature that these NPs were uptaken via receptor-

mediated endocytosis [124], the specific mechanism and receptor being employed is 

unclear. For this area of research, endocytosis inhibitors can be applied during uptake 

experiments to tease out the specific mechanism that is being used by each nano-

formulation.  For these experiments, which are currently in progress, glioma cells were 

dosed for 1 hr with C6-NPs (as previously described in 3.3.6. Cellular Uptake of C6-
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Nanoparticles via Flow Cytometry) at the same time as endocytosis inhibitor, either 

Chloropromazine HCl (CPH) or Filipin. The cells were then processed and analyzed for 

C6-NP uptake via flow cytometry. Preliminary results suggest that, for both U251 and 

U87 glioma, uptake of our unPEGylated (bare) NPs is driven primarily by clathrin-

mediated endocytosis (Figure 5.1A) rather than caveolae-mediated endocytosis (Figure 

5.1B). Experiments examining the other uptake mechanisms, including pinocytosis and 

clathrin-independent endocytosis, are also currently being explored. Continued 

experiments examining PEG-NP and IL13p-PEG-NP uptake will indicate which 

receptors are the best targets for future NP optimization. 

 

 

Figure 5.1. Uptake of C6-loaded nanoparticles by glioma cells in the presence of 

(A) clathrin-mediated endocytosis inhibitor, CPH, and (B) caveolae-

mediated endocytosis inhibitor, Filipin. 

 

Further, it has been shown in literature that IL13-targeted liposomes were able to 

cross the BBB for delivery to the brain, though the mechanism is not completely 

understood. Therefore, we should again employ inhibition experiments, like those 

A            B 
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discussed in Figure 5.1, to assess the transcytosis of our glioma-targeted NPs. For this, 

we can apply our IL13p-PEG-NPs to our in vitro BBB model, as was previously used 

in Figure 4.9A. We would then be able to track NP transport, for comparison to our 

untargeted PEG-NPs. The addition of transcytosis inhibitors would then determine the 

receptor and uptake mechanism being leveraged by IL13 targeting for endothelial 

transcytosis.   

 

5.2.5. Nanoparticle Biodistribution and Toxicity In Vivo 

The following set of experiments should examine the in vivo biodistribution and 

tumor-targeted delivery of our nano-formulations. This nano-carrier has been optimized 

for in vivo application and now needs to be tested against the stresses of an in vivo 

system. Therefore, these NPs should be applied a mouse model and the subsequent 

biodistribution should be tracked to determine where these NPs naturally accumulate 

and the circulation half-life of this formulation. For this, we can replace the encapsulated 

Dp44mT with a near-infrared fluorescent dye (e.g., DiR) which can be tracked in real 

time using a specialized non-invasive In Vivo Imaging System (IVIS). This experiment 

should be performed first on our bare PLGA NPs, optimized for size, before continuing 

with the PEGylated NPs and finally the IL13p-targeted PEG-NP formulations, so we 

can carefully determine the effect of each layer of our nano-formulation.  

Continuing with the in vivo studies, we are especially interested in nanoparticle 

delivery to brain cancer in situ, hence our previous use of a glioma-specific targeting 

ligand. Based on the combined results of the proposed in vitro transport studies and in 

vivo biodistribution studies using IL13p-targeted PEG-NPs, we should apply this 
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glioma-targeted nano-formulation towards treatment of brain tumors in a glioma mouse 

model to truly assess the delivery and effectiveness of our final nano-formulation. 

Similar studies in literature have applied Dp44mT, in its free form, directly to various 

tumor types which were often implanted into the mouse flank. While this method does 

assess relative drug toxicity in vivo, it completely bypasses the need to cross the BBB, 

which is the main obstacle to effective delivery of chemotherapeutics to the brain. As 

we are the first to encapsulate this drug in a nano-carrier and demonstrate its 

effectiveness against malignant cells, we should next prove the ability of this nano-

carrier to also adequately cross the BBB for successful delivery directly to primary brain 

tumors.  
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