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CHAPTER I 

INTRODUCTION 

Glioblastoma 

Statistics, Risk Factors and Diversities, Signs and Symptoms 

Glioblastoma (GBM), formerly known as glioblastoma multiforme, is a type of primary 

human brain tumor within the category of glioma and subcategory astrocytoma due to its 

derivation from supportive glial cells called astrocytes; it accounts for over half of all glioma 

cases and approximately 15% of all primary human brain tumors, presenting the lowest five-year 

relative survival rate (RSR) of all central nervous system (CNS) cancers and ranking in the top 5 

lowest RSRs for all cancer types, particularly with advancing age [1-4].  GBM, a rapidly 

developing grade IV brain cancer that originates from astrocytes located primarily within the 

supratentorial region of the cerebrum, is considered the most common and aggressive primary 

human brain tumor due to poor prognosis (15 months maximum post-diagnosis with treatment) 

and substandard five-year RSR (less than 5%) [3-8].  With that said, GBM primarily remains 

localized to the brain, with occassional occurrence in the brain stem, cerebellum, or spinal cord; 

however, extracranial metastasis is known to be very rare [6, 9-13].  While GBM can affect 

individuals of all ages, it occurs more frequently in adults, primarily middle-aged people 

between 45 and 65, with a gender disparity favoring men, as well as a slight racial discrepancy 

towards Caucasians [3, 7, 10, 14, 15].
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While GBM has molecular subtypes, which will be discussed in detail in a later section, it 

is more commonly categorized as either primary or secondary GBM, according to its 

development and progression [7, 10, 11, 14, 16-19].  Primary GBM, which accounts for over 80-

90% of all GBM cases, develops de novo, producing the most aggressive tumors due to their 

sudden growth [7, 14, 16-20].  This class of GBM tumors is 3 times more common in men than 

women and occurs more frequently in individuals over the age of 45, with an average age of 

occurrence of 64 and a peak incidence between 75 and 84 [6, 7, 11, 14-16, 21-27].   

In contrast, secondary GBM arise from grade II and III astrocytomas that are genetically 

converted to the higher-grade IV GBM [7, 11, 14, 16, 20].  The term “secondary” when 

discussing GBM is different from the traditional use of the phrase, which refers to the metastasis 

of a tumor from its primary site of development.  Throughout the remainder of this paper, 

reference to “secondary” tumors will denote secondary GBM, and not metastatic tumors.  Thus, 

secondary GBM occurs at a higher rate in patients under the age of 45, the average age of 

secondary GBM diagnosis, have a gender disparity towards women, and tend to be more easily 

treated due to their differing pathogenic pathway [7, 11, 14-16, 20, 23-26, 28-33].  While the two 

subtypes appear identical histologically, they bear significant molecular differences, providing 

for potentially distinct therapy regimens [20].  The molecular aspects of and therapy options for 

GBM will be discussed in a subsequent section. 

While no direct cause has been linked to GBM development, particularly in relation to 

inheritability, numerous environmental and genetic factors have been stated to increase risk 

including contact with ionizing radiation, which can result from treatment of a previous brain 

tumor particularly during childhood and adolescence; frequent, occupational contact with 

carcinogenic compounds and their by-products; recurrent exposure to tobacco smoke; and 
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several genetic conditions as previously stated [6, 7, 11, 14, 16, 27, 34-47].  Inversely, studies 

have shown that individuals with a past reaction to environmental allergens and/or occurrence of 

chicken pox have a reduced risk of GBM, following combination analysis of self-reports and 

genetic biomarkers [16, 27, 35, 48-59].  

With that said, the development of a combination of symptoms is common during the 

progression of GBM as a result of intracranial pressure [2, 7, 35].  The most widespread sign is 

headaches, which occur in over half of patients ultimately diagnosed with GBM, and are 

distinguished from a traditional headache and/or migraine due to their gradual intensification in 

strength and occurrence, as well as localization corresponding to the tumor site [2, 7, 11, 14, 35].  

Other symptoms generally associated with GBM include nausea and vomiting; seizures; 

cognitive loss; and behavioral changes, with tumor location-specific symptoms being unilateral 

weakness or loss of movement, language impairment, and tactile and visual deficits [2, 7, 11, 14, 

35, 60, 61]. 

Pathology and Molecular Biology of Glioblastoma 

Glioblastoma (GBM) and its glial cell lineage were originally characterized by German 

doctor, social scientist, and the father of modern pathology, Rudolf Virchow in 1863, with 

additional clinical development on the disease by Globus and Strauss in 1925 and Bailey and 

Cushing in 1926 [10, 62-65].  Originally referred to as spongioblastoma multiforme, it was Drs. 

Bailey and Cushing whom coined the name glioblastoma multiforme due to its cytological and 

histological heterogeneity [10, 64-67].     

GBM is characterized by its mix of neoplastic and stromal tissues; nuclear variability in 

size, shape, and amount; increased mitotic activity; heightened level of necrosis and subsequent  

reduction in apoptosis; glomeruloid angiogenesis; and compromised tight junctions between 
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brain capillary endothelial cells of the blood-brain barrier (BBB) [10, 11, 14, 65, 67-74].  As 

stated, GBM is known to induce BBB breakdown and alterations, such as edema and increased 

intracranial pressure, through partly understood mechanisms [75-77].  These processes include 

downregulation of tight junction proteins, such as claudins; occludin; and agrin, and potentially 

involve the release and upregulation of soluble factors, such as proteases (matrix 

metalloproteinases, plasminogen activators, and cathepsin B); vascular endothelial growth factor 

(VEGF); and scatter factor/hepatocyte growth factor, to induce endothelial cell permeability at 

tight junctions [76, 78-87].   

Due to GBM and its effect on the BBB, the normal immunological environment in the 

CNS is also drastically changed.  While immune cells are present during the development and 

progression of GBM, their abilities are dampened due to the production and secretion of tumor-

associated antigens and cytokines [11, 14, 88, 89].  In addition to the aforementioned alterations, 

other prominent GBM-induced immune changes include diminished antibody production by B 

cells, reduced T cell activities, and generation of immunosuppressive factors by neighboring 

immune cells [11, 14, 90-97].    

A potential cause of the cellular robustness and evasiveness of GBM may be due to 

metabolic alternations and mitochondrial dysfunctions [98-102].  As previously stated, GBM 

utilizes aerobic glycolysis for adenosine triphosphate (ATP) production at a higher rather than 

oxidative phosphorylation (OXPHOS), demonstrating an apparent problem in proper 

mitochondrial function in a process referred to as the Warburg effect.  In addition to this 

energetically unfavorable choice, both apoptotic pathways, but more so the intrinsic, exhibit 

dysfunction, further aiding the development and progression of GBM [99, 102-106].  However, 

while the selection of aerobic glycolysis over OXPHOS seems detrimental to GBM, studies have 
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shown that this bioenergetic switch occurs in order to increase tumor biomass via the 

redistribution of carbon skeletons for synthesis of nucleotides, amino acids, and fatty acids [100, 

102, 103, 107].   

With that said, these mitochondrial and metabolic changes are thought to result from the 

accumulation of mutations within both genomic and mitochondrial deoxyribonucleic acid 

(mtDNA), which feed a vicious cycle of additional mutations initiating further mitochondrial 

dysfunction and metabolic reprogramming [99, 100, 102, 103, 108-112].  Some of the areas 

affected include components of the glycolytic and OXPHOS pathways, oncogenes and tumor 

suppressors, and apoptosis [99, 100, 102, 103, 110, 111].  As previously mentioned, cancer cells, 

including GBM, depend on aerobic glycolysis for energy production, shunting the resultant 

pyruvate into lactate.  The subsequent lactate is then exported from the cell to maintain its pH, 

which leads to an acidic microenvironment that aids GBM progression [99, 100, 103, 113-115].  

The key enzyme involved in pyruvate production during glycolysis is pyruvate kinase, which 

exists as four isoforms with only one, PKM2, exhibiting high expression in cancer cells [100, 

102, 116-119].  PKM2 occurs in an inactive dimeric form that prevents pyruvate sythesis, but in 

turn allows for the biosynthetic precursors needed for tumor biomass growth, and as an active 

tetramer that performs the characteristic pyruvate synthesis [100].  In GBM, PKM2 messenger 

ribonucleic acid (RNA) and protein expression levels are upregulated compared to lower-grade 

gliomas, demonstrating the molecule’s role in the aggressive nature of the highest grade glioma 

[120].  Additionally, OXPHOS complexes have been shown to be negatively regulated in GBM, 

further reinforcing the utilization of aerobic glycolysis [103, 110, 111].  In several studies, issues 

within the OXPHOS pathway were described and determined to be due to either 
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deoxyribonucleic acid (DNA) mutations or protein down-regulation of Complexes I-IV [110, 

111, 121, 122]. 

While complexes within the OXPHOS pathway are known to be directly modified in 

GBM, external factors, such as oncogenes and tumor suppressors, can be affected due to these 

resultant changes in metabolism, as well as alter these pathways via feedback loops [123].  

During the disease progression, GBM is exposed to varying levels of oxygen, from low to 

normal, based on a cell’s location within the tumor or on its periphery.  In the hypoxic core of 

the tumor, cells are subjected to low oxygen concentrations, initiating upregulation of epidermal 

growth factor receptor (EGFR) and hypoxia-inducible factor 1 (HIF-1), which promote GBM 

proliferation and the ensuing aggressiveness [100, 102, 103, 124, 125].  Of the numerous genetic 

mutations thought to be involved in GBM, overexpression of EGFR is one of the most common 

due to its identification in approximately 50% of all primary GBM cases, and as a result, is 

thought to contribute to chemoresistance [11, 14, 25, 126-129].  Other oncogenes implicated in 

GBM progression and invasion include phosphoinositide 3-kinase (PI3K), which activates EGFR 

and protein kinase b (Akt); and MYC, which activates genes involved in glycolysis, 

mitochondrial function, and apoptosis, as well as interacts with HIF-1 to advance tumorigenicity 

[100, 103].   

Contrary to oncogenes, tumor suppressor genes, such as p53 and phophatase and tensin 

homolog (PTEN), are known to be down-regulated in GBM [100, 103, 123].  P53 is the most 

well known tumor suppressor and is inactivated in a significant number of cancers, including 

GBM [100, 130].  Due to its inactivation, there is an induction of genetic instability and 

inhibition of DNA repair, which allows for the inhibition of programmed cell death, but 

enhancement of glycolysis [100, 123, 130-132].  P53 is also known to contribute to 
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mitochondrial maintenance both directly and indirectly, and as a result of its inactivation, 

assembly of complex IV in the OXPHOS/ETC (electron transport chain) pathway is inhibited, 

leading to impaired mitochondrial function [100, 103, 123].  In addition to inactivation of p53, 

loss of PTEN further enhances glycolysis via the upregulation of PI3K [103, 123].   

Lastly, oxidative stress and the potential induction of apoptosis are also affected by the 

improper mitochondrial function exhibited in GBM.  During OXPHOS in healthy cells, reactive 

oxygen species (ROS) are generated as a byproduct, which are eventually converted to less 

cytotoxic molecules that are quickly exported [103, 133].  However, in GBM, ROS is produced 

at significantly higher levels, leading to genomic and mitochondrial DNA damage that 

exacerbates mitochondrial dysfunction [134].  This includes interference with the OXPHOS 

pathway, as well as increases in ROS buffering enzymes, such as catalase, peroxiredoxins, 

superoxidase dismutase, and glutathione [99, 103, 110].  While increased levels of ROS should 

induce apoptosis in GBM, defects in the intrinsic apoptotic pathway allow unrestricted 

proliferation of these damaged cells, aiding tumor progression.  The issues involved in impaired 

apoptosis include overexpression and activation of anti-apoptotic proteins, such as Bcl-2 and 

sBcl-XL, with simultaneous down-regulation of pro-apoptotic proteins Bcl-2-associated X and K 

(Bax and Bak)  [99, 102, 103, 135, 136].  As a result, inhibition or activation of a number of the 

aforementioned proteins is known to enhance chemoresistance and GBM recurrence, 

necessitating development of more effective treatments to target these mutations.  

Current Diagnosis and Treatment Strategies 

As consistently stated, due to GBM’s heterogeneous nature and aggressiveness, new 

therapeutic options are necessary.  However, an initial examination of current diagnostic 

methods is needed in order to establish noted improvements in detection prior to focusing on 
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analyzing currently available, as well as in-development, treatments.  Currently, GBM is 

diagnosed by a combination of medical history and physical exam, imaging tests, and biopsy.  

Initially, a patient presenting with any or all of the previously described signs and symptoms 

consults their physican and provides a complete medical history, including any potential familial 

history of cancer, and undergoes a physical exam to test brain and spinal cord performance.  If 

obtained results appear abnormal, the patient is referred to a neurologist and/or neurosurgeon for 

further examination [2]. 

Once a preliminary exam has been performed, further testing involving imaging 

modalities, such as MRI (magnetic resonance imaging), CT (computed tomography), and PET 

(positron emisson tomography), are necessary to establish the presence of a tumor, as well as 

delinate the extent of tumor progression and invasion [2, 6, 7].  In MRI scans, which are believed 

to be the best means of detecting and diagnosing brain tumors, radio waves, powerful magnets, 

and a contrast dye called gadolinium are utilized.  With high grade brain tumors, such as GBM, 

accumulation of a signficant amount of contrast agent is detected by the intense brightness seen 

on MRI scans [7].  However, only soft, brain tissue can be analyzed with MRIs, necessitating the 

use of other imaging methods to visualize and examine the surrounding bone for tumor-induced 

injury [2].  In addition to traditional MRI, perfusion MRI, magnetic resonance angiography, and 

magnetic resonance spectroscopy can be performed in conjunction to determine the blood flow 

and vasculature of the tumor, as well as its chemical and mineral makeup, respectively [2, 7].  

With CT scans, as with MRIs, contrast dye is injected into the patient, but instead utilizes X-rays 

to perform visualization.  While they do not provide as detailed images of the brain tissue and 

potential tumor, CT scans supply information regarding the position of the tumor within the bony 

skull to enable preparation for surgery [2, 6, 7].  In the final imaging option for brain tumor 
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diagnosis, PET, the radioactively labelled sugar fluorodeoxyglucose is injected and visualized.  

Since tumor cells undergo rapid proliferation, their utilization of significant amounts of glucose 

can be detected.  While PET scanning is not as detailed as MRI or CT, it can be extremely 

valuable post-treatment as a means to confirm complete removal of the tumor [2]. 

Lastly, a tissue biopsy is performed to definitively establish the presence and type of 

cancer.  As previously stated, imaging tests are performed in order to properly prepare the 

surgeon for a biopsy and either subsequent or simultaneous surgery, in order to establish 

operability, as well as prevent any poor post-surgical and/or treatment outcomes.  Two types of 

biopsies exist when diagnosing GBM: a stereotactic (needle) biopsy or full surgical biopsy, 

referred to as a craniotomy [2, 6].  If the tumor is deemed to be too difficult for surgical removal, 

a needle biopsy is performed by making an incision, drilling a small hole through the skull, and 

inserting a thin needle into the brain to obtain a tissue sample that is then sent to a pathologist for 

tumor identification and grading, in order to enable determination of a proper treatment protocol 

[2, 6].  If imaging indicates that the tumor is operable, a craniotomy is done, allowing for 

simultaneous biopsy identification and grading and tumor debulking, if deemed feasible for 

successful and further treatment [2]. 

Once identified and graded, GBM treatment involves a combination of surgery, radiation 

therapy, and chemotherapy, as well as the use of newer, targeted therapy options, all of which 

will be summarized in the following paragraphs.  As previously stated, surgery is the first line of 

defense against GBM; however, it is not considered curative due to the notorious invasiveness of 

GBM into fragile, healthy brain [2, 6, 7, 65].  As such, additional treatment modalities are 

necessary.  Currently, the standard treatment protocol comprises a five day a week for six weeks 

dosing schedule of a total of 60 gray units radiation in conjunction with the chemotherapeutic 
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agent, temozolomide (TMZ), followed by administration of TMZ for five days a month every 

month to a pre-determined end point at which tumor regression is noted [6, 7, 14, 35, 65, 137].  

With the current treatment regimen, median survival increased from 3 months to nearly 15 

months post diagnosis [14, 65, 137]. 

Initial administration of radiotherapy (RT) post-surgery is shown to increase median 

survival by 9 months, and include conventional, external beam radiation; two- or three-

dimensional (2D or 3D) conformal radiation (CRT); intensity modulated radiotherapy (IMRT); 

conformal proton radiation; stereotactic radiosurgery or radiotherapy; and brachytherapy [2, 6, 

7].  Typically during GBM treatment, the first method for delivering radiotherapy is via high 

dose x-rays from outside the body called external beam radiation therapy (EBRT).  However, 

with this method, healthy brain tissue surrounding the tumor is also targeted in order to reduce or 

eliminate the likelihood of recurrence from evading tumor cells [2, 6, 7].  Thus, in order to 

reduce this unwanted consequence, more focused external radiation is dispensed.  In 3D-CRT 

and IMRT, several low dose radiation beams are targeted specifically at the tumor based on 

information obtained from MRI tests in order to preserve the vulnerable surrounding brain tissue, 

while with conformal photo radiotherapy, proton beams are used instead to x-rays to deliver 

higher doses of targeted radiation with significantly lower damage to the surrounding tissue [2, 6, 

7].  However, conformal photon RT is shown to be most effective in tumors with delineated 

borders, which is not typical in GBM [2, 7].  For patients who have inoperable tumors or are not 

physically capable of undergoing cytoreductive surgery, stereotactic radiosurgery or radiotherapy 

are available options that deliver a sizeable dose of targeted radiation once or spread over several 

appointments, respectively.  However, both methods are less frequently used compared to others 

for GBM patients due their undefined tumor edges and infiltration into the surrounding healthy 
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brain tissue [2, 6, 7].  Lastly, brachytherapy, when used in conjunction with low dose EBRT, can 

elicit notable tumor reduction due to the placement of radioactive material directly inside of or in 

close proximity to the tumor [2]. 

While radiotherapy is effective at reducing GBM tumor size, chemotherapy is typically 

used in combination to enhance tumor killing.  For GBM, the most common and effective 

chemotherapeutic agent is TMZ, a cytotoxic drug that is capable of permeating the BBB and 

administered orally, unlike most chemotherapeutics that are given IV [2, 7, 14, 35, 137].  Recent 

studies have shown that patients that responded the best to TMZ treatment had a methylated or 

silenced DNA repair gene, O6-methylguanine–DNA methyltransferase (MGMT), further 

validating the need for analysis of the genome, proteome, and metabolome, and development of 

molecularly-targeted therapies [7, 11, 14, 35, 65, 138].  With that said, additional cytotoxic 

chemtherapeutics are available and in clinical use for GBM, including carmustine (BCNU), 

cisplatin, and lomustine (CCNU) [6, 7, 14, 35, 139, 140]. 

Carmustine, which is also known as bis-chloroethylnitrosourea (BCNU), is an alkylating 

agent that intercalates into DNA, preventing replication and transcription.  Typically, BCNU is 

delivered via its impregnation on biodegradable wafers that are implanted directly into the tumor 

site during cytoreductive surgery, as a means to target cancer cells and reduce off-target side 

effects in the surrounding healthy brain tissue [2, 6, 14].  However, its usage as a GBM treatment 

has not increased since its development several decades ago due to lack of substanial 

improvements in survival rates compared to TMZ.  Cisplatin is a platinum-based 

chemotherapeutic agent that also inserts itself into DNA to inhibit replication and transcription, 

ultimately leading to apoptosis.  However, due to nephrotoxicity and increasing resistance, 

cisplatin use is minimized [141].  Lastly, lomustine, also known as N-(2-chloroethyl)-N'-
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cyclohexyl-N-nitrosourea (CCNU), is another alkylating chemotherapeutic agent that is 

administered orally for the treatment of GBM.  Like other nitrosourea compounds, it is able to 

easily permeate the BBB and can alter the structure and function of proteins, leading to their 

inactivation.  As with many chemotherapeutics, CCNU can induce nephrotoxicity and impair 

immune function that can result in an increased likelihood of infection [142].  As a result, the 

above listed drugs are commonly used in combination, enabling reduction in the doses needed 

for treatment and potential lessening of side effects.  Regardless, other medications are used 

simultaneously to treat the symptoms associated with GBM and its removal, including steroids to 

minimize brain swelling and anti-convulsants to prevent the occurrence of seizures in patients 

that have previously experienced them as a result of GBM [2, 6, 7].   

If drug resistance develops or traditional chemotherapeutics demonstrate other 

mechanisms of ineffectiveness, targeted therapies are available, including anti-angiogenic 

compounds like bevacizumab [2, 7, 11, 14, 35, 65].  Bevacizumab is a monoclonal antibody 

targeted against VEGF that leads to an inhibition of the vasculature that aids tumor growth [2, 7, 

11, 14, 35, 65].  Currently, bevacizumab is used in combination with TMZ, and has led to 

improvements in progression-free, but not overall, survival [35].  Additionally, bevacizumab is 

used as a salvage therapy, along with TMZ and other alkylating agents, to treat recurrent GBM, 

which befalls nearly 100% of patients [7, 11, 14, 35, 65].  With that said, other small molecules 

being considered as potential GBM therapies include those that target overexpressed growth 

factors and their receptors, such as EGF/EGFR (erlotinib), PDGF/PDGFR (imatinib), or 

transforming growth factor-β (AP12009); protein kinases and their receptors, such as the 

mammalian target of rapamycin (everolimus) or Akt (perifosine); and molecules involved in cell 

adhesion and migration, such as integrins (cilengitide) [2, 7, 11, 14, 65].  Lastly, tumor vaccines 
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and gene therapies are being developed as potential GBM treatments in order to induce the 

immune system to eliminate the tumor cells, enhance chemotherapeutic drug sensitivity, or 

enable proper function of tumor suppressing genes [2, 7, 11, 14].  Needless to say, additional 

new therapies must be developed, as well as methods to effectively deliver these and/or other 

compounds that have been previously discarded, due to their toxic side effects, across the BBB 

and into the tumor. 

 

Methylene blue 

Biological/Chemical Description 

 Methylene blue (MB), otherwise known as methylthioninium chloride, is a heterocyclic, 

cationic dye that was discovered in the late 1800s, and exists as a dark greenish blue (active) or 

colorless (inactive) compound due to its ability to undergo reversible photocatalysis (Fig. 3) 

[143, 144].  MB, whose molecular formula is (C16H18ClN3S) and molecular weight is 319.85 

g/mol, is a phenothiazine-derived drug with several medicinal applications that will be discussed 

in detail in a subsequent section [143-145].  During its photoreduction, active MB is reduced to 

inactive leucomethylene blue (LMB) by nicotinamide adenine dinucleotide phosphate (NADPH), 

which is reoxidized to MB by oxygen (O2), as depicted in Figure 1 [143, 144, 146].  In its active 

form, MB has UV-Vis absorption peaks at ~665nm and 605nm, due to its presence as a 

monomer and dimer, respectively [147-149].  Additionally, it occurs in significantly smaller 

fractions following its metabolism as the demethylated forms, azure B and A, with mass 

spectrometry peaks at 284 (MB), 270 (azure B), and 256 (azure A) [144, 150, 151].    
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 MB affects several signaling pathways, including those involved in metabolism and 

energy production, as previously stated.  MB is a known inhibitor of nitric oxide synthase 

(NOS), soluble guanylate cyclase, monoamine-oxidase A (MAO A), acetylcholine esterases 

(AchE), and disulfide reductases [143, 144, 146, 152-159].  In the case of NOS and guanylate 

cyclase, MB inhibits nitric oxide synthesis, which directly blocks guanylate cyclase by inducing 

oxidation of its active iron (heme) core.  Once guanylate cyclase is inhibited, cyclic guanosine 

monophosphate (cGMP) accumulation is obstructed, preventing vasodilation and relaxation of 

the smooth muscle surrounding the blood vessels, both of which are necessary for tumor 

formation and progression [143, 144, 152-156].  MB also reversibly inhibits MAO A, leading to 

an increase in 5-hydroxytryptophan metabolism and its conversion to serotonin (ST); in most 

individuals this is of no concern, however, this becomes problematic and potentially fatal in 

patients taking selective serotonin uptake inhibitors due to an accumulation of ST that can cause 

neurotoxicity [144, 156, 157].  Lastly, MB reversibly inhibits AchE, leading to increased 

synaptic acetylcholine and enhanced cholinergic neurotransmission; as well as acts as a 

noncompetitive inhibitor and substrate of disulfide reductases, leading to its own enzymatic 

reduction by NADPH and subsequent re-oxidation by molecular oxygen to produce ROS such as 

Figure 1 – Reversible photoreduction of methylene 

blue (MB) to leucomethylene blue (LMB) and vice 

versa [143,144].  MB is reduced by nicotinamide 

adenine dinucleotide phosphate (NADPH) to LMB, 

which is then oxidized back to MB by molecular 

oxygen (O2). 
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hydrogen peroxide [144, 146, 158, 159].  Through MB’s direct and indirect effects on various 

signaling pathways, numerous diseases, including GBM, can be significantly impacted. 

Common Historical and Current Medical Uses 

 As previously stated, MB was originally formulated as a textile dye in the late 1800s by 

the German chemist Heinrich Caro; within 15 years, it became what is considered the first 

synthetic drug when it was used by Guttmann and Ehrlich to treat malaria [143-145, 160-162].  

While its use was eventually replaced by chloroquine and other drugs, there has been a 

resurgence of interest during the last decade in its use as an anti-malarial due to its disease- and 

cost-effectiveness [144, 161, 163-166].  Over the last 130 years, additional clinical applications 

have been established for MB including: staining and characterization of parasites, bacteria, and 

human cells; treatment of methemoglobinemia; treatment of cyanide and carbon monoxide 

poisoning; prevention and treatment of ifosfamide-induced neurotoxicity in cancer patients; 

prevention of urinary tract infections in the elderly; treatment of vasoplegia, cardiac arrest, and 

shock; use in photodynamic therapy (PDT) for cancer patients, including GBM; and treatment of 

depression, Alzheimer’s disease (AD), and other neurological disorders, which will be discussed 

in detail in the following section [143, 144, 156, 167-194].   

 In the potentially deadly condition called methemoglobinemia, the red blood cell (RBC) 

protein hemoglobin is incapable of properly transporting and releasing its passenger molecule 

oxygen to tissues following circulation due to oxidation of the protein’s heme (iron) molecule.  

In the utilization of MB to treat methemoglobinemia, MB is converted to its inactive, oxidized 

LMB form by RBC proteins, which is then able to reduce the troublesome methemoglobin to the 

functional hemoglobin following LMB’s reversible transition back to MB [144, 146, 170, 186].  

For the prevention and treatment of ifosfamide-induced neurotoxicity, MB acts to induce proper 
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functionality of the mitochondrial ETC following production of the toxic metabolite 

chloroacetaldehyde and buildup of nicotinamide adenine dinucleotide hydrogen (NADH).  In this 

instance, MB serves as an electron acceptor that leads to a reversal of NADH accumulation, 

allowing for glucose production, as well as prevents the generation of chloroacetaldehyde 

through multiple mechanisms [144, 173, 186]. 

 When treating vasoplegia, cardiac arrest, and septic shock, MB functions similarly to 

prevent issues related with nitric oxide synthesis and guanylate cyclase activation [143, 144, 

174-182, 186, 195, 196].  As previously stated, dysregulation of NOS leads to improper 

activation of guanylate cyclase, which causes increased cGMP production and ultimately leads to 

dilation of blood vessels and a potentially deadly decrease in blood pressure.  Following 

treatment with MB, patients experience improvements in blood pressure and cardiac function, 

and a reduction in brain injuries that typically coincide with cardiovascular complications [143, 

179-181, 186]. 

 In cancer patients, MB is used in a treatment referred to as PDT, which utilizes a specific 

wavelength light to excite photosensitizer molecules, in this case, MB, to induce tumor cell 

apoptosis, as well damage the tumor vasculature, by the production of ROS, [183-186, 197-201].  

While PDT treatment is minimally invasive and less toxic than traditional cancer treatments, its 

shortcoming involves the depth and size of the tumor involved – being most effective in tumors 

that are close to the skin or organ surface (1cm), as well as being relatively small in size [202, 

203].  Lastly, MB has demonstrated use as a neurotherapeutic, to treat conditions ranging for 

depression to AD; these topics will be discussed in detail in the following section. 
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Use as a Neurotherapeutic 

 Following its use as a medication compliance monitoring system for psychiatric patients, 

it was determined that MB could induce mood-enhancing effects in individuals suffering from 

depression, which has led to the development of other antidepressant compounds currently in use 

[156, 187, 188, 204, 205].  MB’s effects in depressed patients is thought to result from its 

previously described role as an inhibitor of NOS and MAO, leading to increased levels of the 

mood-enhancing neurotransmitters serotonin and dopamine [204-207].  In addition, MB has been 

used to treat individuals diagnosed with traumatic brain injury [208, 209].  In these studies, MB 

was shown to reduce brain lesion size and associated behavioral deficits, post injury, through its 

known roles in improving mitochondrial function and ATP production and reducing ROS 

production, as well as by increasing autophagy, in order to protect neurons and prevent further 

damage, and impeding activation of the resident macrophages within the brain, microglia [208, 

209].   

 Another area of interest for MB utilization as a neurotherapeutic has been in 

neurodegenerative disorders, such as Huntingtin’s; Parkinson’s; and Alzheimer’s diseases, where 

MB is shown to enhance mitochondrial function, reduce neuronal loss and their associated 

behavioral deficits, and prevent and/or reduce accumulation of toxic metabolites known to 

induce and enhance disease progression [144, 186, 190, 192, 210-214].  In Huntingtin’s disease, 

MB was shown to inhibit the aggregation of Huntingtin protein, leading to reduced neurotoxicity 

and behavioral loss, as well as improve mitochondrial function and ATP production [210, 212]; 

while in Parkinson’s disease, disease progression was ameliorated following MB treatment due 

to a reduction in the degeneration of dopaminergic neurons, as well as improvements in the 

mitochondrial ETC, resulting in a reduction in ROS production and accumulation [211-214].  In 
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AD, MB targets not only mitochondrial function and cellular metabolism, but also inhibits the 

aggregation of two toxic proteins, tau and Aβ, as well as cholinesterase, in order to 

reverse/improve AD [144, 186, 190, 191, 193, 194, 205, 211-213, 215-223]. 

 Lastly, as previously stated, MB has also demonstrated use as a potential therapy for 

GBM in the form of PDT [186, 201].  However, due to the typical size and depth of GBM, use of 

MB in its traditional compound state for PDT is unlikely [157, 158].  Currently, encapsulation of 

MB into a nanoparticulate platform is being considered in order to improve uptake by cancer 

cells and reduce off-target side effects in healthy brain and other cells [184, 224-232].  In the 

following section, nanotechnology, its medical applications, and potential use to treat GBM will 

be discussed.  

 

Nanotechnology 

Types of Nanotechnology in Medicine 

 Nanomedicine is a term for the medical applications of nanotechnology and their use in 

disease diagnostics and screening, imaging, drug delivery, or a combination (theranostics).  

Common types of nanomedical systems include dendrimers, liposomes, quantum dots, solid lipid 

nanoparticles, inorganic nanoparticles, polymeric nanoparticles, and hybrid nanoparticles [233-

237].  Certain parameters are considered conducive for the use of any of the listed 

nanomedicines including, but not limited to: composition, size, surface charge and morphology, 

biocompatibility/biodegradability, cytotoxicity, and biodistribution.  Regardless of type, 

nanomeds should be smaller than 200nm, to enable circulation and reduce elimination by the 

immune system; relatively uniform in size and shape; and induce little to no toxicity in healthy, 
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non-target cells due to composition or cargo [237-239].  Each nanomedicine type will be 

described and include their medical applications in the following sections. 

 Dendrimers are highly branched molecules with controllable size and shape based on the 

number and extent of branches; it is this extensive branching that makes them very stable and 

allows for increased loading capacity of drugs, imaging agents, and targeting ligands.  While 

drug compounds can be attached at the ends of dendrimer branches, they can also be 

incorporated within the dendrimer during formulation, depending on the type of release kinetics 

needed.  In addition, dendrimers are known to have uniform size distributions, however, they 

tend to be very small, which limits their cargo carrying capacity [234-237, 240, 241]. 

 In contrast, liposomes are spherical vesicles with a lipid bilayer membrane composed of a 

single or combination of natural and/or synthetic phospholipids that can carry cargo such as 

drugs, peptides, antibodies, imaging agents, DNA/RNA, etc [234].  Due to their high 

biocompatibility, several liposomal formulations are currently in clinical use, primarily for 

infectious diseases and cancers, with the first and most well known being the liposomal 

doxorubicin Doxil [235-237, 242].  However, limitations exist for liposomes including a need for 

surface modifications to increase circulation time and enable immune system evasion, the 

potential for oxidation and hydrolysis of the phospholipid membrane, and a reliance of the 

degree of cargo encapsulation efficiency on the cargo’s hydrophobicity [235-237, 242]. 

 Another nanomedicine category called quantum dots (QDs) are inorganic fluorophores 

whose sizes are tunable to allow real-time imaging, resulting from their excitation across a wide 

range of wavelengths, but narrow emission spectra.  Due to their capacity to undergo multiple 

rounds of excitation/emission, they are extremely photostable compared to other fluorophore 

molecules that are used in imaging and diagnostics.  Additionally, similar to other nanomeds, 
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QDs can be modified with targeting moieties to allow for controlled cellular and sub-cellular 

uptake.  However, disadvantages associated with QD use include their known ability to induce 

cytotoxicity in a variety of cell types due to degradation of their inorganic core, off-target effects 

on intracellular organelles, and the production of ROS during transport and degradation [239, 

241, 243]. 

 Similar in composition to liposomes, solid lipid nanoparticles (SLNs) are sub-micron 

sized lipid particles; however, they are composed of a solid phospholipid milieu instead of a 

bilayer with aqueous core that incorporates rather than encapsulates its cargo [234, 244].  While 

SLNs combine the advantages of other nanoparticle systems, such as enhanced bioavailability, 

without their inherent limitations, such as bioincompatibility and toxicity, they still must be 

coated with surfactants, such as polyethylene glycol (PEG); polyvinyl alcohol (PVA); or 

poloxamer/pluronic to reduce opsonization and elimination by the immune system [234, 236, 

244, 245].  In addition, SLNs do exhibit a few other disadvantages that include reduced 

effectiveness in encapsulating hydrophilic drugs and short half-life due to their rapid removal by 

the reticuloendothelial system (RES), the spleen and liver’s immune system [234, 244]. 

 Another class of nanomeds is inorganic nanoparticles (NPs) that are sub-micron sized 

particles composed of either a metal oxide or metallic compound, such as gold, silica, or iron.  

Inorganic NPs are commonly used in MRI cancer imaging pre- and post-treatment due to their 

increased stability, as well as as drug delivery devices and in photothermal ablation therapy [237, 

239, 241, 246-250].  However, even with their demonstrated clinical applications, their use must 

be diligently monitored due to an increased exposure to potentially toxic inorganic compounds 

and radiation associated with the NPs themselves, as well as the equipment required for their 

imaging; surface modifications with surfactants and targeting moieties to reduce/eliminate 
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opsonization and removal by the RES and off-target side effects; accumulation in eliminatory 

organs resulting in increased toxicity in the spleen, liver, and kidneys; and induction of 

hemolysis [237, 239, 241, 249, 250]. 

 In contrast to inorganic NPs, polymeric NPs are a novel class of spherical carriers for 

drugs, peptides, DNA/RNA, etc. composed of either naturally-occurring (chitosan, dextran, 

albumin, alginate) or synthetic (polylactic acid [PLA], polyglycolic acid [PGA], 

polycyanoacrylate [PCA], polycaprolactone [PCL], poly(lactic-co-glycolic acid) [PLGA]) 

polymers and co-polymers [236, 237, 241, 251-253].  They can either encapsulate a drug, and 

reduce the need for its modification in order to maintain its efficacy and allow for its release 

according to the external environment, or have it covalently attached to the surface, reducing its 

non-specific release, but prolonging treatment unnecessarily; the type of drug incorporation will 

depend on the release needs and the preparation method chosen [237, 239, 241, 252].  Additional 

advantages of polymeric NPs include increased drug loading capacity; increased stability to 

enable a longer drug half-life and formulation storage period; biocompatibility/biodegradability; 

delivery by multiple administration routes; use in tissue engineering, in addition to their 

traditional applications; and ability to encapsulate other NPs to reduce/eliminate their noted 

drawbacks [236, 246, 251, 253, 254].   

One of the most well known polymeric nanoparticulate drug delivery systems to date is 

the FDA-approved nanoformulation Abraxane, which is composed of the chemotherapeutic 

agent paclitaxel and the naturally-occurring polymer albumin [233, 255].  However, while 

naturally-occurring polymers have demonstrated applicability in drug development, their poor 

batch-to-batch reproducibility and increased degradation rate as such might make them less 

desirable, regardless of their intrinsic attributes [253].  Thus, the following paragraphs will 
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describe the differences between the types of synthetic polymeric NPs, as well as common 

surfactants used to coat them.       

Regardless of the polymer type chosen, size and surface charge (otherwise referred to as 

zeta potential) are tunable, leading to an induction and enhancement of cellular and/or 

subcellular uptake, while preventing their elimination from the body [237, 246, 251-253, 256].  

Typically, polymeric NPs smaller than 200nm are most desirable, as they allow proper passage 

through the circulation; can achieve enhanced permeation retention in tumors; and enhance target 

cell uptake, while reducing recognition and elimination by the RES [236, 246, 251, 253].  

Additionally, these NPs can be surface modified, similarly to others, with surfactants (PEG, 

PVA, and poloxamers/pluronics) to reduce opsonization and enable passive targeting, and/or 

antibodies or peptides to increase uptake specificity in target cells [237, 246, 251-253, 256, 257].   

Polylactic acid (PLA) is a biocompatible/biodegradable polymer that undergoes 

hydrolytic degradation into lactic acid monomers, which are then removed from the body during 

the Kreb’s cycle [258, 259].  Similar to PLA, polyglycolic acid (PGA) is also 

biocompatible/biodegradable, however, it is broken down to glycolyic acid monomers [259].  

PLA and PGA are non-toxic, non-immunogenic, and FDA-approved, making them desirable 

polymers in biomedical applications, where they are primarily used as implants for tissue and 

bone repair.  However, due to their rapid degradation, their employment in drug delivery and as 

imaging nanocarriers is significantly reduced [259]. 

Another class of biodegradable polymer that has a sufficient degradation rate for 

development as a drug delivery system is polycyanoacrylate (PCA) [260].  However, due to its 

rapid degradation, PCA tends to exhibit decreased stability in an aqueous environment [261].  
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Additionally, PCA can be toxic due to the formation of formaldehyde by-products upon break 

down [262].     

Polycaprolactone (PCL) is another biodegradable/biocompatible FDA-approved polymer 

with noted stability, allowing for its utility in sustained drug delivery and transport and as 

medical implants and surgical sutures to aid tissue engineering and wound healing [237, 263].  

However, due to its known extended degradation rate (studies show the presence of PCL up to 4 

years post application), its use in internal drug delivery as a sole formulation is limited compared 

to other listed polymers [264, 265]. 

Another commonly used polymer for biomedical applications is the 

biodegradable/biocompatible block copolymer, poly(lactic-co-glycolic acid) (PLGA).  PLGA is 

broken down into lactic acid and glycolic acid monomers following hydrolysis of its polyester 

backbone, which undergo further degradation by the Kreb’s cycle into carbon dioxide and water 

[251, 258, 266-268].  Due to its relatively complete degradation, PLGA is known to be 

minimally cytotoxic, and thus has been approved by the FDA as a drug delivery system [267, 

268].   

While it demonstrates an absolute break down, this can be tuned via alterations to 

PLGA’s molecular weight and lactic acid to glycolic acid ratio, as well as drug content within 

PLGA-based nanoformulations [266-268].  Additionally, NPs prepared from PLGA can also 

exhibit changes in break down, as well as cellular uptake and sustained drug release, due to the 

aforementioned physico-chemical properties, as well as due to their size; size distribution 

(polydispersity index); surface morphology; surface charge (zeta potential); surface 

modifications with surfactants and/or targeting moieties; and manufacturing techniques [257, 

266-273].  PLGA degradation rate is slower in higher molecular weight, longer polymers with 
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lower glycolic acid content, resulting in larger NPs; however, these NPs tend to have a lower 

initial drug encapsulation efficiency compared to smaller NPs made from smaller chain length 

PLGA with a higher glycolic acid composition [266-268].   

As previously stated, NPs should be below 200nm in size in order to enhance cellular 

uptake and reduce elimination, thus, polymer composition is imperative [236, 246, 251, 253, 

267, 268, 274].  With that said, smaller PLGA NPs, which exhibit a higher surface area to 

volume ratio, undergo a more rapid degradation rate than larger NPs, further establishing the 

importance of polymer composition [266, 268, 270].  In addition to size, a narrow size 

distribution, or polydispersity index (PDI), is also necessary to enhance NP uptake by target 

cells.  On a scale of 0 to 1, the closer a batch of NPs’ PDI is to 0, the more uniform its size is and 

reduced possibility of aggregation.  Also, the rounder/smoother the PLGA NPs are, the higher 

their likelihood of uptake [275].   

Lastly, the surface charge (zeta potential) of PLGA NPs influences their target cell uptake 

and overall biodistribution [256, 266, 267, 276, 277].  Positively charged NPs exhibit increased 

cellular internalization and the ability to escape lysosomal trafficking quickly, but reduced 

circulation half-life and availability for uptake [266, 267, 276, 277].  In contrast, with negatively 

charged NPs, there is increased circulation time, allowing for absorption of plasma proteins, 

primarily immunoglobulin G, during the process of opsonization; this leads to their increased 

uptake and elimination by phagocytes, thereby reducing their availability for uptake by their 

target cells [256, 276].   

In order to obtain an optimum zeta potential and enhance target cell internalization, 

surface modifications are necessary and include coating with surfactants and/or attaching 
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targeting moieties.  Some common surfactants used during PLGA NP formulation are PEG, 

PVA, and poloxamer (branded Pluronic), with descriptions of each to follow.          

Polyethylene glycol (PEG) is a water and organic solvent-soluble FDA-approved 

polymer composed of multiple ethylene oxide molecules that is biocompatible, resulting in 

minimal toxicity and no immunogenicity [234, 246, 267, 277, 278].  To improve uptake of NPs 

by their target cells through passive targeting, a PEG coating is utilized, as it increases blood 

circulation half-life; reduces plasma protein absorption and opsonization, leading to reduced 

recognition and removal by the RES; and positively impacts biodistribution, further reducing 

elimination from the body prior to reaching the target cell/tissue [234, 246, 256, 267, 271, 277, 

278].  Additionally, PEG can neutralize the surface charge of negative PLGA NPs, act as 

attachment points for targeting ligands, improve the circulation half-life of an encapsulated drug, 

and enhance accumulation of NPs within a tumor and its microenvironment to increase their 

therapeutic effect [246, 267, 277].  However, PEG has demonstrated limitations such as having 

poor biodegradation abilities, potential indication of immunogenicity upon repeated 

administration, and dichotomy of using low molecular versus high molecular weight PEG to 

allow proper break down; reduce the formation of ROS by-products; and reduce potential 

immunogenicity and toxicity [279]. 

Thus, another commonly used emulsifier available for biomedical applications is the 

water solube, non-ionic surfactant, polyvinyl alcohol (PVA).  PVA is known to neutralize the 

surface charge of PLGA NPs and produce smaller, more uniformly distributed NPs with smooth 

surfaces [272, 280].  However, numerous disadvantages exist with the use of PVA, including: 

low coating efficiency; possible carcinogenicity; reduced biocompatibility; reduced drug loading 

capacity; induction of hypertension, CNS depression, and other side effects related to its residual 
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presence on the surface of NPs; aggregation in biological media; and decreased cancer cell 

uptake [272, 280, 281]. 

Due to PVA’s overall poor utility in biomedical applications, another commonly 

employed class of surfactants is called poloxamers, which are also referred to as Pluronics.  

Poloxamers are non-ionic triblock copolymers composed of polypropylene and polyethylene 

oxides whose contents can be varied to improve their biomedical applications [269, 272, 273, 

280, 282-285].  A frequently studied poloxamer for biomedical applications, particularly with 

PLGA NPs, is poloxamer 188, otherwise referred to as Pluronic F-68 (PF68).  In the poloxamer 

designation, the first two digits relate to the molecular mass of polypropylene oxide and the last 

digit the percentage of polyethylene oxide content (18 x 100 = 1,800 g/mol polypropylene oxide 

in poloxamer 188 and 8 x 10% = 80% polyethylene oxide content in poloxamer 188); in the 

Pluronic description, the F involves its physical form at room temperature (flake = solid), while 

the first number concerns the molecular mass of polypropylene oxide and the last number the 

percentage of polyethylene oxide content (6 x 300 = 1,800 g/mol polyproylene content in PF68 

and 8 x 10% = 80% polyethylene oxide content in PF68) [269].  

PF68 has demonstrated advantages when used alone, as well as in combination as a NP 

surfactant.  It has low immunogenicity and toxicity, with enhanced biocompatibility, as shown 

by its minimal side effects and proper elimination upon administration.  Its noted effects upon 

physiology include inhibition of platelet and RBC aggregation; induction of mild lower back and 

leg pain; nausea; headaches; fatigue; prevention of bacterial infection during wound healing, 

without any direct antibacterial effects; induction of cell membrane recovery following damage; 

increased blood pressure, cardiac output, and blood flow to organs, without affecting heart rate; 

reduction in coronary blockage, leading to reduced risk and occurrence of heart attacks; 
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inhibition of uptake and release of the neurotransmitter norepinephrine; and the ability to easily 

permeate the BBB due to preferential adsorption of specific proteins involved in lipid transport 

(apolipoproteins) following IV administration [269, 271, 280, 285-288].  When used in 

conjunction with PLGA NPs, it can result in the formation of spherical, porous NPs with a 

monodisperse size distribution, as well as neutralization of the acidity that occurs during PLGA 

degradation and overall neutralization of NP surface charge [269, 272, 273, 284].  As a result, 

there is an enhancement in NP stability, in addition to drug stability and solubility, that 

subsequently increases NP target cell uptake and therapeutic effectiveness [269, 273, 282]. 

Thus, these advantages are critical for PF68’s utilization as a chemotherapeutic delivery 

system.  As stated, PF68 has demonstrated benefits that are amplified when used as a PLGA NP 

coating, especially for cancer applications.  These include reduced interaction with plasma 

proteins and inhibition of opsonization, resulting in decreased elimination by the RES, but 

enhanced uptake by cancer cells for improved cytotoxicity; increased blood circulation half-life 

of PLGA NPs and drug cargo, resulting in increased therapeutic effectiveness; innate 

chemosensitization in multi-drug resistant (MDR) cancers; inhibition of ATP-binding cassette 

(ABC) proteins, drug efflux pumps (such as P-glycoprotein (P-gp)), and drug detoxification 

systems to overcome MDR; prevention of drug sequestration within cytoplasmic vesicles 

through alterations in organellar pH; depletion of ATP levels to further enhance MDR inhibition; 

and drastic reduction in tumor metastasis [257, 269, 272, 280, 283-285, 288-292].  With that 

said, the use of PF68 must be reserved as its repeated administration can lead to increased 

clearance, and ultimately, reduced therapeutic activity [257]. 

Regardless of the previously listed attributes, PLGA NPs, even in the presence of 

surfactants, have their limitations, including modest drug loading capacity that averages 1%, and 
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an initial burst release of drug compound that reduces the actual amount available for treatment 

[267, 268].  Thus, a final nanoparticle option, the hybrid NP (HNP), is available, with the most 

common being lipid-polymer hybrids.  HNPs are composed of a hydrophobic polymer core; 

hydrophilic polymer shell; and lipid monolayer between the core-shell border, thus 

demonstrating advantages of polymeric NPs and liposomes without a number of each NP’s 

inherent limitations [293-295].  The benefits of using HNPs include tunable size and surface 

charge, increased drug loading capacity and effective encapsulation of relatively water-insoluble 

drugs, enhanced stability during storage and experimentation due to lipid/polymer composition, 

biocompatibility/biodegradability, sustained drug release and increased therapeutic activity, 

superior blood circulation half-life, the ability to employ cell- or tissue-specific targeting ligands, 

and enhanced target cell uptake and cytotoxicity [293-295].  As a result, HNPs are gaining in 

development for drug delivery, as well as DNA/RNA delivery and diagnostic imaging [294, 

295].  However, issues arise when considering their translation applications, such as improving 

the concentration of targeting ligands on the surface, completeness of lipid coverage around the 

NP surface, encapsulation of multiple therapeutics and/or imaging modalities, limited data on in 

vivo studies and their success, and development of scale-up procedures [294, 295].  With that 

said, no nanoformulation is completely ideal, making the type chosen dependent on available 

facilities, the disease(s) or biochemical pathway(s) being studied, and any potential translational 

applications. 

Delivery of Polymeric Nanoparticles Across the BBB 

 The blood-brain barrier (BBB) is a biological barrier composed of endothelial cells, 

astrocytes, microglial (immune) cells, and pericytes that controls the transport of compounds into 

the brain from the circulation by physical (tight junctions) and metabolic (enzyme) means.  Thus, 
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delivery of brain targeted therapeutics occurs through receptor, transporter, or adsorptive-

mediated endocytosis by brain capillary endothelial cells (BCECs); transcytosis by BCECs; 

and/or following disruption of the BBB by other therapeutics or disease [241, 267, 296-306].  

However, a majority of small molecule drugs are inhibited from obtaining passage across the 

BBB through most of the aforementioned methods due to the presence of drug efflux pumps, like 

ABC proteins and P-gp; thus, another transport system is required [241, 297-299, 302].   

Polymeric nanoparticles (NPs), specifically PLGA NPs, which are becoming more 

frequently used as drug delivery mechanisms, have the ability to circumvent the BBB, the most 

immunologically and physically protected biological barrier [277, 297, 298, 300, 306-308].  In 

an in vivo mouse study, the brain was determined to be the fourth most common distribution site 

for PLGA NPs (~13% of total NPs) following IV administration, with those smaller than 200nm 

being more likely to accumulate there [270, 305].  This confirms that, on their own, PLGA NPs 

can permeate the BBB; however, by utilizing surface modifications to enable non-specific 

endocytosis (passive targeting through surfactant coating) or active targeting through ligand 

surface attachment, there can be an enhancement in NP uptake, reduced elimination by the RES, 

and improved therapeutic efficacy [267, 296-301, 303, 304, 306-312].     

NPs typically cross the BBB by endocytosis or trancytosis by BCECs, however 

additional mechanisms have been hypothesized, including: enhanced accumulation by brain-

blood capillaries and their adsorption to capillary walls; inhibition of efflux pumps by surfactant 

coatings; solubilization of cell membrane lipids of BCECs by surfactants; breaching tight 

junctions between BCECs solely due to the presence of NPs; or a combination of those listed 

[303, 306, 309, 312-315].  Studies have shown that moderate to highly negative/anionic NPs (-1 

to -45 mV) have an increased likelihood of passage across the BBB following BCEC uptake and 



 

30 
 

are able to inhibit drug efflux by ABC pumps and other exporters, which can be enhanced upon 

surfactant coating [241, 304, 316].   

As previously stated, some commonly used surfactants in NP formulation include PEG, 

PVA, poloxamers/Pluronics, and polysorbate/Tween 80, with recent studies demonstrating that 

poloxamer 188 (Pluronic F68/PF68) has the best capacity to enable NP permeation across the 

BBB upon comparison [296-299, 303, 306, 309, 311-314].  In addition to their potential role in 

lipid membrane solubilization, NP surfactants can adsorb plasma proteins, including 

apolipoproteins (Apo), on their surface to enhance transport across the BBB, leading to their mis-

identification as self and delivery via receptor or adsorptive-mediated endocytosis [271, 298, 

303, 317].  Coating with PF68 and Tween 80 also enable inhibition of efflux of NPs and their 

cargo by ABC transporters like P-gp, however, some BBB toxicity is noted with Tween 80, 

further establishing PF68 as a better alternative [303, 309].  Thus, naturally-derived coatings are 

also available, with demonstrated biocompatibility and reduced neurotoxicity to the BBB, and 

include glutathione and albumin [300, 301, 303].  Glutathione is a compound that guards against 

oxidative stress and also inhibits P-gp, demonstrating its effectiveness as a protective shell for 

NPs, as well as a cellular shield that prevents premature polymer degradation and drug release 

[300, 301, 303].  Lastly, albumin is a one of the most common blood serum proteins, which is 

typically found on the surface of NPs during their circulation [301, 303].  Studies have 

previously shown that albumin-coated NPs can easily permeate the BBB, yet do not induce 

toxicity even at very high concentrations, making albumin a potentially useful NP coating [301, 

303].   

In addition to surfactants, attachment of ligands on the surface of PLGA NPs, such as 

peptides and antibodies, is another effective means to enhance delivery and uptake across the 
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BBB and to target cells, while reducing recognition and elimination by the RES and efflux 

pumps [267, 299-301, 303, 304, 307, 309, 310].  Examples of brain ligand targeting moieties 

include thiamine; transferrin; lactoferrin; insulin; folate; and low density lipoproteins (LDLs), as 

their receptors are some of the most commonly expressed receptors at the BBB [267, 299-301, 

303, 304, 307, 309, 310].  Thiamine is a compound (water soluble vitamin B) necessary 

throughout every stage of cellular function and maintenance that has receptors on the surface of 

endothelial cells along the BBB, making it a suitable targeting molecule for NPs.  However, due 

to the presence of thiamine receptors throughout the body, its applicability in targeting the BBB 

is unlikely [300, 301, 303].   

Next, transferrin, an endogenous peptide that was one of the first to be used in ligand-

based NP, has a significant amount of receptors on the surface of BCECs, enabling its 

endocytosis and transport across the BBB [301, 303, 310].  However, its application has been 

limited due to the excessive presence of transferrin in circulation, which can outcompete 

transferrin-coated NPs for receptor binding sites and prevent their passage across the BBB.  

Instead, transferrin antibodies like Ox26 are being utilized as NP conjugates to enhance their 

BBB transport and uptake, as there is no concern for competion against the antibody’s specific 

binding site [299, 303, 309, 310].  Another ligand option is lactoferrin, a transferrin member 

glycopeptide that also possesses a significant number of BBB cell surface receptors for binding 

[267].  Through its ligand-receptor interaction, transport across this strict biological barrier is 

possible, as well as the ability to influence numerous physiological processes that range from 

inhibiting inflammation to preventing carcinogenesis [267, 318].  While lactoferrin and 

transferrin are structurally similar, lactoferrin was shown to have a higher uptake across the BBB 

than the transferrin peptide or antibody, making it a more useful targeting moiety [319, 320]. 
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Next, another available ligand used in targeting is insulin, the hormone necessary for 

proper sugar transport and utilization throughout the body.  However, do to its rapid degradation 

and potential induction of hypoglycemia, the insulin ligand is not a feasible option [303, 309, 

310].  Thus, insulin antibodies have been exploited for transport across the BBB, through 

receptor-mediated endocytosis and subsequent transcytosis, and have been shown to be more 

effective at binding transferrin receptors and enabling BBB permeation and cell uptake than 

Ox26, in addition to effectively binding its own receptors on BCECs [303, 309, 310, 321]. 

In addition to the above options is folic acid, water soluble vitamin B9 that is necessary 

for the production of DNA and RNA and vitamin B12-dependent methionine synthesis [322].  

Folic acid is shown to have a significant amount of folate receptors present within, instead of on 

the surface of, BCECs of the BBB, particularly those with high affinity binding capabilities, 

reducing the likelihood of misguided drug delivery [322, 323].  In a study characterizing folate 

conjugated, PEG-coated polymeric NPs, there was a 10-fold higher affinity for the folate 

receptor compared to free folate, further establishing its utility as a BBB ligand [324].  A final 

option for brain targeting is through low-density lipoproteins (LDLs) such as Apo A, B, or E.  As 

demonstrated, surfactant-coated NPs undergo enhanced BBB passage following adsorption of 

LDLs on the surface; thus, conjugation with any of a variety of available LDLs should enable a 

similar mechanism without the need for surfactants [271, 303, 309, 325].  This has been 

confirmed by several studies where Apo that were convalently attached to different NP 

formulations improved BBB uptake and delivery by receptor-mediated endocytosis and 

subsequent transcytosis, due to an increased presence of LDL receptors on the BBB surface [309, 

315, 317, 325].  With that said, any of the above options are sufficient for enabling and 

enhancing passive or active targeting of NPs across the BBB and to the specific diseased brain 
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region; however, additional experimentation is necessary to establish their applicability in a 

clinical setting. 

Applications of Polymeric Nanoparticles in Cancer 

 One clinical field experiencing signficant development of new polymeric 

nanotherapeutics is cancer, where treatments can “target” the tumor itself, the tumor vasculature, 

or the tumor microenvironment.  Nearly every nanoformulation to date aimed at treating cancer 

involves some form of surface modification, either surfactant coating or attachment of a targeting 

ligand or a combination, in order to enhance uptake by the cancer cells and reduce potential side 

effects in healthy neighboring cells.  Several studies that encapsulated model drugs such as 

coumarin in PVA, vitamin E, or PEG-coated PLGA NPs demonstrated their enhanced 

accumulation in breast and colon cancer cell lines compared to non-coated NPs following 

administration, confirming their utility as cancer drug delivery systems [278, 326].  To further 

establish those findings, other studies encapsulating chemotherapeutic agents in PF68 and PEG-

coated polymeric NPs were developed to treat a myriad of cancer types in vitro and in vivo, as 

well as in human patients, and shown to induce cancer cell apoptosis, reduce antitumor activity 

and off-target effects, and increase survival rates [327-333].  In addition to traditional 

chemotherapy drugs, another compound with demonstrated anticancer activity is the plant extract 

curcumin.  Recent studies from different labs have demonstrated its enhanced activity following 

administration in vitro and in vivo upon its encapsulation in different polymeric 

nanoformulations [334, 335].  While in other reports, the photosensitizer molecule methylene 

blue and its derivatives, which were encapsulated in surfactant-coated polymeric NPs, were able 

to enhance cytotoxicity in several different cancer cell lines upon administration and irradiation 

for PDT [230, 231, 336].  Thus, packaging drug compounds in surfactant-coated polymeric 
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nanoparticles can enhance their effectiveness, while reducing any toxic side effects that might 

transpire in healthy cells.  However, to further eliminate the possibility of damage to healthy 

cells and tissue in close proximity to a tumor, use of targeting ligands is being explored. 

 As previously described, some common cell surface receptors include folate and 

transferrin, as well as biotin, which can be targeted for cancer drug nano-delivery.  In recent 

papers, peptides that bind the aforementioned receptors have been conjugated to 

chemotherapeutic-loaded PLGA NPs and have demonstrated enhanced antiproliferative and 

cytotoxic activity, as well as improved cancer cell specific uptake, which led to reduced tumor 

growth upon comparison to free drug and non-targeted NPs [337-339].  However, use of these 

ligands is problematic due to their ubiquitous occurrence, requiring the utilization of more tumor 

cell and tissue-specific targeting moieties.   

Various cancers have been targeted for their increased cell surface expression of 

integrins, growth factor receptors, and drug efflux pumps (P-gp) via conjugation of their peptide 

binding partners to surfactant-coated PLGA NPs that were loaded with several different 

chemotherapeutics.  Upon administration of these nanoformulations, there was a noted induction 

of apoptosis and reduction in proliferation in vitro, with a subsequent inhibition of tumor growth 

and angiogenesis in vivo [328, 340-342].  While these ligands are improvements, further 

targeting enhancement is imperative.  In the case of prostate cancer treatment, a common target 

is the transmembrane glycoprotein, prostate-specific membrane antigen (PSMA).  Numerous 

drug and silencing RNA-loaded polymeric nanoformulations have utilized PSMA peptide 

aptamers and antibodies to enhance drug delivery and effectiveness, both in vitro and in vivo, 

with one (BIND-014) currently in clinical trials as a treatment for advanced and metastatic 

cancers [343-346].  Breast cancer is another malignancy with substantial nanotechnology-based 
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drug development underway.  In one formulation, PVA-coated PLGA NPs loaded with bovine 

serum albumin as a model drug was covalently attached with a breast cancer specific 

mononclonal antibody and shown to bind its cell surface receptor and enable enhanced 

internalization in a co-culture with a colon cancer cell line compared to non-targeted NPs, while 

in another, Annexin A2 antibody-conjugated, PVA-coated PLGA NPs that were loaded with 

curcumin also had enhanced cell uptake and ultimately induced apoptosis in Annexin A2 

overexpressing breast cancer cells [347, 348].  Lastly, melanoma cells treated with F3 (a peptide 

that binds the nucleoline receptor)-conjugated polyacrylic acid (PAA) NPs that were filled with 

methylene blue derivatives displayed significant cell death following PDT light treatments 

compared to PEGylated PAA NPs, substantiating the applications of nanotechnology in cancer 

therapy [228]. 

Applications of Polymeric Nanoparticles in Glioblastoma 

 As previously described, GBM is a highly aggressive, grade IV brain tumor that is 

cellularly and molecularly heterogenous, making development and utilization of treatment 

protocols difficult.  In addition to surgery and radiation, some form of chemotherapy, typically 

temozolomide (TMZ), is used to reduce disease progression and extend survival; however, these 

treatments result in a median survival length of 15 months, demonstrating the need for better, 

more effective therapy options and the potential applicability of nanotechnology. 

 As stated in the former section on cancer nanoformulations, those developed to include 

surfactants and/or targeting moities might be most effective for GBM.  Due to the presence of 

the BBB, surfactant-coated PLGA NPs could be useful, as they enhance passage across this 

restrictive biological barrier, as well as increase uptake in human GBM cell lines by the 

adsorption of plasma proteins [315].  In doxorubicin-loaded, PF68-coated PLGA and 
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polybutylcyanoacrylate NPs administered in a brain tumor rat model, the NPs were shown to 

easily permeate the BBB, as well as reduce and prevent further tumor growth that lead to 

increased survival times in vivo [313, 349, 350].  Additionally, GBM is known to express high 

levels of cell surface receptors for LDL such as Apo A and E, further establishing the use of 

surfactants on PLGA NPs as a means of protection and transport of drug compounds [304].   

 In Tween 80-coated polymeric NPs containing various chemotherapeutic agents, there 

was a noted increase in antiproliferative activity and reduction in tumor growth due to enhanced 

brain accumulation, particularly in the tumor, in xenograft rodent models; this effects resulted in 

extended survival rates in the animals, which could be applied to human GBM cases [351-353].  

Similar anti-tumorigenic activities were observed in C6 and 9L rodent models administered  

PEGylated polymeric nanoformulations loaded with paclitaxel, as well as in C6 and RG2 cells 

treated with glutathione-coated PLGA NPs encapsulating taxane compounds [354-357].  Lastly, 

in methylene blue-loaded PAA NPs coated with PEG or Aerosol-OT, there was an increase in 

ROS levels that resulted in an increase in cytotoxicity in C6 rat cells following PDT irradiation, 

further demonstrating the effectiveness of surfactant-coated polymeric NPs in GBM [230, 231]. 

 While surfactant coating can enhance NP uptake, it does not completely prevent 

internalization by healthy cells in close proximity to the tumor, thus utilization of targeting 

moieties can be an option.  A commonly expressed receptor on the cell surface of the BBB, as 

well as many cancer types, including GBM, is transferrin.  In a transferrin-conjugated PLGA NP 

formulation carrying doxorubicin and paclitaxel, an increase in tumor inhibition was observed 

following treatment both in vitro and in vivo; however, while this targeting ligand does occur at a 

higher rate in GBM, it is not tumor specific [358].  In other studies, RGD used singularly or in 

conjunction with an interleukin-13 peptide were conjugated to PEGylated polymeric NPs to 
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target GBM cells and their associated vasculature.  The NPs, which were loaded with taxanes, 

were shown to enhance brain uptake, specifically at the tumor site, compared to non-targeted 

NPs, leading to increased antiproliferative, antiangiogenic activities and survival rates in vitro 

and in vivo, respectively [359-361].  Finally, polymeric NPs functionalized with an F3 peptide 

and PEG coating, or solely with PEG, were shown to boost methylene blue’s cytotoxic abilities 

following irradiation in vitro, while reducing tumor burden in a 9L rat model, further 

demonstrating the applicability of polymeric-based nanotechnology as a means to effectively 

deliver chemotherapeutic agents to GBM [229, 362].     

      

Objectives of Study 

Hypothesis and Specific Aims 

According to statistics from the American Cancer Society (ACS), of the estimated 1.7 

million newly diagnosed cancer cases within the United States this year, nearly 1.4% (23,130) 

will be due to tumors of the brain and nervous system; additionally, of the 580,000 total cancer 

deaths, approximately 2.4% will be attributed to the aforementioned anatomical areas [363].  

Although these figures are significantly lower than those of more recognized cancer types 

(breast, colorectal, lung, pancreatic, and prostate), brain-associated cancer prevalence is rising 

due to increased resistance to conventional treatment methods, leading to significantly lower 

survival rates [3, 7, 364].  Glioblastoma (GBM), a rapidly developing grade IV brain cancer that 

originates from supportive glial cells called astrocytes located primarily within the cerebrum, is 

considered the most common and aggressive primary human brain tumor due to poor prognosis 

(14 months maximum post-diagnosis with treatment) and substandard five-year survival rates 

(less than 10%) [3, 6-8].  With that said, GBM primarily remains localized to the brain, with 
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extracranial metastasis being very rare [9, 365].  While GBM can affect individuals of all ages, it 

occurs more frequently in adults, primarily middle-aged people between 45 and 65, with a 

gender disparity favoring men, as well as a slight racial discrepancy towards Caucasians [3, 7].  

Currently, little is known about the actual cause of GBM, with research continuing in genetics, 

heredity, and environment, among others [7].  Due to GBM’s recent reclassification into four 

molecular subtypes, additional treatments are necessary in order to more effectively treat this 

devastating disease and its heterogeneous nature [366-369]. 

With that said, methylene blue (MB), an established medicinal compound, has received 

increased attention during the last decade as a potential therapeutic for several brain disorders, in 

part due to its ability to permeate the blood-brain barrier.  In a study performed by our 

collaborator, MB treatment was shown to increase oxygen consumption, reduce lactate 

production, and inhibit proliferation of U87 glioblastoma cells through reversal of the Warburg 

effect [370].  While MB has demonstrated utility, the challenge that arises is that delivery via 

either traditional oral or IV route provides reduced brain uptake compared to administered 

dosage [371], leading to overmedicating and potential toxicity.  Using established techniques that 

improve drug delivery, MB could provide a better treatment option over current methods, 

allowing for healthier lifespans and increased survival rates.   

A method with demonstrated improvements in drug delivery is via the encapsulation of 

compounds into polymeric nanoparticles (NPs) made from the biodegradable/biocompatible, 

FDA approved molecule, poly(lactide-co-glycide) (PLGA).  Our lab has demonstrated the 

applicability of PLGA NP formulations as treatments for various cancers [334, 348, 372-374], 

with additional drug delivery advantages resulting from their sustained release abilities [334, 

372] and preferential accumulation in the brain [375].  A study associated with the evaluation of 



 

39 
 

PLGA NPs in vivo, confirmed detectable accumulation of PLGA NPs (12.86%) in the brain of 

Balb/c mice [270].  Finally, other studies have shown the ability to encapsulate MB in different 

NP formulations for disease diagnosis and/or treatment, further demonstrating their feasibility 

[224-227, 231, 376-387]. 

As a result, the objective of this project was to develop and characterize a MB(OS)NP 

(methylene blue oleate salt-loaded polymeric nanoparticle) formulation and to investigate its 

permeability, uptake, and anti-proliferative effects in GBM models in vitro.  We hypothesized 

that encapsulation of a sodium oleate conjugate of MB (MBOS) into PLGA NPs would inhibit 

GBM cell survival and proliferation through a reversal of the Warburg effect.  Thus, to test the 

hypothesis, our aims were, 

1) To formulate and characterize MBOS-loaded PLGA NPs using particle size, surface charge, 

and morphological analysis.  Additionally, encapsulation efficiency, drug loading, and MBOS 

release will be determined to ensure that sufficient agent is available for effective treatment.  

This formulation will be compared to empty PLGA NPs, free MB, and free MBOS.   

2) To investigate the anti-proliferative effects of MBOS-loaded PLGA NPs in in vitro GBM 

models.  We will determine formulation efficacy based on altered mitochondrial and overall cell 

functions in the human GBM cell lines U87 and T98G following NP treatment.  Cell metabolism 

(oxygen consumption; ATP production; glucose quantification), cell survival/death, and cell 

proliferation will be analyzed.  Experiments will also be performed with empty PLGA NPs, free 

MB, and free MBOS.   

 U87 – human GBM cell line with epithelial morphology; isolated from 44-year-old 

Caucasian male; WT p53, mutant PTEN, p16 del; temozolimide (TMZ)-sensitive 
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 T98G – human GBM cell line with fibroblast morphology; isolated from 61-year-old 

Caucasian male; mutant p53, mutant PTEN, p16 del; TMZ-insensitive 

3) To determine the bio-distribution of MBOS-loaded PLGA NPs in vivo.  We will establish the 

pharmacokinetics of drug-loaded NPs compared to free drug (MB and MBOS) to determine if an 

equivalent amount accumulates in plasma and tissues of CD-1 mice following administration and 

quantification at designated time points.
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CHAPTER II 

DEVELOPMENT AND CHARACTERIZATION OF METHYLENE BLUE OLEATE SALT-

LOADED POLYMERIC NANOPARTICLES AND THEIR POTENTIAL APPLICATION AS 

A TREATMENT FOR GLIOBLASTOMA 

 

Abstract 

            Glioblastoma (GBM) is an aggressive, grade IV brain tumor that develops from 

astrocytes located within the cerebrum, resulting in poor prognosis and survival rates following 

an accepted treatment regimen of surgery, radiation, and temozolomide.  Thus, development of 

new therapeutics is necessary.  During the last two decades, methylene blue (MB) has received 

increased attention as a potential neurotherapeutic due to its duality in brain cancers and 

neurodegenerative diseases.  While MB is capable of easily permeating the blood-brain barrier, 

its therapeutic concentrations in GBM are known to induce off-target cytotoxicity and thus, 

another mode of drug delivery must be considered.  To this end, encapsulation of formerly 

unusable compounds into nanoparticles (NPs) made from the biodegradable/biocompatible, FDA 

approved co-polymer poly(lactide-co-glycolide) (PLGA) has been more commonplace when 

developing novel therapeutics.  In this study, we formulated and characterized Pluronic F68-

coated PLGA NPs containing a sodium oleate conjugate of MB (MBOS) via solvent 

displacement.  Conjugation of sodium oleate to MB was shown to reduce its release from PLGA 

NPs compared to unmodified MB, leading to potential improvements in drug accumulation and
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therapeutic effectiveness.  Our drug-loaded NP preparations, which were ~170 nm in size and 

had drug loading values of ~2%, were shown to reduce cell viability and cell compartment-

specific, as well as overall cell, functions equivalently, if not more so, when compared to free 

drug in two GBM cell lines.  Following bio-distribution analysis of free MBOS compared to its 

nano-encapsulated counterpart, drug-loaded NPs were shown to more effectively permeate the 

BBB, which could lead to improvements in therapeutic effectiveness upon further examination in 

a tumor-bearing mouse model.  Based on these results, we believe that the further development 

and eventual utilization of this nanoformulation could lead to an effective GBM therapy that 

could extend patient survival rates.  Keywords – methylene blue, nanomedicine, glioblastoma, 

brain tumor, neurotherapeutic 

 

Introduction 

            According to statistics from the American Cancer Society (ACS), of the estimated 1.7 

million newly diagnosed cancer cases within the United States this year, nearly 1.4% (23,130) 

will be due to tumors of the brain and nervous system; additionally, of the 580,000 total cancer 

deaths, approximately 2.4% will be attributed to the aforementioned anatomical areas [363].  

Although these figures are significantly lower than those of more recognized cancer types 

(breast, colorectal, lung, pancreatic, and prostate), brain-associated cancer prevalence is rising 

due to increased resistance to conventional treatment methods - a combination of surgery, 

chemotherapy, and radiation - leading to significantly lower survival rates [3, 7, 364].  

Glioblastoma (GBM), a rapidly developing grade IV brain cancer that originates from supportive 

glial cells called astrocytes, resulting in its classification as an astrocytoma, is located primarily 

within the cerebrum and considered the most common and aggressive primary human brain 
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tumor due to poor prognosis (15 months maximum post-diagnosis with treatment) and 

substandard five-year survival rates (less than 5%) [1-8].  While GBM can affect individuals of 

all ages, it occurs more frequently in adults, primarily middle-aged people between 45 and 65, 

with a gender disparity favoring men, as well as a slight racial discrepancy towards Caucasians 

[3, 7, 10, 14, 15].   

GBM, like other cancers and cells undergoing rapid proliferation, depend on an 

inefficient energy producing process called aerobic glycolysis to generate adenosine 5’-

triphosphate (ATP) and other metabolic precursors for successive colony expansion through a 

phenomenon referred to as the Warburg effect [99, 107, 388, 389].  In the Warburg effect, highly 

proliferative cells, including cancers such as GBM, exhibit irregular mitochondrial behavior that 

results from disjointed energy metabolism, leading to a dependence on cytosolic glycolysis for 

energy [102, 390-392].  While decades of research have established the Warburg phenomenon 

and associated mitochondrial dysfunction as a consequence of compounding genetic mutations, 

the concept continues to be an intriguing aspect in the development and progression of cancer, 

specifically GBM, and thus, provides an avenue for the development of novel therapies. 

Methylene blue (MB), also referred to as methylthioninium chloride, is a water soluble 

compound that was discovered in the late 1870s and originally used as a histological dye.  MB, 

which has a proven safety record and demonstrated versatility in clinical applications, has been 

used to treat maladies ranging from chemotherapy-induced encephalopathy and can act as a 

photodynamic therapy (PDT) in cancer patients to more historical conditions such as cyanide 

poisoning and malaria [171, 172, 186, 211, 371, 393-395].  In the case of various diseases, 

including GBM, MB has been shown to target dysfunctional mitochondria by acting as an 

electron carrier via its reversible photoreduction to inactive leucomethylene blue (LMB) to aid 
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cytochrome c reduction, bypass complex II, increase oxygen consumption, and increase the 

production of reactive oxygen species (ROS) [216, 396-402].  While MB shows promise as a 

neurotherapeutic due to these benefits, as well as its ability to easily permeate the blood-brain 

barrier (BBB), the challenge arises when administering MB to patients.  In order to achieve the 

necessary accumulation of drug concentration for treatment, a higher-than-required dose must be 

given, leading to potential overmedicating and off-target toxicity [371].  As a result, additional 

drug delivery methods must be considered. 

Traditional modes of drug delivery across the BBB involve disruption of the BBB, which 

if still intact during the disease state, can lead to infection; lipidation of small molecules; and 

delivery of anti-sense or non-viral DNA [403].  Due to recent advances in nanotechnology, its 

applications have been considered as possible mechanisms for more effective drug delivery 

across the BBB, ranging from encapsulation in liposomes and polymeric nanoparticles to direct 

conjugation to antibodies [253, 296, 298, 404-407].  Over the past few decades, nanoparticle 

drug development has grown because of its wide versatility of applications and formulations.  In 

accordance with the previous statement, nanoparticle delivery of drugs for GBM has grown due 

to the need for more effective treatments that can maneuver the BBB.  While numerous options 

are currently available for developing nanodrug delivery systems, including liposomes; solid 

lipid nanoparticles; polymeric nanoparticles; hybrid nanoparticles; dendrimers; and nanotubes, 

this study focuses on the application of polymeric nanoparticles, derived from the synthetic co-

polymer poly(lactide-co-glycide) (PLGA).  PLGA was the first FDA-approved co-polymer for 

medical use, is biocompatible/biodegradable via its non-enzymatic hydrolysis at its ester linkages 

to lactic and glycolic acids, and has confirmed brain accumulation in in vivo studies [270, 408-

410].  Some of the advantages afforded by PLGA NPs as drug delivery systems include: their 
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ability to encapsulate numerous compounds; provide targeted drug delivery using surface 

functionalization with antibodies/peptides; allow tunable sizing; can be prepared from various 

matrices; improve therapeutic efficacy of drugs due to reduced clearance; can be used for various 

administration routes, reduce toxic side effects; and traverse biological barriers, including the 

blood-brain barrier (BBB), skin, and tight junctions of various epithelial layers [253].  PLGA 

NPs are thought to obtain passage through the BBB via receptor-mediated endocytosis in brain 

capillary endothelial cells, which results from either covalent attachment of targeting ligands or 

coating with certain chemicals that enable adsorption of specific plasma proteins for improved 

circulation and distribution [406].  Methods that are being considered in order to improve PLGA 

NP passage through the BBB, as well as improve tumor uptake, include active targeting via 

surface conjugation with antibodies or BBB receptor ligands and use of surfactants [411].   

While MB-loaded NP formulations have been developed in the last several years to treat 

various conditions, the concern with utilizing MB in a PLGA NP is due to its high water 

solubility.  PLGA NPs tend to encapsulate hydrophobic and lipophilic drugs more effectively 

than hydrophilic drugs; therefore, modifications to MB are necessary that enable prolonged 

entrapment within the NP until delivery to the target site without affecting its normal chemical 

functions.  To this end, we formulated a methylene blue oleate salt (MBOS) conjugate and 

encapsulated it within PLGA NPs.  In this study, we tested the hypothesis that encapsulation of 

MBOS in PLGA NPs would elicit minimally equivalent in vitro effects in multiple GBM cell 

lines when compared to free MB, as well as free MBOS, based on the reversal of mitochondrial 

dysfunction and supposed reduction in off-target side effects.  Additionally, we sought to 

determine the biodistribution of MBOSNPs compared to free MB and MBOS, as a means to 
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confirm any potential clinical applications toward improving disease progression and reducing 

drug-associated toxicity. 

 

Experimental Procedures 

1. Cell Culture and Other Reagents 

            U87 MG (U87) were gifts from Dr. ShaoHua Yang (University of North Texas Health 

Science Center), while T98G cells were obtained from American Type Culture Collection 

(ATCC).  Both were cultured as previously described 55.  MB was purchased from Calbiochem.  

Sodium oleate, Pluronic F68, glucose oxidase/peroxidase solution, O-dianisidine 

dihydrochloride, and D-(+)-glucose were obtained from Sigma-Aldrich.  PLGA 50:50 DLG 8E 

was purchased from Lakeshore Biomaterials.  Pierce protein reagent was obtained from 

ThermoScientific, D-luciferin sodium salt from Regis Technologies, and QuantiLum 

recombinant luciferase from Promega. 

2. Preparation of Methylene blue oleate salt 

            In pre-weighed 250 mL glass beaker containing a stir bar, 100 mg sodium oleate (SO) 

was dissolved in 100 mL distilled, deionized (DDI) H2O.  50 mg MB was added to 5 mL 

dehydrated ethanol and mixed, then combined with SO solution and allowed to stir overnight at 

room temperature in a fume hood to prepare the MBOS solution.  The following day, 100 mL 

chloroform was added to the MBOS solution, stirred for 5 minutes, then placed at room 

temperature in a fume hood for at least 24 hours to obtain complete partitioning of the organic 

and aqueous layers.  After achieving layer separation, the H2O layer containing free MB was 

removed, and the beaker containing the MBOS chloroform solution returned to stirrer under 

vacuum in fume hood for 72 hours until chloroform has completely evaporated and layer of 
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MBOS coating remained.  To determine the final amount of mg of MBOS obtained, the beaker 

was removed from stirring and re-weighed. 

3. Preparation and Characterization of MBOSNPs 

3.1 Preparation of MBOSNPs - To generate MBOSNPs (Figure 1), 3 mg MBOS was combined 

in 1 mL acetone, placed on a mini vortexer until completely dissolved, then 10 mg PLGA added 

and returned to vortexer until PLGA was in solution.  While MB and PLGA solution was 

vortexing, 1% PF68 in DDI H2O was prepared and 3 mL filtered through a 0.45 micron syringe 

filter.  Once MB and PLGA solution was obtained, it was added to PF68 solution and placed 

under compressed nitrogen gas until acetone has evaporated and organic solvent odor no longer 

remained (~1 hour).  Next, the NP sample was transferred to a 50 mL 10K cut-off Amicon tube, 

where ~10 mL DDI H2O was added, then centrifuged at 3500 rpm for 20 minutes at 4°C.  Once 

the flow through was discarded, centrifuge/wash step was repeated 2x more for 20 minutes, then 

30 minutes.  Once washes were concluded, 5% sucrose in DDI H2O was added to NP sample to 

obtain 1 mL total volume.  The liquid MBOSNPs were transferred to a pre-weighed cryovial, 

placed at -80°C overnight, then moved to a cooled, pressurized lyophilizer (ATR, Inc.) for 72 

hours.  Upon removal from lyophilizer, sample was stored at -20°C until needed.  Empty, blank 

NPs were also generated, analyzed, and tested in subsequent in vitro assays for comparison at the 

highest “treatment” concentration for drug-loaded NPs.       
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Figure 1 – Schematic representation of MBOSNPs.  MBOS, produced by chloroform extraction 

to reduce water solubility and release, was encapsulated within the co-polymer PLGA via solvent 

displacement, and subsequently coated with the surfactant Pluronic F68 and lyophilized.  

Abbreviations: MBOSNPs, methylene blue oleate salt-loaded nanoparticles; MBOS, methylene 

blue oleate salt; PLGA, poly(D,L-lactide-co-glycolide). 

 

3.2 Physico-chemical Characterization of MB(OS)NPs - Prior to freezing and lyophilizing, as 

well as post, particle size and zeta potential were analyzed via a Malvern Zetasizer Nano ZS.  

Briefly, a small amount of lyophilized NPs was resuspended in 1 mL DDI H2O, vortexed for 30 

seconds, then transferred to a disposable cuvette (Sarstedt) for analysis of particle size (in nm) by 

dynamic light scattering.  The sample was then transferred to a disposable capillary cell 

(Malvern) for analysis of zeta potential.  For each NP batch, the mean diameter ± S.D. for three 

measurements was determined.  The polydispersity index (PDI) was also quantified to establish 

particle size distribution. 

3.3 Drug Loading and Encapsulation Efficiency Determination by UV/Vis Spectrophotometry - 

Drug loading and encapsulation efficiencies were determined post-production by mixing 5 mg 

lyophilized MBOSNPs in 1mL acetone, placing in a 37°C incubator shaker for 4 hours, then 
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centrifuging at 14,000 rpm at room temperature for 5 minutes to precipitate residual PLGA.  The 

acetone component containing MBOS was then analyzed via the UV/Vis spectrophotometry 

component of a Nanodrop (ThermoScientific) at 645nm, with values compared to an MBOS 

standard curve.   

3.4 Transmission Electron Microscopy (TEM) - Following acquisition of the lyophilized final 

product, MBOSNPs were also analyzed for shape and surface morphology via TEM.  Briefly, a 

small amount of NP was resuspended in 1 mL DDI H2O, then diluted 1:10.  A drop (~5 µL) of 

diluted, resuspended MBOSNP sample was deposited on a discharged carbon grid, allowed to 

dry for 1 minute, carefully blotted, and a drop of 2% uranyl acetate added with a 1-minute dry 

time and subsequent blotting.  Once negatively stained, the NP sample was on examined under a 

Tecani Spirit Biotwin at the University of Texas Southwestern Medical Center’s Electron 

Microscopy Core Facility. 

3.5 MBOS Release Kinetics – To determine the rate of MBOS release from the NPs, MBOSNPs 

containing at least 0.5 mg MBOS (~30mg) was weighed out and added to 2 mL 1X PBS in 8 

MWCO dialysis tubing.  The dialysis tubing containing sample was then placed in a 250 mL 

glass beaker containing 100 mL 1X PBS as a “sink” under constant stirring at room temperature.  

At designated time points, 1 mL of 1X PBS from the “sink” was collected, replaced with fresh 

PBS, and analyzed at 645nm via the UV/Vis spectrophotometry component of a Nanodrop 

(ThermoScientific), with values compared to an MBOS standard curve. 

4.   In Vitro Analyses   

4.1 Cellular Bioenergetics Analysis – Assay was performed according to manufacturer’s 

directions and as previously described [370], where U87 and T98G cells were plated at 30,000 

cells/well in an XF24 plate and allowed to attach overnight.  Media was replaced an hour before 
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onset of the assay with XF24 media, and then, rotenone/antimycin A mix, FCCP, and oligomycin 

were diluted in XF24 media and loaded into the provided cartridge to obtain final concentrations 

of 100 nM, 300 nM, and 1 µg/mL, respectively.  MB, MBOS, or MBOSNP treatments, at pre-

determined concentration, were also inserted into the cartridge.  Addition of the compounds into 

the medium took place at designated time points, and oxygen consumption was examined using a 

Seahorse Bioscience XF24 Extracellular Flux Analyzer. 

4.2 Liquid Colony Formation Assay – Cells were seeded into 6-well culture plates (Falcon) at a 

concentration of 50 cells/well in 1 mL DMEM high glucose with pyruvate (Gibco), 10% FBS, 

and 1% Pen/Strep.  Treatments were added to each well to obtain a pre-determined final 

concentration in 2 mL/well total volume.  Plates were incubated for 4 weeks undisturbed, and 

only carefully received a media change at week 3 with or without drug treatments if colonies 

were not visible.  Following completion of the 4-week incubation period, colonies were stained 

as previously described [370].  Culture plates were placed on ice and gently washed twice with 

ice-cold PBS; next, colonies were fixed with ice-cold methanol for 10 minutes, which was 

removed to allow for staining; plates were then relocated to the bench-top, where the colonies 

were stained with 0.5% crystal violet in 25% methanol for 10 minutes, which was removed; 

finally, plates were washed by immersion in cold, running tap water until the water ran clear and 

placed upside down on absorbent paper to allow overnight drying.  Stained colonies were 

counted, with the number and size documented. 

4.3 ATP Quantification – U87 and T98G cells were seeded into 6-well plates at 200,000 

cells/well in 1 mL DMEM high glucose with pyruvate (10% FBS and 1% Pen/Strep) and 

allowed to grow overnight.  The next day, media was replaced with MB, MBOS, or MBOSNPs 

at desired concentrations and analyzed at specified 24 hour increments.  Following a modified 
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protocol outlined in an ATP kit obtained from Life Technologies, cells were washed twice with 

PBS, then lysed with 150 uL of ATP assay buffer (500 mM Tricine buffer, pH 7.8, 100 mM 

MgSO4, 2 mM EDTA, and 2 mM sodium azide) containing 1% Triton X-100, dislodged by 

scraping with a pipette tip, and transferred to 1.5 mL Eppendorf tubes on ice for 5 minutes.  10 

uL of cell lysate was then added in triplicate to a white 96-well plate, also containing ATP 

standards.  Before reading the plate, 100 uL of ATP assay buffer containing 90 µg/mL D-

luciferin, 20 µM DTT, and 25 µg/mL Luciferase) was added to each well.  Luminescence was 

calculated using a Tecan Infinite F200 plate reader.  Protein concentration was also determined 

using the Pierce 660 nm Protein Assay (660 nm absorbance), with ATP production standardized 

to protein values. 

4.4 Glucose Quantification – Glucose was measured per instructions from a kit manufactured by 

Sigma-Aldrich.  Briefly, 200,000 U87 and T98G cells were seeded into a 6-well plate and 

incubated overnight.  On the subsequent day, media was removed and exchanged with 2 mL 

fresh DMEM high glucose (4.5 g/L glucose) contained pre-determined MB, MBOS, or 

MBOSNP concentrations.  After designated times, medium was removed, diluted 1:100 in 

glucose assay buffer (glucose oxidase, horseradish peroxidase, and O-dianisidine), then added to 

a 96-well plate at a 1:3 dilution in glucose assay buffer.  The plate was then incubated at 37°C 

and 5% CO2 for 30 minutes, and the reactions halted by the addition of 66 uL of 12N sulfuric 

acid.  Absorbance values were evaluated at 540 nm on a Biotek Synergy 2 plate reader. 

4.5 Cell Viability – U87 and T98G cells were seeded at 750 cells/well in 100 µL DMEM high 

glucose with pyruvate (10% FBS and 1% Pen/Strep) in a black, 96-well flat-bottomed plate, and 

allowed to attached overnight.  The following day, 50 µL media containing varying 

concentrations of MB, MBOS, or MBOSNP was added designated wells and incubated at 37°C 
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overnight.  The next morning, the plates were washed with 200 µL/well 1X PBS, which was 

removed and replaced with 95 µL calcein AM reagent at 1:1000 dilution in 1X PBS.  Plates were 

incubated at 37°C for 5-10 minutes, protected from light, and read via a Tecan Infinite F200 

plate reader at 485/530 excitation/emission fluorescence. 

5.   In Vivo Bio-distribution 

            All animal studies were performed at the University of Texas Southwestern Medical 

Center’s Preclinical Pharmacology Core, with practices following Institutional Animal Care and 

Use Committee and National Institute of Health guidelines.  Female mice (CD-1 background, 5-

6 weeks old) were used for all bio-distribution studies.  Mice were administered a single 

intravenous (IV) dose of either MB (in 95% PBS/5% DI H2O), MBOS (in 10% DMSO/10% 

Cremophor EL/80% PBS), or MBOSNP (in 100% PBS) via lateral tail vein at 8 mg/kg treatment 

concentration, and then euthanized by CO2 inhalation at selected time points and blood sample 

obtained by cardiac puncture.  Plasma was processed from whole blood by centrifugation of 

EDTA-treated blood for 10 minutes at 9,600 x g, then stored at -80°C until analyzed.  In 

addition, kidneys, spleen, lung, liver, and brain were removed, weighed, flash frozen, then 

homogenized in a 3-fold volume of PBS for further analysis and stored at -80°C.  For standard 

curve construction, 100 µL of blank plasma (Bioreclamation, LLC) or tissue homogenate was 

infused with 2 µL of varying concentrations of MB or MBOS, then processed as described 

below.   Next, 100 µL of each sample (plasma or tissue homogenate) was crashed with 200µL 

methanol + 0.1% formic acid + 50 ng/mL (final concentration) n-benzyl benzamide internal 

standard, vortexed for 15 seconds, incubated at room temperature for 10 minutes, then 

centrifuged at 16,000 x g for 5 minutes at 4°C.  250 µL of supernatant was then transferred to an 

Eppendorf tube, centrifuged as previously described, then 195 µL of supernatant transferred to 
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an HPLC vial with insert for analysis by HPLC-MS/MS (AB Sciex 3200 QTrap).  An Agilent 

C18 XDB column (50 x 4.6 mm, 5 micron packing) was used for chromatography with the 

following conditions: 0-1.5 minutes in 90% Buffer A (water + 0.1% formic acid), 1.5-2 minutes 

in 100% Buffer B (acetonitrile + 0.1% formic acid), 2-3.5 minutes in 100% Buffer B, and 3.6-4.5 

minutes in 90% Buffer A.  MB was detected with the mass spectrometer in MRM (multiple 

reaction monitoring) mode by following the precursor to fragment ion transitions: 284.1/268.0 

(intact MB) and 270.0/254.0 (demethylated MB), while the internal n-benzyl benzamide was 

detected using a 212.1/91.1 transition.  The limit of detection (LOD) was set at the standard 

concentration providing an analyte signal three-fold above blank matrix.  The limit of 

quantification (LOQ) was set at the lowest standard concentration which upon back-calculation 

gave a measured concentration within 20% of nominal and which was above the LOD.  Per 

UTSW’s lab SOPs, samples falling below LOQ and above LOD are assigned a value of ½ LOQ.  

Samples falling below LOQ and LOD are assigned a value of 0.  Tissue concentrations of MB 

were corrected by subtracting residual compound remaining in the vasculature.  Reference values 

for tissue vasculature provided in Kwon, 2001 were used for this calculation [412].  

Pharmacokinetic parameters for MB were calculated using the noncompartmental analysis tool 

in Phoenix WinNonlin.       

6.   Statistical Analysis  

         All data are given as the means ± S.E.  The difference in significance among groups with 

one independent variable was determined by one-way ANOVA with Dunnett’s multiple 

comparisons test for intended comparisons between groups when significance was identified.  

The difference in significance among groups where two independent variables occurred was 

established by two-way ANOVA with Dunnett’s multiple comparisons test for arranged 
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comparisons between groups when significance was identified.  For all tests, p < 0.05 was 

deemed significant. 

 

Results and Discussion 

Characterization of MBOSNPs 

Following analysis of numerous batches of MBOSNPs, an average particle size of 166.95 

± 63.1 nm was determined.  Based on data reported by other publications, the value of our 

nanoformulations was determined to be within an acceptable range compared to other MB- or 

MBOS-loaded nanoparticle formulations (Table 1) [381, 386, 413].  Additionally, the size 

distributions (PDI) associated with the formulations ranged from 0.287 to 0.387, allowing for 

consistent particle size within and among the batches.  Due to the small size and relatively 

uniform distribution of the NP formulations, enhanced cellular uptake and rapid passage through 

the bloodstream to the target tissue is expected.  Finally, the zeta potential of the drug-loaded 

nanoparticles exhibited values of approximately -32mV (Table 1).  Nanoparticles exhibiting 

surface charge values between -1 and -45 mV have been shown to increase the likelihood of 

BBB permeation, as well as enhance their stability [304].  These values were also determined for 

empty, blank nanoparticles and deemed comparable to the drug-loaded formulation (at -38.33 ± 

11.66 mV) (Table 1).  Simultaneously, the average drug loading and encapsulation efficiencies 

for MBOSNPs were also determined to be ~2% and 29% (Table 1), respectively.  These values 

were also found to be comparable to previously published nanoformulations containing MB or 

MBOS [381, 386, 413]. 
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Table 1 – Physico-chemical characteristics of methylene blue oleate salt-loaded polymeric 

nanoparticles (MBOSNPs) compared to blank, non-drug-loaded polymeric nanoparticles 

(BNPs) 

Nanoparticle 

Type 

Average Particle 

Size 

Average 

Polydispersity 

Index (PDI) 

Average Zeta 

Potential 

Average 

Drug 

Loading 

Average 

Encapsulation 

Efficiency 

MBOSNPs 166.95 ± 63.1nm 0.287 ± 0.1 -32.12 ± 4.98mV 
2.21 ± 

0.74% 
29.16 ± 7.47% 

BNPs 
132.25 ± 

17.99nm 
0.186 ± 0.06 

-38.33 ± 

11.66mV 
N/A N/A 

Six batches of MBOSNPs and BNPS were analyzed for the aforementioned characteristics, then 

their values averaged.  Figures denote mean ± SD.  Particle size, PDI, and zeta potential were 

ascertained from NP samples evaluated in triplicate using a ZetaSizer Nano ZS (Malvern).  Drug 

loading and encapsulation efficiency values for MBOSNPs were determined utilizing MBOS 

dissolved in acetone for standard curve comparison via UV/Vis spectrophotometry component of 

Nanodrop (ThermoScientific) at 645nm.   

            In addition to the aforementioned physico-chemical characterizations of MBOSNPs and 

BNPs, the size and surface morphology were evaluated by TEM, as illustrated in Figure 2, with a 

subsequent release kinetic profile obtained, as shown in Figure 3.  From TEM analysis, we were 

able to obtain a graphical representation of the overall, and expected, spherical morphology of 

the blank and drug-loaded NPs, as well as confirm the size and size distribution data acquired 

from the previously performed physico-chemical analysis.  Following formulation and 

preliminary characterization of MBOSNPs, release kinetic studies were also performed in order 

to determine the peak release, as well as overall release profile.  Several batches of drug-loaded 

NPs with similar physico-chemical characteristics were analyzed to obtain uniform data.  After 

analysis concluded at 14 days, the peak drug release was found to occur at 24 hours, with a 

gradual reduction in release over time (Figure 3).     
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Figure 2 – TEM images of Blank NPs (A) and MBOSNPs (B).  Lyophilized NPs were 

resuspended in DDI H2O, then further diluted 1:10 in DDI H2O and processed by negative staining 

for analysis.  Both sets of NPs display a spherical shape with a dark, outer ring depicting the 

Pluronic F68 layer and lighter, inner core of PLGA.  Scale bar set to 100 nm.   

 
 

Figure 3 – Cumulative Release Kinetic Profile of MBOS from MBOSNPs.  Following addition 

of drug-loaded NPs to PBS in 8MWCO dialysis tubing, PBS from “sink” was collected at the 

designated time points at 28°C under constant stirring.  Peak release occurred at 24hrs (~16%) and 

gradually decreased until final sample collection at 14 days.  Decrease in MBOS release possibly 
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due to conversion of MBOS to MB, then LMB due to exposure to light, resulting in variability in 

quantified concentration by UV/Vis spectrophotometry.  Inset graph illustrates % MBOS release 

values between 0 and 24 hours. N = 3.   

MB(OS)NPs Impair Cellular Metabolism in U87 and T98G Cells 

            We assessed the effects of MB, MBOS, and MBOSNPs on metabolic processes and their 

by-products at concentrations between 100 nM and 10 µM in U87 and T98G cells.  In U87 cells 

treated with 10 µM MB or MBOSNP, there was a significant increase in oxygen consumption 

rates (OCR) (Figure 4, B and C), which was not seen with the lower treatment concentration 

(Figure 4, A and C).  However, with T98G cells, the increase in OCR following 10 µM MB and 

MBOSNP treatments was more pronounced at 1.6-fold (Figure 4, E and F), with an additional 

noted increase with both 1 µM treatments (Figure 4, D and F).   
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Figure 4 – MBOSNPs increase OCR in U87 and T98G cells.  A and B, OCR of U87 cells 

following 1 and 10 µM treatments, including BNPs, respectively.  C, MB and MB(OS)NPs 

significantly increased U87 cell OCR at 10 µM.  D and E, OCR of T98G cells following 1 and 10 

µM treatments, including BNPs, respectively.  F, MB and MBOSNPs significantly increased T98G 

cell OCR at 1 and 10 µM.  N = 3. * indicates p < 0.05 and **** indicates p ≤ 0.0001 by 1-way 

ANOVA and Dunnett’s multiple comparisons test.   

            To determine the long-term effects of MBOSNPs on cellular bioenergetics, we treated U87 

and T98G cells with 10 µM MB, MBOS, and MBOSNPs for 24, 48, or 72 hours and then measured 

ATP production (24 or 48 hours) and glucose utilization (24, 48, or 72 hours).  ATP levels were 

increased in 24 hours in both cell lines with 10 µM MBOSNP, and 10 µM MB in U87 cells 

compared to control (Figure 5, A and B).  However, an increase in ATP production was not 

observed by 48 hours, possibly due to a reduction in cell viability and/or number.  When 

quantifying sample glucose based on the original media glucose concentration (4.5 g/L), all 10 µM 

treatments resulted in significant increases at 48 hours compared to untreated cells in U87 cells 

(Figure 5, C through E), but only in 10 µM MB at 48 and 72 hours in T98G cells (Figure 5, F 

through H).  Cell fitness and number may also be implicated in the lack of significant glucose 

utilization after 48 hours in all 10 µM treatments, regardless of cell line. 
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Figure 5 – MBOSNPs alter cellular bioenergetics.  A, MB and MBOSNPs increased ATP 

production at 24 hrs in U87 cells.  B, MBOSNPs increased ATP production at 24 hrs in T98G 

cells.  C-E, Effects of varying concentrations of MB, MBOS, and MBOSNPs on glucose 

quantification in U87 cells at 24, 48, and 72 hrs.  F-H, Effects of varying concentrations of MB, 

MBOS, and MBOSNPs on glucose quantification in T98G cells at 24, 48, and 72 hrs.  N = 4. * 

indicates p < 0.05, ** indicates p ≤ 0.01, *** indicates p ≤ 0.001 by 2-way ANOVA and 

Dunnett’s multiple comparisons test.   

MBOSNPs Inhibit In vitro Tumor Growth 

            To elucidate how changes in GBM metabolism and bioenergetics following MBOSNP 

treatment influenced tumor growth, we assessed cell viability and anchorage-dependent colony 

formation in U87 and T98G cells.  Based on preliminary studies (unpublished), neither cell line 

exhibited a significant reduction in cell viability until 96 hours when analyzing a concentration 

range from 100 nM to 100 µM of MB, MBOS, and MBOSNPs (Figure 6, A and B).  Once the 

IC50 dose range was narrowed down to between 10 and 100 µM, an extended time course was 

performed.  In T98G cells treated with 10 µM MB or MBOSNPs for 24 and 72 hours, there was 

an initial reduction in cell viability by 25% that stayed consistent through 144 hours with 

MB(OS)NP treatment, but increased by an additional ~50% following MB treatment (Figure 6, F 

and H).  However, with the same treatment concentration for MBOS, there was no significant 

reduction in T98G cell viability until 144 hours (Figure 6G).  With U87 cells, 10 µM MB did not 

induce cell death until 72 and 144 hours, with an increase in cell viability following a 24-hour 

treatment (Figure 6C).  According to previously published data, low concentrations of MB have 

been shown to enhance cell viability by augmenting mitochondrial function[211], which could 

explain this observation.  A similar trend in cell viability following MB treatment was also noted 
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with MBOS treatments, with a reduction in cell survival not seen until 144 hours (Figure 6D).  

However, in U87 cells treated with even the lowest concentration of MBOSNPs (10 µM), a 

significant reduction in cell viability was detected at all three time points (Figure 6E).  In both 

cell lines, the IC50 for MBOSNP treatment was determined to be 10 µM, which was observed to 

induce similar, if not better, reduction in cell viability when compared to free MB, but especially 

free MBOS.    
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Figure 6 – MBOSNPs inhibit U87 and T98G cell survival.  A and B, Cell survival analysis at 

96 hrs post treatment in U87 and T98G cells, respectively.  C-E, U87 cell survival following 

varying MB/MBOS/MBOSNP treatment concentrations at 24, 72, and 144 hrs.  C, Reduction in 

viability not noted at lowest concentration (10 µM) until 72 hrs.  D, U87 cell viability reduced at 

lowest concentration at 144 hrs.  E, U87 cell viability reduced at lowest concentration beginning 

at 24 hrs.  F-H, T98G cell survival following varying MB/MBOS/MBOSNP treatment 

concentrations at 24, 72, and 144 hrs.  F, T98G viability reduced at lowest concentration beginning 

at 24 hrs, with drastic reduction at 144 hrs.  G, T98G viability not noted until 144 hrs.  H, T98G 

cell viability reduced following lowest treatment concentration starting at 24 hrs, with drastic 

reduction at 144 hrs.  Based on these data, the IC50 for MBOSNP was 10 µM.  Additionally, 

MBOSNP treatment seemed to demonstrate a comparable, if not more effective, reduction in cell 

viability to free MB.  N = 3. Abbreviations: MBOSNPs, methylene blue oleate salt-loaded 

polymeric nanoparticles; MB, methylene blue; MBOS, methylene blue oleate salt. 

            In addition to cell viability analysis, U87 and T98G cells were treated as previously 

described to determine the effects of MBOSNPs on cell proliferation.  Following a 4-week liquid 

colony formation assay and subsequent examination of the average size and number of colonies, 

MBOSNP treatment was shown to be as effective as free MB, and more effective than free 

MBOS, at inhibiting cell proliferation in U87 and T98G cells at identical treatment 

G H 
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concentrations (Figures 7 and 8, respectively).  In both cell lines, the colonies obtained following 

10 µM MB and MBOSNP treatments were on average fewer and smaller than their untreated, 

control cell counterparts (Figures 7 and 8).  For U87 cells, both colony size and number were 

significantly reduced following 10 µM MBOSNP treatment (Figure 7, E and F), while only size 

was reduced to a comparable level by the same MB concentration (Figure 7A).  In U87 cells 

treated with MBOS, little to no difference in colony size and number of colonies was produced 

regardless of treatment concentration compared to untreated U87 cells (Figure 7, C and D).  In 

T98G cells, all treatments produced similar outcomes as occurred with U87 cells, such that 10 

µM MB significantly reduced the average size and number of T98G colonies (Figure 8, A and 

B), while the same concentration of MBOSNP only significantly impacting average size, but not 

colony number (Figure 8, E and F).  However, 10 µM MBOS did induce a change in average 

T98G colony size, but in the inverse direction (Figure 8C), which was also seen but with the 

lowest concentration in U87 cells.  Supplemental Figures 1 and 2 further illustrate the difference 

in average colony size and number of colonies for each treatment and concentration.  Based on 

these statistical and graphical data, MBOSNP treatment demonstrated an ability to not only 

inhibit GBM cell viability, but also proliferation. 
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Figure 7 – MBOSNP treatment inhibits U87 cell proliferation.  A, 10 µM MB treatment 

significantly reduced average colony size compared to control.  B, 10 µM MB treatment reduced 

average number of U87 colonies.  C, 100 nM, but not 1 or 10 µM MBOS, treatment significantly 

reduced average colony size compared to control.  D, MB treatment all concentrations had no 

effect on average number of U87 colonies.  E, 10 µM MBOSNP treatment significantly reduced 

average colony size compared to control.  F, 10 µM MBOSNP treatment reduced average number 

of U87 colonies.  N = 3.  ** indicates p ≤ 0.01, *** indicates p ≤ 0.001 by 1-way ANOVA and 

Dunnett’s multiple comparisons test.   
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Figure 8 – MBOSNP treatment inhibits T98G cell proliferation.  A, 10 µM MB treatment 

significantly reduced average colony size compared to control.  B, 10 µM MB treatment 

significantly reduced average number of T98G colonies.  C, 10 µM MBOS treatment significantly 

increased average colony size compared to control.  D, MB treatment all concentrations had no 
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effect on average number of T98G colonies.  E, 10 µM MBOSNP treatment significantly reduced 

average colony size compared to control.  F, 10 µM MBOSNP treatment reduced average number 

of T98G colonies.  N = 3. * indicates p < 0.05, ** indicates p ≤ 0.01 by 1-way ANOVA and 

Dunnett’s multiple comparisons test.   

Bio-distribution of MBOSNPs 

            We further determined the biodistribution of our nanoformulations.  Following an initial 

analysis of MB and MBOS by LC-MS/MS, we found that both compounds produced chemical 

peaks at 284 and 270, but with inverted component ratios (i.e. MB had a 20:1 ratio of 284:270 

mw species, while MBOS had a 15:1 ratio of 270:284 mw species).  Through further evaluation, 

it was determined that the 284 mw species was intact MB, while the 270 mw species was 

demethylated at some position on MB.  While the difference in species ratios in MB and MBOS 

did not appear to result in functional inactivity in vitro, a similar assumption was reached in 

regards to in vivo effects. 

            Following treatment administration and tissue collection, free MB exhibited the highest 

drug concentrations across the designated time points, regardless of tissue type (Figure 9 and 

Table 2).  However, due to the aforementioned issue involving the differences in mw species 

ratios for MB and MBOS, it was determined that the best comparison would be between 

concentrations of free MBOS and MBOSNPs recovered from the plasma and tissues.  Upon 

doing so, it was determined that overall, MBOS exhibited better tissue accumulation following 

administration compared to MBOSNPs containing the same MBOS concentration (Figure 9 and 

Table 2).  However, using the drug concentration values obtained (area under the curve – AUC), 

it was established that MBOSNPs were more effective at crossing the BBB than free MBOS by 

1.6-fold (Table 2), due to the presence of the PF68 coating.  As a result, this provides for a 
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potential application for the drug-loaded NPs as a GBM therapy upon further formulation 

optimization and scale up. 

  

  

  

Figure 9 – Bio-distribution of MB, MBOS, and MBOSNPs at 8 mg/kg (8mpk) drug 

concentration.  Following administration of each treatment, blood and tissues were collected from 

CD-1 mice and analyzed by LC-MS/MS for 284 and 270 mw species (intact versus demethylated 

MB) at designated time points.  The ng/mL or g drug concentrations per plasma volume or tissue 
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weight, respectively, was obtained and plotted according to WinNonlin Noncompartmental PK 

parameters.  In all samples, free MB had the highest concentration, followed by free MBOS, then 

MBOSNPs.     

Table 2 – PK study values for area under the curve (AUC) in min*ng/mL for plasma or 

min*ng/g for tissues. 

Tissue MB MBOS MB(OS)NP 

Plasma 127,828 ± 7,507 52,659 ± 3,247 14,358 ± 1,109 

Brain 7,626,056 ± 340,435 333,423 ± 46,799 142,258 ± 8,764 

Liver 2,391,840 ± 162,972 172,265 ± 12,683 149,236 ± 5,744 

Kidney 1,230,440 ± 40,621 423,681 ± 36,095 189,473 ± 6,653 

Spleen 500,163 ± 41,386 244,660 ± 25,905 101,203 ± 15,207 

Lung 765,373 ± 39,324 939,911 ± 76,188 187,453 ± 16,075 

In all samples, free MB had the highest drug concentration present, followed by free MBOS, then 

MB(OS)NPs.  Due to mw ratio differences, even without MB consideration included, MBOS was 

still higher than MB(OS)NPs in all tissues.  However, when examining the most effective therapy 

for passage across the BBB (Brain AUC/Plasma AUC), MB(OS)NPs were superior to free MBOS 

due to its PF68 surfactant coating.  

 

Conclusions 

 Due to the aggressive nature of GBM that results in sub-standard survival rates beyond 

two years, development of new therapies is required in order to more effectively treat the 

disease.  While a cure for GBM is unlikely in the near future, advancements toward better 

identifying genes responsible for its growth and progression are possible.  As a result, the 
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utilization of formerly rejected compounds could be beneficial in treating GBM, if proper 

delivery systems are employed.  

 In this study, we were able to repurpose the photosensitizer methylene blue as a potential 

GBM chemotherapeutic, by encapsulating it within nanoparticles composed of the synthetic co-

polymer, PLGA.  These NPs, which were formulated through solvent displacement, were coated 

with PF68 to enhance BBB passage, and then analyzed by DLS for particle size, size distribution 

(PDI), and zeta potential (surface charge).  Additionally, particle size and surface morphology 

were analyzed by TEM, with drug loading and encapsulation efficiency performed by UV-Vis at 

645nm.  The resultant drug-loaded PLGA NPs obtained were below size restrictions for passage 

across the BBB (<200nm), which was confirmed by their enhanced ability to permeate the BBB 

compared to free MBOS and accumulate in the brain tissue, even at lower concentrations than 

free MBOS.  Furthermore, MBOSNPs induced comparable, if not better, levels of cell death and 

inhibition of cell proliferation to free MB and MBOS, while inducing similar or greater degrees 

of cellular and metabolic changes in U87 and T98G cells in vitro, demonstrating their potential 

application as a treatment for GBM.   

However, due to the variability in mw species ratios between MB and 

MBOS/MBOSNPs, a definitive comparison of their accumulations was not possible.  Thus, this 

precluded an accurate determination of the effectiveness of MBOSNPs compared to free drug in 

vivo.  With that said, we were able to determine that MBOSNPs were more efficient at 

permeating the BBB than free MBOS, establishing their potential application as a 

neurotherapeutic for GBM.  However, toxicological studies on free MBOS (and MBOSNPs) are 

imperative, as there is currently no data available on how the compound might affect animals, 

and ultimately humans, upon administration.  Nevertheless, a forthcoming xenograft mouse 
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model study is necessary to fully elucidate if the outcomes demonstrated in cultured cells could 

be translated into a tumor-bearing animal.  
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Supplemental Figure 1 – Effects of MBOSNPs on U87 cell proliferation.  As treatment 

concentrations increased, average colony size and number of colonies decreased.  At 10 µM MB 

and MBOSNP, little to no cells were detectable by visual examination, and those that were present 

were significantly smaller than untreated U87 cells.  All MBOS treatment concentrations had 

similar sized colonies, as well as number of colonies.  MBOSNP treatments compared to BNP-

treated U87 cells to establish effect of PLGA, with no visible effect identified.   
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Supplemental Figure 2 – Effects of MBOSNPs on T98G cell proliferation.  As treatment 

concentrations increased, average colony size and number of colonies decreased.  At 10 µM MB 

and MBOSNP, little to no cells were detectable by visual examination, and those that were present 

were significantly smaller than untreated T98G cells.  All MBOS treatment concentrations had 

similar sized colonies, as well as number of colonies.  MBOSNP treatments compared to BNP-

treated T98G cells to establish effect of PLGA, with no visible effect identified.   
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CHAPTER III 

SUMMARY 

 As previously stated, glioblastoma (GBM) is a highly aggressive, molecularly 

heterogeneous grade IV human brain tumor with inferior survival periods that average 15 months 

post-diagnosis and treatment, and 5-year survival rates in the single digits.  Current treatment 

regimens for GBM include a combination of cytoreductive surgery to remove the bulk of the 

tumor without severely damaging the neighboring healthy brain tissue, radiation to further 

eliminate any undetected tumor cell niches, and chemotherapy to inhibit additional growth and 

prevent recurrence as much as possible.  However, this treatment protocol has only minimally 

improved GBM patient survival numbers and lengths over the last several decades due to 

increased toxicity in healthy tissues and organs upon repeated exposure, as is needed in order to 

eliminate GBM and prevent relapse, and a rise in drug resistance, rendering the development of 

new therapies and drug delivery systems imperative. 

 Current research in the field of GBM therapy development has focused on targeted 

therapies against cell surface and sub-cellular compartment ligands and receptors, as well as the 

application of nanotechnology-based drug delivery systems.  In the most promising studies,  

ligand-conjugated nanoparticles containing various traditional chemotherapeutic agents, as well 

as other drug compounds with lesser known uses in oncology, have been used to treat GBM in 

vitro and in vivo, with a few undergoing different phases of clinical trials.  However, to date, 

only a handful of nanoformulations, primarily liposomal, have made it into the clinic as 
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oncotherapies, potentially due to issues related to the composition of the preparations that are not 

discovered until administration to patients in significant numbers.  Thus, extensive investigation 

during the development of these nanoformulations is imperative. 

 Methylene blue (MB), a photosensitizer molecule that undergoes a reversible catalysis 

that can lead to the production of reactive oxygen species (ROS), is being considered as a 

potential chemotherapeutic in conjunction with PDT.  MB, which has a long history of medical 

uses that range from methemoglobinemia to an anti-malarial, has demonstrated applications in 

cancer, including GBM, due to the aforementioned excessive production of ROS and subsequent 

induction of cell death, as well as an ability to improve the functionality in mitochondria that is 

lost during pathogenesis.  In GBM, mitochondria are known to undergo dysfunction that leads to 

improper performance of the electron transport chain (ETC); rapid, but inefficient ATP 

synthesis; and increased consumption of glucose to maintain and enhance tumor mass.  Thus, 

MB could be a potential compound in the treatment of GBM.   

While MB can easily permeate the BBB, which is key to treating any neurological 

disease, the concentrations needed to induce therapeutic actions tend to be excessive, and can 

lead to nephrotoxicity, in addition to other undesirable side effects.  As a result, nanotechnology-

based drug delivery systems could be a viable option.  Current MB-loaded nanoparticles (NPs) 

with applications for GBM have revolved around invasive intracranial delivery and laser 

irradiation in PDT to produce ROS and inhibit tumor cell growth and disease progression.  

However, due to MB’s noted cytotoxic and metabolic effects, encapsulation in and 

administration of polymeric NPs without the involvement of  PDT is a potential avenue that has 

not been explored for cancer therapy, specifically for GBM.  
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In this study, a MB conjugate prepared by chloroform extraction of MB and sodium 

oleate was loaded into poly(D,L-lactic-co-glycolic acid) (PLGA) NPs that were coated with the 

surfactant poloxamer-188/pluronic F68 (PF68) to enhance BBB passage via the adsorption of 

plasma proteins on the surface.  Thus, methylene blue oleate salt (MBOS)-loaded PLGA NPs 

were developed and characterized for their potential application as a GBM treatment.  Following 

formulation and optimization, NPs obtained were within an acceptable size range (<200nm) that 

would enable enhancement of BBB passage and increased uptake by GBM cells, while reducing 

recognition and elimination by the various components of the immune system 

(reticuloendothelial system (RES), macrophages, and the spleen), as well as that by hepatic 

clearance.   

MBOS-loaded PLGA NPs (MBOSNPs) were shown to induce cell death in cultured U87 

and T98G GBM cell lines at levels comparable to, if not better, than free MB or MBOS.  

Additionally, they were able to equivalently inhibit cell proliferation due to a decrease in tumor 

cell colony number and size as demonstrated in vitro.  Furthermore, MBOSNPs were able to 

impair cellular bioenergetic pathways in GBM, as noted by reductions in ATP production and 

glucose utilization.  As a result of the positive outcomes seen in vitro, the potential brain 

accumulation, and ultimately inhibition of tumor growth, of the nanoformulation was 

investigated. 

Prior to initiation of a pharmacokinetic (PK) study, MB and MBOS samples were 

analyzed by LC-MS/MS for confirmation of compound similiarities.  Upon completion of the 

preliminary assessment, it was determined that while both compounds had similar chemical 

components, the ratios of the two major molecular weight (mw) species identified in each were 

drastically different.  While both had peaks at 284 and 270 via mass spectrometry, the ratios of 
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each component was reversed in MB and MBOS; with MB composed primarily of the 284 mw 

species that corresponded to a fully methylated MB molecule, while MBOS’ principal 

constituent was the 270 mw species that corresponded to a singularly demethylated MB 

molecule.  While this chemical difference did not appear to result in a loss of activity in vitro, 

nothing was known about what might happen upon its administration in vivo.  Due to this 

significant discrepancy between the two test compounds, further comparison would be focused 

on MBOS and MBOSNPs. 

Following IV dosing with free MB, free MBOS, and MBOSNPs in CD-1 mice and 

collection of their plasma and tissues at designated time points, it was determined that between 

the three treatments, free MB exhibited the highest accumulation across all samples, followed by 

MBOS and MBOSNPs.  As previously stated, even with the elimination of MB from the 

comparison, free MBOS showed better tissue accumulation following administration compared 

to MBOSNPs.  However, it was noted that between the two treatments, MBOSNPs exhibited a 

better ability to vacate the circulation and permeate the blood-brain barrier (BBB), as 

demonstrated by a 1.6-fold higher value associated with the difference between the area under 

the curve (AUC) for brain than plasma compared to free MBOS.  While drug accumulation did 

not appear as high in brain tissue following MBOS treatment compared to MBOSNPs, the NPs 

did exhibit a better capacity for BBB transport than free drug, providing for the potential 

continued development and optimization of MBOSNPs for GBM treatment.  Additionally, a 

gender comparison following treatment administration would be necessary to analyze these 

effects, as GBM is known to be more common in men than women.  However, to accurately 

determine their utility, MBOSNPs, in addition to free MB and MBOS, would need to be 

examined in a glioblastoma tumor-bearing mouse model, which was beyond the scope and time 
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limitations of this study.  Regardless, these MBOSNPs may still show promise as a treatment for 

GBM in the future.
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