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ABSTRACT 

Glioblastoma is one of the most aggressive and invasive types of cancer. Unfortunately, due to 

the overlapping nature of side-effects with other types of neurological diseases and the 

difficulty to identify them with diagnostic measures, it is not discovered until stage four. At this 

point, patients have limited options for care and ultimately end up in palliative care not long 

after diagnosis. The blood-brain barrier (BBB) has proved to be a difficult boundary for current 

modern medicines as it prevents adequate accumulation within the brain. As gliomas often 

form in inoperable parts of the brain, conventional FDA-approved therapies prove to be 

ineffective. Within the past ten years, targeting strategies using RGD peptides have proven 

effective at transporting drugs, contrast agents, or nanoparticle delivery vehicles across the 

barrier, but suffer from off-targeting effects due to expression of the peptide-recognizing 

integrins on the surface of healthy cells. Extracellular vesicles, particularly exosomes, have 

shown promising specific targeting effects of cells from which the vesicles originate. They have 

also shown a remarkable ability to pass through the BBB innately. The focus of this project was 

the development of a glioblastoma derived-exosome coated Prussian Blue nanoparticle 

(Exo:PB) that could easily accumulate within glioblastoma tissues and provide enhanced 

diagnostics as well as localized therapy. Prussian Blue nanoparticles are FDA-approved for 

scavenging heavy metals present within the body after extreme radiation exposure. Based on 

their exceptional application to photothermal therapy and ability to be used for photoacoustic 

imaging and MRI, they are an ideal candidate for glioblastoma theranostics. By investigating the 

distribution and accumulation patterns of these newly developed Exo:PB nanoparticles within 



  

preclinical mouse models, earlier diagnosis and treatment intervention can be achieved for 

glioblastoma.
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Chapter 1: Introduction  

1.1: Clinical Overview of Glioblastoma  

Glioblastoma is a very invasive and deadly form of brain cancer that has a 5-year survival rate of 

<7%1. Common symptoms of this cancer include headaches, problems with speech, memory 

loss, general confusion, and vison problems2, 3. While the most common regions for these 

tumors to form are in the frontal and temporal lobes, symptoms may not conclude the cause is 

cancer. Due to the overlapping nature of these symptoms with many other types of 

neurological disorders, glioblastoma can be very difficult to diagnose without expensive 

imaging and invasive procedures to properly identify4. Typically, an individual would be referred 

for an MRI and/or a PET-CT to determine if there is a tumor present and then sent to a 

specialist to perform a biopsy to determine the type of cancer. Not only is this costly but is a 

very painful process for the patient to go through before starting therapy. Now, once the 

cancer is diagnosed as glioblastoma, there are few options for the patient in terms of 

treatment. Chemotherapy, with Temozolomide being the most common drug used, and 

radiation are common initial treatments5, 6. Unfortunately, due to the impenetrable nature of 

the blood-brain-barrier many types of chemotherapies used for other types of cancer do not 

work7-12. Once the location of the tumor is identified, if it resides in an area of the brain where 

removal would cause minimal damage to surrounding brain tissue, resection would be 

recommended13, 14. As the most invasive procedure that can be done for this type of cancer, the 

patient risks losing certain bodily functions that can reduce overall quality of life. Finally, if the 

cancer has progressed to a point where treatment is rendered useless, the patient will be 

moved to palliative care.  
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Biology of Glioblastoma: Most cancers are classified by the type of cells that they originate 

from15. Glioblastoma is a primarily astrocyte originating cancer that is known for little to no 

immune disturbance16. Based on the nature of this cancer, it is known to infiltrate healthy 

tissue within the surrounding tumor environment. As this cancer can be very heterogeneous 

and difficult to diagnose, it has been classified to have four subtypes: proneural, neural, 

classical, and mesenchymal17.  

1. Proneural: Patients are often more resistant to therapy and are more susceptible to 

death at an early stage. Associated with younger patients. Prominent Cell Type: 

Oligodendrocyte18. 

2. Neural: Prominent Cell Type: Oligodendrocyte and Astrocyte18.  

3. Classical: Less resistant to therapies in which patients tend to survive longer. Prominent 

Cell Type: Astrocyte17.  

4. Mesenchymal: The most aggressive subtype. Patients are more responsive to therapies. 

Patients from this subtype tend to suffer from high amounts of inflammation and 

necrosis within the tumor area. Prominent Cell Type: Astroglial19.  

These subtypes are determined as through the expression and abnormalities of different 

genetic markers: PDGFRA, IDH1, EGFR, and NF1. For specific correlation, it was seen that 

proneural subtypes have a high frequency of mutations within the IDH1 and TP53 genes at 30 

and 54%, respectively20, 21. On the other end of the spectrum, the mesenchymal subtype had 

the highest number of mutations within the NF1 gene at 37%21, 22. This information on specific 

mutations is helpful, but looking at the bigger picture in terms of alterations in chromosomes 

and the related gene effected is also of importance. Specifically, amplified events within the 
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7p11.2, 7q21.2, 7q31.2, 7q34, 4q12, 17q11.2, 10q23, 9p21.3, and 13q14 were quite prominent 

in patients with the different subtypes of glioblastoma. Neural, classical, and mesenchymal 

subtypes showed >85% events within 7p11.2, 7q21.2, 7q31.2 and 7q34 regions21, 23. This 

corresponds to EGFR, CDK6, and MET genes. In comparison, the proneural subtype has <55% of 

events across all the regions21, 24. This aligns with the fact that proneural subtype patients are 

more resistant to therapies and tend to have a more sudden onset death from the disease. 

When patients of the different subtypes are treated with the same chemotherapy/radiotherapy 

plan, classical and mesenchymal patients tend to respond better. Neural subtype patients 

showed positive effects but were not statistically different from proneural in which the 

treatment was not effective21, 25. It is often debated on whether the proneural or mesenchymal 

subtype is the worst to be diagnosed with. Proneural effects younger patients that are less 

receptive to treatment while mesenchymal primarily effects older patients that are quite 

receptive to specific treatment plans. When looking at clinical data, proneural and 

mesenchymal subtype patients tend to live greater than 40 months with treatment. Though it is 

seen that ~25% of patients with the mesenchymal subtype and <20% of proneural patients 

survive the same period21. In terms of aggressiveness, it is difficult to quantify. One way to 

measure it can be based on average survival rate or the karnofsky score (a score given to an 

individual based on the ability of the patient to care for themselves)26. Another might be O6-

methylguanine-DNA methyltransferase (MGMT) gene expression (responsible for DNA repair 

and is correlated to therapeutic success)27.  
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In general, it has been shown that there is no statistical correlation between patient subtype 

and MGMT expression as over half of patients from all subtypes show more tendency to not 

have methylated MGMT28, 29. The literature often conflicts over this statement as usually less 

than half of patients diagnosed with glioblastoma have methylated MGMT, but those that do 

have showed substantial better response to treatment and overall tend to survive longer30. 

While this is a great first step to identifying a potential biomarker for therapeutic success, it is 

not a distinguishing marker for any specific subtype21, 31.   

The karnofsky score is given to a patient based on their ability to care for themselves. 

The scale ranges from 0-100, where 0 is definitive that the patient has died and 100 is a healthy 

patient. For patients diagnosed with glioblastoma, the average karnofsky score is high (usually 

greater than 80)32, 33. While this seems to indicate that patients would have a good quality of 

life and disease prognosis, it only gives a quantifiable number to the physical and psychological 

abilities of the patient. Since glioblastoma is not diagnosed until stage IV, patients often show 

minor symptoms that don’t affect daily tasks. This tends to skew the score upwards as patients 

come across as “healthy” in the beginning. As a result, the score decreases rapidly over time 

and the patient starts to deteriorate from the disease34. In comparison to patients diagnosed 

with pancreatic cancer (another cancer that is normally found late stage and has low 

prognosis), the karnofsky score is <8035.  

Glioblastoma tumors are unique in their origin and have a lot of heterogeneity even 

between subtypes. From biological mutations to overall clinical prognosis, this type of cancer is 

difficult to identify and options for the patient are limited. To improve the overall outcome, the 
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nature of this cancer must be understood and the underlying mechanisms must be studied to 

bridge the gap between a <7% to 100% survival rate.  

Biology of the BBB: As the main obstacle to overcome for most modern-day medicines used for 

brain related disease, the blood-brain barrier (BBB) is nature’s best defense at protecting the 

brain9, 10, 36-38. In its simplest form, it is a layer of endothelial cells that surround the brain that 

dictates what is essential for the brain39. In general, the BBB protects the brain from external 

blood-based pathogens, dysregulated ion concentrations, prevents excess immune cell 

presence, excessive internal injury, as well as restrict disease progression or infiltration to the 

brain40. The endothelial cell boundary creates tight junctions that provide strict channels of 

access for any material that is within the blood. Within these tight junctions sit claudin 

transmembrane proteins that regulate transport. There are currently more than 20 identified 

claudin proteins41, 42. Some general properties that these proteins mitigate entrance of are size, 

electrical resistance, ionic charge, surface protein expression, concentration, etc38, 43. The BBB 

properties of common preclinical models such as mice, rats, zebrafish, and non-human 

primates in comparison to human BBB has been widely investigated. In general, it was found 

that expression of claudin proteins, endothelial barrier composition, and permeability to 

contrast agents are very similar between rodent and human models44, 45. This is a great 

biological boundary that prevents many external infiltrates that can cause disease or infection, 

but it also prevents clinical intervention for internal neurological disorders/diseases. In terms of 

glioblastoma, this greatly limits treatment options and reduces the chance of early diagnosis. To 

date, there are only 20 FDA approved treatment agents for brain tumors and a handful of 

diagnostic agents that can help with detection and treatment46.    
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Figure 1: Representative graphic of the blood-brain barrier. (A) Cross section view of a blood 
vessel that interfaces with the brain. (B) Straight view of the blood brain barrier. Green = 
astrocyte cells, Purple = pericyte cells, Tan = endothelial cells, Dark Red = Tight Junctions, Cross 
Hatched Black Line = basal lamina.   
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The overall structure of the BBB is separated in 4 distinct layers: endothelial cell, basal lamina, 

pericyte, and astrocyte47 (Figure 1). The endothelial layer faces the circulating blood outside of 

the brain while the astrocyte layer interfaces with parenchyma. Within this structure lies two 

distinct types of transporters: efflux and nutrient48, 49. The main difference between the two 

being the types of molecules that they process as well as direction of concentration gradient. 

Efflux are primarily fixated on the outside of the endothelial layer and move molecules using 

active transport as they move up the concentration gradient50. There are many types of efflux 

transporters that allow a wide variety of substrates/molecules to pass through (Ex: BCRP, Mdr1, 

and MRPs)51. Though there is a large diversity of large molecules these transporters can 

accommodate it prevents traditional small and neutrally charged molecules from passing 

through. This is one of the greatest hurdles that must be overcome for modern medicines. The 

other main transporters based in the BBB are nutrient. These transporters act as the gateway 

for many types of essential nutrients that are needed for a healthy brain. Specifically done as 

transport down the concentration gradient as typically no energy is needed for this process. 

There are a wide variety of nutrient transporters, but what is unique about this class is the 

singularity of substrates that they work with. Whether it be solute or receptor-mediated each 

protein system allows for a specific type of substrate to pass through. The most common 

examples being slc2a1 (glut1) for glucose, transferrin for transferrin and iron, lipoprotein 

(LRP1/LRP8) for transport of lipoproteins, etc52, 53. As these are the most passive and easiest 

pathway to exploit for entrance into the brain, many researchers are looked into modification 

of receptors or cloaking mechanisms for targeted drug delivery54. 
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There are three primary ways of entry for a drug to enter the brain and efficiently 

accumulate in the region of interest. These include carrier-mediated transport, passive 

diffusion, and vesicular trafficking54. The most popular route of entry for essential bigger 

molecules is through carrier-mediated transport. These wide variety of transporters include 

both efflux (active) and nutrient (passive) and as mentioned before are easiest to exploit for 

new drugs/ diagnostic agents. This is because once a certain confirmation of substrate is 

determined for a specific protein transport, therapeutics or therapeutic carriers can be 

modified to trick the transporters into allowing them to pass. While this seems to be an 

efficient way to discover and manufacture more agents for brain-related disease, the process to 

develop these agents is slow and directly competes with the molecules that already use those 

transporters which make it inefficient.   
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1.2: Nanoparticles for Brain Cancer Diagnosis and Therapy 

Imaging modalities such as MRI, CT, PET, etc. can help clinicians accurately diagnose patients. 

For surface-based cancers, these methods can easily distinguish tumor tissue from normal. 

Unfortunately, for hard to detect or metastasized tumors these imaging techniques prove to be 

difficult without proper contrast agents55. There are many types with different structures such 

as organic or inorganic molecules, nanoparticles, protein-based structures, etc56. Based on the 

surface transporters of the BBB, molecular and protein-based structures have a difficult time 

entering the brain due to poor receptor-specific binding or the inability to interact properly 

with passive transporters to pass innately. Nanoparticles can easily be manufactured and 

modified to allow for increased access to the brain36, 37, 57-63. To date, there is only one 

nanoparticle that has been FDA approved for enhanced MRI contrast of brain cancers: iron 

oxide nanoparticles (IONPs), but research has been done on many other formulations64.  

Iron Oxide: The most common inorganic nanoparticle used in the clinic for glioblastoma (Figure 

2A). It can act as either a longitudinal relaxation time (T1) or transverse relaxation time (T2) 

MRI contrast agent to help diagnose brain cancers or other solid based tumors. Now it can act 

as either T1 or T2 based on the size of the particle65. As iron oxide exists in Fe2O3 and Fe3O4 

chemical forms, the patient would be injected with one or the other depending on initial MRI or 

PET-CT results. Within the past 10 years in particular these particles have become very popular 

for enhanced imaging contrast as they are dramatically less toxic then the gadolinium-based 

agents that had been the standard within the clinic66. Iron oxide nanoparticles (IONPs) typically 

range in size from 15nm to 3𝜇m (hydrodynamic diameter) with a polymeric coating on the 

surface for clinical application67. The application in which the particles are used for typically 
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dictates the size. In general, the bigger the particle the higher magnetic to dead zone ratio 

there is, but beyond 30nm the ratio becomes negligible in comparison to size66. This is 

important as this shifts the particle dynamic from superparamagnetic to paramagnetic, which is 

what determines whether it will provide the necessary contrast needed. As iron is typically 

excreted through the digestive system, IONPs are normally used as a contrast agent for the 

gastrointestinal tract, with special emphasis on the liver. Due to the great ability they have to 

accumulate in areas of increased blood supply, there use in tumor identification is unparallel. 

As early diagnosis of brain cancers has become more of a focus recently, IONPs have been 

utilized within the clinic to help determine tumor boundaries and help clinicians figure out if 

surgical resection is an option for the patient68, 69. Unfortunately, with the BBB preventing 

sufficient accumulation within the tumor the results are not always accurate. Glioblastoma can 

cause disruption of the BBB depending on the location which can allow for increased 

penetration of the particles, but this is not a common enough occurrence to be sufficient. The 

most common ways to circumvent this problem are extra surface conjugation of targeting 

moieties to the surface of IONPs or carrying cloaking mechanisms. While preclinical research 

has seemed promising, these modifications can be expensive and therefore hard to translate 

into the clinic.  

Liposomes and Microbubbles: Synthetic lipid-based vesicle structures are the gold standard for 

drug delivery systems in the clinic70. Liposomes have changed the field for effective treatment 

of solid tumors through encapsulation and release of hydrophobic drugs71. As the basis for most 

lipid particle research, microbubbles, nanobubbles, nanovesicles, etc. have been created and 

modified for a wide variety of uses in medicine. For use against glioblastoma, liposomes and 
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microbubbles have both been investigated72, 73. Typically, the two particles are used for 

different objectives in brain tumor targeting and treatment. The different uses are primarily 

due to the difference in structure. Liposomes contain a membrane-based structure that 

consists of an internal aqueous core while microbubbles are a single lipid layer with a gas 

core74, 75. Therefore, liposomes are traditionally used more for surface modification and 

sustained drug delivery while microbubbles are used for cellular disruption and detection using 

ultrasound.  

Liposomes: Mostly known for their role in the commonly used cancer drug Doxil (doxorubicin 

HCl loaded liposomes) (Figure 2B). Liposomes are popular as they can be easily manufactured 

at high concentrations and modified based on the overall purpose they need to serve. 

Liposomes fall into 2 distinct categories based on their structure: large unilamellar vesicles 

(LUV) and unilamellar vesicles (ULV)76. The main difference between the two is size and multi-

membrane presence. For both LUVs and ULVs there are two subtypes. For LUVs, there are small 

unilamellar vesicles (SUV) and giant unilamellar vesicles (GUV), and for ULVs there are 

multilamellar vesicles (MLV) and miltivesicular vesicles (MVV). For the purposes of clinical use, 

SUVs are the most common as their size is ~100nm77. Traditionally, SUVs are made in two 

different ways: thin film or injection 76, 77. Thin film is based on suspending a mixture of lipids 

and/or drugs in highly volatile solvents, such as chloroform, and drying is evenly to make a film. 

This film is then resuspended in water or buffer and sonicated to create liposomes. Injection 

formation is done by adding either ethanol/lipid or ether/lipid mixture is added to water and 

then the organic part is dried off over time78. The injection method works slight differently in 

which the lipids are dissolved in a solvent such as ethanol or ether and then injected into a 
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stirring aqueous solution. During the injection time, the liposome structures self-assemble 

within the emulsion bubbles formed79. Both methods can be scaled easily and are reproducible. 

Liposomes traditionally consist mostly of a base short chain lipid such as 1,2-dimyristoyl-sn-

glycero-3-phosphocholine (DMPC), 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), or 1,2-

distearoyl-sn-glycero-3-phosphocholine (DSPC) which range from 14-18 carbon chain lengths. 

The remaining ~10-20% of the structure is consisted of PEG, cholesterol, charged lipids such as 

1,2-dioleoyl-3-trimethylammonium-propane (DOTAP), targeting moieties etc. As the structures 

are formed, chemotherapeutics or genetic therapies can be loaded into either the aqueous core 

or into the self-formed lipid bilayer. This makes liposomes a highly variable, highly manipulative 

structures as a delivery platform for diverse therapeutic applications. For glioblastoma 

treatment, many studies have utilized liposomes as carrier vehicles for hydrophobic drugs. 

Many articles have reported the use of temozolomide loaded liposomes for glioblastoma 

treatment through ultrasound disruption80, 81. While liposomes are very useful in the clinic, they 

are expensive to manufacture and can also be unstable long term. Most recent studies have 

shown that repeated doses of liposomes can cause adverse reactions in individuals due to the 

immune system recognizing the agents as foreign82.  

Microbubbles: Microbubbles (MBs) are simply micro-sized bubbles that have been used for a 

wide variety of purposes (Figure 2B). These particles consist of a single monolayer of lipids with 

a gaseous core75. This makes them particularly useful as ultrasound contrast agents. When they 

are exposed to different ultrasound frequencies, they can create small bursts of energy which 

can indicate areas of blood flow in which the MBs are present or can create cavitations in tissue 

to allow for increased permeability (such as the BBB)7, 83, 84. In terms of targeted drug delivery, 
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MBs are loaded with either drug or genetic therapeutic material and when they reach their 

targeted location within the body they are exposed to external ultrasound waves which cause 

the bubbles to pop and localize the delivery85. The general mechanism in which this happens is 

once the ultrasound is applied, they undergo a gradual diffusion in which the lipid layer forms 

minor fractures in the surface due to the increase in pressure. This causes an outward force of 

bursting that then forms many smaller bubbles86. The smaller bubbles can be detected using 

ultrasound imaging, while the outward burst causes a cavitation effect in nearby tissue87-89. The 

downside of MBs is their instability and difficulty to modify. As they are easy to pop, even the 

slightest modification to the surface can cause a decrease in yield.   

Extracellular Vesicles: The newest type of delivery/contrast agent to be introduced into the 

literature are extracellular vesicles (Figure 2C). As biological based vesicles that are produced by 

every cell within the body, they have been investigated as therapeutic cargo carriers as well as 

specific diagnostic markers for cancers90. They are separated into three categories based on size 

and surface markers: 

1. Apoptotic Bodies (AB) 

2. Microvesicle (MV) 

3. Exosomes 

Apoptotic Bodies: These vesicles are released from apoptotic cells during separation of the cell 

membrane during decay91. Typically, they have sizes greater than 1𝜇m92. Unlike their 

microvesicle and exosome counterparts, ABs are not popular for therapeutic or diagnostic use 

as their structures are less stable, have size limitations, many overlapping surface markers to 

that of the originating cell, as well as the distinct problem of being a cellular messenger for 
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programmed cell death93. There are recent studies that have investigated using ABs as 

therapeutic vehicles to promote phagocytosis in area of interest92. Their diagnostic application 

now is limited to identification of apoptotic cells.  

Microvesicles: Formed by outer budding of the cell membrane, MVs have been widely 

investigated due to their size (~100nm - 1𝜇m), surface marker expression, and targeting ability 

of specific cells94. Clinical studies have shown MVs can provide great diagnostic information 

about the aggressiveness of glioblastoma based on mRNA and protein expression through a 

simple blood test95. MVs have been investigated as cellular communication vesicles, with 

particular emphasis on long range communication96. In terms of diagnosis, this can be very 

helpful as they could potentially help identify areas of metastasis. Due to their size, MVs 

haven’t been widely studied as delivery vehicles for brain cancers. It has also been noted that 

their mechanism of transport across the BBB, which is believed to be by membrane fusion, 

cannot be easily facilitated due to surface markers (mostly from the originating plasma 

membrane or cytoskeleton) that are present97.  

Exosomes: The most widely investigated extracellular vesicle for brain targeting. The main 

difference of origin of exosomes in comparison to MVs is the location where they are formed. 

Exosomes are found within multivesicular bodies (MVBs) which are formed by inward budding 

of the plasma membrane98. Specifically, lysosomes will undergo microautophagy within the cell 

that starts the process for debris removal from the cell. During this process, late endosomes are 

formed. As exosomes are formed from the internal budding of the endosomal membrane, 

MVBs are created99. When MVBs are formed, they are responsible for sorting/recycling 

proteins within the cell100, 101. During the process in which late endosomes become MVBs, 
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intraluminal vesicles (ILVs, early exosomes) are formed from proteins captured during the 

endosomal process. As the MVB starts to interact with other organelles and vesicles, the ILVs 

morph into exosomes based on their surface markers and internal cargo. Finally, when MVBs 

are ready to release the internal contents, they will fuse with the plasma membrane and 

release cell debris, exosomes, etc. through exocytosis102. Exosome size (30-120nm) works great 

for high accumulation and easy detection of tumors due to their capability to fit within 

angiogenic formed blood vessels. The expression of CD63, CD81, CD9, and Flotillin-1 markers on 

their surface make them ideal for brain cancer detection and therapy based on their ability to 

cross the BBB innately12, 58, 59, 98, 103-108. Coincidentally, MVBs also allow for exosomes to pass 

through the BBB through receptor-mediated phagocytosis98. Since the exosomes are viewed as 

natural, they are not discarded by lysosomes and are allowed to proceed to the brain109. Many 

studies have shown that based on the origin of the exosome, they can be used for specific brain 

tumor targeting indicating they can pass through both the BBB and the blood-brain tumor 

barrier with minimal loss110. Unfortunately, there are a few reasons why exosomes are not used 

clinically. The first being that exosomes can be difficult to detect using traditional imaging 

methods. As exosomes can only be tagged fluorescently, depth penetration becomes an issue. 

The second is that like many soft, lipid-based materials they are unstable and can lose 

therapeutic cargo over short periods of time101. Then finally, there are off-target concerns as 

the full role of exosomes within the human body is not fully understood. While these vesicles 

have a high affinity for cancerous tissue, there have been reports that exosomes can cause 

increased proliferation98. As exosomes are used for cellular communication, the internal cargo 

as well as surface markers from those expelled from cancer cells can possibly cause tumorigenic 
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effects. It has been seen that gliomas that exist in hypoxic environments will secrete exosomes 

that can promote a M2 macrophage shift and increase tumor proliferation111.  While this could 

be problematic for the clinical translation of exosomes, further engineering of either surface 

markers or internal cargo has led to a decrease in tumorigenesis in many types of cancer112.  

Proteins and Peptides: It is a known fact that most nanoparticles without further surface 

modification have faster clearance, poor targeting ability, and aggregation issues113, 114. For 

passive targeting of tumors, polymeric coatings such as poly-ethylene glycol (PEG) or poly-l-

lysine (PLL), are common to increase circulation times but still rely on the Enhanced Retention 

and Permeability effect (EPR) for sufficient accumulation115, 116. This unfortunately is not 

enough for use in identification and therapy of brain tumors as these coatings still prevent 

crossing of the BBB. This is why research has pivoted to the use of peptides, proteins, and more 

biomimetic structures to trick the transport proteins into allowing the particle to pass.  

Proteins: Protein based nanoparticles have become of interest to researchers as they don’t 

cause an illicit immune response and are easy to modify based on many different exposed end 

groups117-119 (Figure 2D). This can be shown in Gregory et al. where they engineered a synthetic 

protein consisted of Human Serum Albumin (HSA) and iRGD peptide that after IV injection was 

able to cross the BBB and deliver STAT3 inhibiting siRNA120. Another example is the work done 

by Xu et al. in which they created cationic bovine serum albumin nanoparticles by conjugating 

PEG-PLGA to the surface. These particles showed efficient uptake within brain tissue121. While 

protein platforms have shown promising results, the main problem that must be addressed is 

targeting of the brain tumor itself. This is where peptides have been introduced.  
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Peptides: Peptides are short sequences of amino acids that can form proteins when chained 

together122 (Figure 2D). Based on their high binding affinity to specific surface receptors, they 

can be used to help identify tumors as well as be used as therapeutic agents123. Certain 

peptides such as RGD, CooP, ACooPK, AP, T12, iNGR, cyclicRGD, Cilengitide, C6, UNO, tLyP-1, 

PL3, and others have been used for glioblastoma targeting and therapy124, 125. All have different 

surface protein targets. A couple of the most common include T12 (Transferring receptor – TRf), 

RGD (𝛼𝑣𝛽3, 𝛼𝑣𝛽5, and	𝛼𝑣𝛽1 integrins), C6 (MMP2/MMP9), and PL3 (Tenascin-C)124. Many have 

been conjugated to nanoparticles for more effective delivery to the brain. Ruan et al. presented 

work on RGD modified micelles that were able to pass through both the BBB and BBTB and 

effectively deliver paclitaxel to orthotopic brain tumor bearing mice125.  Another study done by 

Lingasamy et al. conjugated PL3 peptide to both iron oxide nanoworms and silver nanoparticles 

to target and treat glioblastoma and prostate cancers. They were able to see high accumulation 

within subcutaneous tumors for both, but saw a reduced amount within their orthotopic 

glioblastoma model based on ex vivo results. Though in comparison to non-conjugated 

particles, there was a significant amount that accumulated within the brain region123. Even 

though peptides can be very effective theranostic agents, they are expensive to manufacture 

and have short-term stability which makes clinical translation difficult126. Overall, there are 

many types of surface modifications that can be done to increase delivery and therapeutic 

effect for brain tumors126, 127. Protein and peptide delivery systems have been some of the most 

promising technologies.  

Overall, there are a few types of nanoparticles that stand out for glioblastoma 

theranostics. Ranging from inorganic nanoparticles such as iron oxide to biological structures 
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such as proteins and extracellular vesicles. They all have advantages and disadvantages, which 

is why there is a need to develop new nanomaterials that can build upon the foundation 

already laid by the clinically approved particles. The goal is to improve patient outcomes for 

glioblastoma and help increase overall quality of life.  

 

  



  19 

 

Figure 2: Representative graphic of nano-based technologies used for brain cancer diagnosis 
and therapy. (A) Iron oxide Nanoparticles with a PEG coating. (B) Liposome and microbubble 
structures. (C) Extracellular vesicle general illustration. (D) General peptide and protein 
illustration.   
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1.3: Imaging Modalities for Glioblastoma  

The first step that any patient with potential glioblastoma symptoms will take is a diagnostic 

procedure. This can range from a simple x-ray to a Magnetic Resonance Imaging (MRI) 

depending on the density/location of the tumor. The main types of imaging used for diagnosing 

glioblastoma are MRI, Computerized Tomography (CT), Positron Electron Tomography (PET) 

and Photoacoustic Imaging (PAI)68, 128. These methods serve different areas as they represent 

differences in cost, depth, sensitivity, spatial resolution, etc. So, it is important for a wide 

variety of imaging techniques be available to clinicians to help diagnose patients early.  

Magnetic Resonance Imaging: The most common imaging technique used to diagnose 

glioblastoma116, 129-132. When a patient is inserted into an MRI machine, an external magnetic 

field is applied which aligns all the H+ ions within the exposed area of the body along the z-axis. 

This creates a nominal amount of energy that can be transferred into an MRI image. As the 

amount of energy can only give one sort of contrast in an image, radiofrequency (RF) 

coils/pulses are implemented to shift the direction of alignment to along the x-y axis. The RF 

pulse is considered a B1 pulse as it shifts the paradigm from B0 (z-axis) to B1 (x-y axis). This 

transverse magnetization that is formed is picked up by an external coil (the RF coil) and 

corresponds to a direct correlation to the number of H+ ions in a given tissue. Now, there are 

two main types of relaxation times that come from these signals: T1 and T2. T1 is the time for 

vertical magnetization to return to the normal spin state, while T2 is the time for the transverse 

magnetization to return to the normal spin state. Tissues with more water presence (higher H+) 

have higher T1 contrast as less energy is needed to shift from the normal spin state to the 

vertical magnetization (z-axis)133. As the magnetic field is applied to an individual inside of an 
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MRI, certain areas experience differences in magnetic frequency to obtain a distinguishable 

image of a specific organ. Specifically, the spin resonant frequency coupled with the pulsed 

frequency from the coils helps to identify different types of tissue in a single image. Proton 

density, T1/T2 relaxation time, spin resonant frequency, and the pulsed frequency directly 

influence the quality of the image134. Clinically used contrast agents such as gadolinium 

chelating agents, iron oxide nanoparticles, etc. help increase contrast for either T1 or T2 

imaging14. 

As neurosurgeries have become a more common within recent years for a wide variety 

of neurological disorders, MRI has evolved to help enhance these methods131. For traditional 

MRI, a pre-operative set of images of the brain would be taken and referenced during the 

surgery to ensure the location (for tumor resection, electrode placement, epileptic lesion 

removal, etc.) is accurate13. The surgery would then be performed, and a post-operative image 

would be taken to determine if, for example, a tumor has been removed completely. 

Unfortunately, once a hole is made into the skull, there can be a shift in placement in the brain 

due to cerebral fluid (CF) loss, tissue retraction due to fluid loss, as well as small discrepancies 

between when the pre-operative image was taken and the surgery135. Intraoperative MRI 

(iMRI) works by taking real-time images of the brain during the surgical procedure136. A small-

based MRI machine with a 3T magnet is used when all metal objects are moved outside of a 

certain boundary. At different points throughout the surgery, the iMRI will be wheeled to the 

patient and an image will be taken. After the image is taken and the iMRI is wheeled away, all 

metal surgical tools can move back to the patient and then the surgeon continues with the 

procedure. This system is very convenient for doctors to accurately be able to tell if the entirety 
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of a tumor/legion has been removed in real-time without having to subject the patient to a 

surgery later133.  

PET: Positron electron tomography (PET) is one of the newest editions to imaging. Based on the 

signal of radio-nucleotides that are injected as contrast agents, this imaging modality has little 

depth penetration issues137, 138. Specifically, it looks at the metabolic and biochemical 

interactions within the body. After a tracer is injected into the patient, it will start to emit single 

positron that will interact with nearby tissue. This produces a set of photons that are picked by 

scintillation crystals within the surrounding PET cameras that are then converted into an 

image137. The primary benefit of PET imaging is that it has no depth penetration limitations. 

This allows for a virtually perfect signal to be obtained. Unfortunately, PET gives no information 

of the anatomical structure within the body so it can be hard to distinguish where exactly the 

signal is coming from. As a result, it is commonly paired with either MRI or CT. For brain tumor 

detection, it is common to use the tracers to overlay PET and MRI to determine areas of blood 

flow that can help properly identify tumor boundaries139, 140.  

Computerized Tomography/X-ray: Computerized tomography (CT) and X-ray are two very 

similar imaging techniques used within the clinical setting. The primary difference between the 

two is the delivery of the x-ray beams to the patient. For a traditional x-ray, a single beam is 

directed at the patient that stands between the source and the detector. Since x-ray beams 

interact with higher density materials within the body, a shadow-based image is formed by the 

detector. While this procedure is very straightforward and fast, the patient must be oriented 

many ways to get a full spectrum of images to see the uniformity of the area being 

investigated141. This is why CT was developed. CT machines allows for x-ray beams to rotate 
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around the patient as the patient slowly moves through the tube. This allows for more robust 

3D images to be produced that can accurately help the physician determine what the issue may 

be142. While X-ray and CT cannot provide accurate information of tumors within the brain due 

to the density of the skull, it can help determine areas of metastasis as well as how to proceed 

for certain types of treatment.  

Photoacoustic Imaging: Photoacoustic imaging (PAI) is one of the newest additions to the 

diagnostic field for brain related diseases. Combining both optical and acoustic imaging 

techniques, it has revolutionized the field due to its unique capabilities. PAI works based on a 

“light in, sound out” approach117. Pulsed laser light is used to excite the exposed tissue through 

thermoelastic expansion116. This expansion allows for minute acoustic waves to form that can 

be picked up by an external transducer. The signal is typically overlayed with traditional 

ultrasound for anatomical structure116, 143. For certain signals such as hemoglobin, 

deoxyhemoglobin, or mSO2, a contrast agent is not needed as the substances themselves 

convert the light energy. This is helpful as these signals can help determine tumors, areas with 

lack of blood flow (hypoxia), inflammatory regions, etc144. With photoacoustic imaging, regions 

that present high levels of deoxyhemoglobin are typically associated with hypoxia or high 

inflammation as these conditions rely on environments with low oxygen levels. As hemoglobin 

and deoxyhemoglobin are endogenous contrast agents, they can be observed with 

photoacoustic imaging, but cannot deduce what the exact disease or condition is in the region 

without further testing. These signals while helpful, alone they can’t accurately distinguish the 

border regions of tumors or inflammatory regions. As a result, a wide variety of contrast agents 

have been developed for in vivo imaging of many different diseases using mouse models. 
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Unfortunately, very few can be translated to larger animal models due to depth penetration 

limits as well as toxicity problems. As PAI is still based on an optical setup, translation to the 

clinic has been difficult. There are preliminary studies for use in breast cancer detection, but full 

FDA approval in still in progress. For brain diseases, there are studies that have looked at 

stroke, epilepsy, tumors, etc. based on the combination of deep penetration of ultrasound 

imaging and high image resolution from optical signatures37, 116, 145-147. These studies have 

shown that PAI is highly accurate in determining these areas of injury or disease130, 148.  

1.4: Therapeutic Strategies for Glioblastoma  

Once a brain cancer is properly diagnosed, a patient is given a few options for therapy to push 

towards remission. These usually include surgical resection (if possible) coupled with 

chemotherapy and radiation. As gliomas are invasive cancers that usually form within the 

frontal and temporal lobes, only certain tumors can be removed without making quality of life 

for the patient worse142. Newer therapies introduced through Medtronic with their VisualaseTM 

MRI-guided laser ablation system, have given clinicians a different option for patients with 

chemo-resistant or inoperable tumors131.  

Surgical Resection: For glioblastoma, surgical resection is one of the most utilized techniques to 

reduce overall tumor size and extend the patient’s life13, 14, 136. Once the tumor is identified 

through MRI and surgical biopsy, the removal is planned based on the location of the tumor. 

Once determined, the patient will either be kept awake during the surgery or kept under 

anesthesia. Instances in which the patient would be kept awake include if the tumor is located 

near the motor functioning cortex, Broca’s area for speech, or presses against the occipital lobe 

that affects vision. During this time, the surgeon will ask the patient questions to determine if 
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there has been any irreparable damage done while removing the tumor. In instances of 

glioblastoma, this is particularly important as the cells infiltrate healthy tissue and thus can be 

difficult to remove without affecting surrounding astrocytic and neuronal cells.  

There are two common methods for tumor removal: fluorescence-guided surgery and 

neuronavigation. Fluorescence-guided surgery is done typically by systemically injecting 5-

aminolevulic acid (5-ALA) that can be metabolized by tumor cells to allow them to be 

detectable under UV-light149, 150. During the surgery, blue light will be illuminated onto the 

exposed tissue region to show the tumor region as a bright red color. This allows the doctor to 

remove as much of the tumor as possible with a much safer approach. The second, 

neuronavigation, is based on orienting the patient’s head within a stereotaxic device and doing 

intermittent intraoperative MRI (iMRI) imaging during the surgery. This helps to determine 

exactly the site of the tumor based on changes in the tissue packing after the incision is made.  

Radiation: Radiation is one of the two most common treatment methods used for cancer 

treatments due to deep depth penetration. A highly ionized beam is pointed at the general 

location of the tumor which allows ionized atoms to form around the tissue that causes DNA 

damage141. This prevents cell division and promotes cell death within the exposed region. The 

problem with radiation therapies is that healthy and cancer cells alike can experience cell death 

if exposed to the beam. For tumors that are deeper within the body, this can harm major 

organs and increase the chance of cancer forming in other parts of the body.  

For patients diagnosed with glioblastoma, there are two types of radiation treatment 

that can be done: whole-brain radiation therapy and stereotaxic radiosurgery151, 152. For smaller 

tumors that are difficult to see under MRI, whole-brain radiation therapy is done. This is where 
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the entire brain of the patient is exposed to the radiation beam at a much lower intensity. Due 

to the breadth coverage, there are many side-effects that can occur. These typically include 

memory loss, cataracts, and a small chance of motor impairment153. The other type of radiation 

therapy, stereotaxic radiosurgery, is more involved but tends to be more effective. This therapy 

involves a high energy beam directed at exactly the tumor site. To perform this type of 

treatment, the exact location of the tumor must be known. This is done through an initial MRI 

scan which helps determine the depth as well as the location to vital parts of the brain. While 

this can limit the number of side-effects, the high ionization can still cause local inflammation 

within the brain which can lead to other problems.  

Chemotherapy: The primary treatment method used for patients diagnosed with cancer is 

often chemotherapy. The drugs that are approved work through many different mechanisms 

such as DNA destruction, prevention of catalytic activity in the cell, reduction of cell 

metabolism, RNA interference, impede protein formation, etc27, 46. Chemotherapeutics typically 

rely on passive targeting of the tumor site. In specific, once the drug is intravenously injected a 

portion will accumulate within the cancerous site due to an increased independent blood 

supply that the tumor forms. This is inefficient and typically causes many side-effects as the 

drugs are toxic to cancerous and healthy cells alike154. There has been research done to 

improve circulation time as well as improved accumulation with carrier-based vehicles such as 

liposomes. There have been successful liposome-drug formulations. such as DoxilÒ or LipusuÒ, 

that have been FDA-approved and beneficial to the clinic. Unfortunately, due to the instable 

nature of liposomes, they can have premature release and can be difficult to manipulate for 
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active targeting76. This is why there is still a great need for a better drug delivery platform for 

patients with cancer.  

In the realm of glioblastoma treatment methods, there are limited drugs within the 

clinic that can be used due to the impenetrable nature of the BBB. For all of the drugs FDA 

approved in the US. There are currently only 20 drugs that are FDA approved for treatment of 

brain tumors. Out of the 20, five are used for glioblastoma, three for astrocytoma, and 2 for 

neuroblastoma46. Those for glioblastoma are listed in Table 1. There are other types of 

chemotherapeutics that are used in combination for treatment of gliomas that are not listed 

due to the inability to work as a single agent.  
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Name of Drug US Brand 
Name 

Type of 
Drug 

Mechanism of 
Action 

Chemical 
Structure 

Primary 
Use  

Can pass 
through 
BBB?  

Bevacizumab Alymsys, 
Avastin, 
Mvasi, 
Zirabev 

Antibody Binds to 
circulating 
Vascular 
endothelial 
growth factor 
(VEGF)155.   

h

 
156 

Patients 
that have a 
reoccurring 
brain 
tumor 

Yes, but 
limited 

Carmustine BiCNU Drug Prevents 
cross-linking 
in DNA.  

h

 
157 

Adjuvant 
drug to 
help 
reduce size 
of primary 
tumor 

yes 

Dabrafenib 
Mesylate 

Tafinlar Drug Acts as a 
reversible 
ATP-
competitive 
kinase 
inhibitor to 
prevent 
catalytic 
activity within 
the cell158. 

h

 
159 

Low grade 
gliomas 
diagnosed 
in 
children >1 
year who 
require 
systemic 
therapy. 

no 

Trametinib 
Dimethyl 
Sulfoxide 

Mekinist Drug Acts as an 
inhibitor for 
MEK1 and 
MEK2 to 
prevent 
catalytic 
activity within 
the cell.  

h

 
160 

Low grade 
gliomas 
diagnosed 
in 
children >1 
year who 
require 
systemic 
therapy. 

Yes, but 
limited 

Temozolomide Temodar Drug Binds to DNA 
to prevent 
cell division6.  

h

 
161 

Used in 
partner 
with 
radiation 
therapy. 

yes 

Table 1: Overview of Current Chemotherapeutics used within the Clinic for Gliomas. Mechanism 
of action, ability to cross the BBB, structure, and clinically used name are listed.  
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As gliomas are the most common type of brain cancer, it is not surprising that 25% of the FDA 

approved drugs for brain cancers are used for treatment of it. With such a limited number 

available, there is an extreme need for new therapeutics to be developed. Unfortunately, there 

are a wide variety of other drugs that could be effective, but due to poor blood transportation 

they cannot be used for brain cancers. If a new type of carrier can be developed, this can be 

overcome and open the door for enhanced chemo and dual therapies.  

Photothermal and Photodynamic Therapies: These are the newest type of minimally invasive 

therapies to be introduced in the fight against cancer62, 162-164. The general mechanism behind 

both photothermal and photodynamic therapy is relatively the same, but the method by which 

they reduce tumor size is different. A continuous laser light is used to excite a material within 

the body that will then cause a response in terms of elevated temperature (photothermal) or 

formation of radical species within the environment (photodynamic). Both methods are non-

invasive and targeted therapies. The laser used is not harmful to the patient, which allows only 

the areas in which the laser and the excited material contact each other to experience a 

therapeutic effect. Overall, these methods provide a minimally invasive option to surgical 

resection to reduce tumor size and extend patient lifespan with the potential to be provided in 

an out-patient setting114, 131, 162, 165. 

Photothermal Therapy: Photothermal therapy is based off the principle that if tumor cells are 

heated beyond a certain temperature, apoptosis will occur. A photoactive material is injected 

into the patient either locally or intravenously and then the region of interest is exposed to a 

laser. Typically, these lasers range from ~600-1000nm as that is the primary penetration range 

for the biological transparency window. When the material is exposed to the laser energy, the 
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surface atoms of the material will become excited and start to vibrate. This vibrational energy 

will start to generate local heat with the local region that will slowly start to heat the space that 

can cause cellular apoptosis at 50°C166, 167. As this type of therapy is relatively localized, it is 

effective in only killing the cells of interest. While the therapy is highly effective in this manner, 

it has the disadvantage of inducing local inflammation and burning within the region168. This 

causes discomfort and pain for the patient. In respect for use in the brain, this type of therapy is 

very difficult to implement due to penetration of the laser through the skull. As the skull is 

made of dense bone material, majority if not all of light exposed will be either absorbed or 

refracted116. This prevents any therapeutic effect from happening and thus can be difficult for 

translational use. Within the past ~5 years this has been investigated and rectified with the 

innovation of Laser Interstitial Thermal Treatment (LITT) systems. These systems work by 

drilling a small bur hole into the skull and inserting a laser-based line into the tumor site using 

MRI guidance. This basic operation would allow for the patient to be in and out of the hospital 

in one day with minimal off target side-effects131. The laser used is high energy and high 

wavelength (800-1064nm) with the aim for tumor ablation without the use of an amplifying 

agent. There are at least two FDA-approved systems: VisualaseÒ and NeuroBlateÒ which is 

promising for this field. Unfortunately, due to the uncommonness of this type of therapy in the 

clinic many patients are not given the option. Therefore, the efficacy in comparison to other 

common practices is relatively unknown at this time.  

Photodynamic Therapy: The main difference between photodynamic therapy and photothermal 

therapy is the type of photoactive material used and the mechanism in which apoptosis is 

initiated. In general, when the photosensitizer material is excited by laser light, reactive oxygen 
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species (ROS) are generated. Specifically, when the photosensitizer absorbs light, it transfers 

the excess energy in the form of electrons to surrounding molecular oxygen species. When the 

photosensitizer reaches its unstable excited state, it will normally transfer a portion of its 

energy to molecular oxygen which will then produce singlet oxygen species (1O2)166. This is 

known as a type one reaction. The second type of reaction that can occur is when the electron 

transfer happens with a solid substrate. This can be a cell membrane, surface protein, 

molecules, etc. When this phenomenon happens, ROS species such as: O2
-, H2O2, or OH-, can be 

formed. Whether produced by a type one reaction or type two reaction, these species will 

cause cell death due to oxidative stress that is promoted within the cell169. While photodynamic 

therapy can prove to be effective on a small scale, it has had problems translating into the 

clinic. This is primarily because the therapy is not completely successful at eradicating tumors 

by itself. The photosensitizer materials can also have solubility and aggregation issues which 

prevent clinical translation.   

Light-based therapies have shown to be successful in certain aspects of solid tumor 

treatment. For tumors that are close to the surface of the skin, both photothermal and 

photodynamic therapies can provide enough energy to reduce size of the mass. While there 

have been new technologies developed to deliver laser power internally with minimally invasive 

techniques, this is limited to photothermal therapy. More research must be done to determine 

the effectiveness of these therapies in comparison to commonly used procedures. If proven to 

be better for a wide variety of cancers, it is possible that these types of therapies will become 

more used.  
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1.5: FDA Approval and Future Clinical Translation to Improve Patient Outcomes 

The U.S. Food and Drug Administration (FDA) is the primary department in the United States 

designated in approving medical technologies and methods. While they are not in charge of 

what gets approved for use in other countries, they are one of the most stringent organizations 

when allowing new technologies to reach the clinic. As thousands of technologies are 

submitted to the FDA each year, only a handful make it to the patient. This is due to the class 

system in which the FDA uses to test the submitted technologies and determine which will be 

safe to use. There are five steps total: 1. Discovery and Development, 2. Preclinical Research, 3. 

Clinical Research, 4. FDA Review, and 5. FDA Post-Market Safety Monitoring. With glioblastoma 

being one of the hardest diseases to combat with modern FDA-approved technologies, there 

are many new drug combinations, systems, and diagnostic agents that go through this process. 

With only five approved drug agents for use against glioblastoma, it can be said that most 

preclinically investigated substances fail at one of the many stages or phases during approval.  

Stage one represents research done in the laboratory setting. Once a promising agent 

(therapeutic, diagnostic, etc…) is determined, further research is done on the in vivo level to 

determine the biodistribution, off-target, and metabolic effects. Way of administration, dosage, 

interactment with other drugs, and effectiveness on different types of people is also looked at. 

This is the stage in which most agents that are aimed to be used for glioblastoma seem the 

most promising. Usually research in done in subcutaneous or orthotopic mouse models, which 

give valuable information but can skew the expectations of translation to bigger in vivo models. 

To investigate this primary problem, the technology is moved to stage two. Bigger animal 

models such as rats, dogs, or primates are used to validate distribution patterns as well as 
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toxicity and optimal dosage. These are the most accurate models for glioblastoma as some of 

these models can have naturally occurring brain tumors that can test the feasibility for clinical 

use. 

Once the agent is determined to be promising for clinical translation, it is filed for stage 

three approval. This is the stage is which most technologies are rejected by the FDA. While the 

first two stages are done at the laboratory setting while following proper FDA guidelines, stage 

3 requires full FDA oversight. The clinical phase research is split into three different trials in 

which the candidate material must pass in order to move on to the next stage. All clinical study 

numbers come from clinicaltrials.gov170. It should be noted that not all clinical trials are taking 

place in the United States. For phase one studies, ~70% of test candidates will pass. As of 

January 2024, there are 69 early Phase 1 studies occurring for glioblastoma, with 23 currently 

looking for patients and 19 completed. Besides this, there are 795 ongoing Phase 1 studies 

taking place. 140 are looking for patients and 385 have been completed. Moving to phase two, 

only 33% will pass to phase 3. There currently has been more success for drugs aimed at 

glioblastoma treatment as there are 865 ongoing Phase 2 studies. 127 are recruiting and 405 

have completed. The number doesn’t match the estimated percentage drop in drugs that pass 

but indicates that the quality and success has gone up those meant for glioblastoma. For phase 

3, ~20-30% of candidates will pass. The amount of studies drops dramatically down to 104 

ongoing Phase 3 studies with 15 recruiting and 44 completed. This is very close to the number 

estimated to pass. This indicates that when tested in a larger population, results were 

inconclusive or provided data that the drug has too many adverse effects that can be life-

threatening. Finally, for stage four there are currently 6 ongoing studies with 3 recruiting and 1 
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completed. With a total of 1,839 studies going on through all four phases, only 0.3% exist within 

the last stage. Based on this information and similar results from previous years, there is a less 

than one percent chance than an agent aimed for glioblastoma treatment or diagnosis will be 

used long-term within the clinic.   

The last two stages, four and five, determine if the candidate material has shown 

potential to be widely distributed as a clinically used agent. This is the point in which an official 

application for a new therapeutic and/or diagnostic modality is submitted to the FDA for 

review. The selected committee will then meticulously review all the gathered information 

from both laboratory and clinical stages. Once approved the drug is manufactured on a large 

scale.  

For glioblastoma diagnosis and treatment agents there are very limited agents that have 

made it through stage 4 of FDA approval. This includes 5 drugs used for treatment and a 

handful of diagnostic agents that are commonly used for general enhanced contrast imaging. 

The biggest obstacle that researchers have when trying to get a candidate approved for use in 

patients with glioblastoma is that the candidate must be able to pass through the BBB and it 

must not interfere with major parts of the brain. Most of the proposed materials fail both 

criteria and therefor fail at the first stage of approval. The overall loops back to why 

glioblastoma is so deadly and quality of life for patients is low. With limited options for early 

diagnosis and effective treatment, it is critical that a new theranostic agent be developed to 

bridge the gap between palliative care and remission.  
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Chapter 2: Exosome Coated Prussian Blue Nanoparticles (Exo:PB) for Early Detection and 

Treatment of Glioblastoma 

The work presented in this chapter is readapted from Hill, M. L. et al. Exosome-Coated Prussian 

Blue Nanoparticles for Specific Targeting and Treatment of Glioblastoma. ACS Applied Materials 

& Interfaces. 2024, 16 (16), 20286-20301. DOI: 10.1021/acsami.4c02364171. 

2.1: Introduction 

Chemical Synthesis: Prussian Blue nanoparticles (PBNPs) are an FDA-approved agent for use in 

removal of heavy metal toxins within the body due to radiation poisoning172. Based on their FCC 

lattice structure, PBNPs can easily absorb certain heavy metals such as thallium and cesium173. 

The outer matrix consists of a Fe3+-CN-Fe2+ repeating sections that when formed creates 

pockets within the inside of the structure that can hold positively charged ions. With PBNPs 

having a surface charge of around -40mV with the number of cyanide groups present, large 

positively charged ions within the surrounding environment are easily taken up to help try and 

balance the overall charge of the particle8, 116, 174.  

The synthesis of PBNPs is quite straightforward and cheap process. There are a few 

different chemicals that have been used, but the most traditional reaction is a co-precipitation 

between potassium ferrocyanide (K4[Fe(CN)6]) and iron (III) chloride (FeCl3) in the presence of a 

surfactant8, 116, 175-177. The type of surfactant used must be able to form a complex with the iron 

chloride that doesn’t hinder the reaction with the potassium ferrocyanide. These are typically 

carboxylic end group dominant structures such as citric acid or poly-l-lysine (PLL)116, 148, 168, 176, 

178. Typically, the electron configuration of iron (1s12s22p63s23p64s23d6) would only allow for 3 

bonds to form with the single electrons within the third d orbital.  Iron can exist in other ion 
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states such as Fe2+, Fe3+, Fe4+, and Fe6+ based on the elements ability to donate excess 

electrons. As Fe2+ and Fe3+ are the most favorable states for iron to exist in, it is not surprising 

that these are the two ions that are based within the PBNP structure (Figure 3).  

Citric acid coated PBNPs are the most commonly used within the literature116, 179. This is 

due to cheap and easy fabrication with an emphasis on monodisperse particle population and 

good size control8, 175. The first step in synthesizing the particles is mixing FeCl3 and citric acid 

within a DDI water solution. FeCl3 exists as an ion solution as free suspended Fe3+ and Cl- ions. 

Once citric acid is introduced into the solution, the carboxylic end groups are hydrolyzed to 

form carbonyl end groups that can then bond to the free form Fe3+ ions to form an iron-citrate 

complex. Each Fe3+ ion can bond with 3 citric acid molecules as two CO groups covalently attach 

to one portion of the iron. Traditionally, Fe3+ would only be able to form 5 bonds based on its 

electron configuration, but in certain conditions is can for 6 based on the ability to rearrange its 

outer electrons into different orbitals180. In the case of iron-citrate, the citric acid acts as a 

ligand in order to form a coordination complex with the iron. Each CO group that bonds with 

the central iron wants to donate its extra electron to become a stable structure. To create an 

even coordination complex, three citric acid molecules will bond with the central iron in which 

the last CO group will donate an electron to give the overall complex a -1 charge (Figure 4A). 

The outer electrons for the Fe3+ are rearranged to accommodate the extra electron by adding 

the 4s orbital (1s22s22p63s23p64s13d5). After the iron-citrate complex is formed, K4[Fe(CN)6] is 

added dropwise at 60°C. As it is added the color will shift from a slight yellow (iron-citrate) to a 

dark blue color. This is indicative of the co-precipitation between the iron-citrate and the 

potassium ferrocyanide, in which the Fe2+ and Fe3+ ions are connected by cyanide bridges. The 
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iron-citrate complex will lose one of the citric acid molecules and form a coordination bond 

with the one of the nitrogen atoms within the potassium ferrocyanide structure. This allows for 

each Fe2+ ion to continue to make six bonds and each Fe3+ ion to make five. Overall an FCC 

lattice structure is formed with alternating Fe2+ and Fe3+ with citric acid attached to the outer 

surface176, 181. This structure allows for the great NIR absorption by intervalence charge-transfer 

on the Fe2+/Fe3+and easy modification of the surface due to the exposed OH groups8, 115, 116, 177, 

181, 182 (Figure 4B). 
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Figure 3: Electron configuration of Fe2+ and Fe3+ present within the PBNP Structure. Arrows 
indicate electron spin within s, p, or d orbitals.   
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Figure 4: Reaction mechanism for Prussian blue nanoparticles. (A) Formation of iron citrate 
complex. (B) Reaction to obtain PBNP particles based on the co-precipitation between iron (III) 
citrate and potassium (II) ferrocyanide.   
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PBNP History and Transition into the Clinical Setting: Compared to other FDA-approved drugs, 

Prussian Blue has a unique history. In 1706, it is stated that it was first discovered when an 

artist was trying to create a red paint by combining potash, pyrite, and what was assumed to be 

animal blood183. Due to the iron composition within the different types of rock and blood, a 

Prussian blue complex was formed which turned the pigment a dark blue color. Over time, the 

general components to make Prussian blue were changed to an oxidation process to maximize 

the amount of iron ions within the solution184. Most commonly known as the Milori process, 

named for the company that the process originated from, a large vat of copperas (iron sulfate), 

ammonium sulfate, sodium sulfate, and sulfuric acid are mixed at 80-90°F. Sodium ferrocyanide 

is added slowly, which starts to form a white precipitate known as Prussian white. This is 

heated to 167°F and more sulfuric acid is added. To start the oxidation process, sodium 

chlorate is added to the vat which will slowly produce the blue pigment184, 185. There are two 

types of intermediate materials that can be made. One previously mentioned is Prussian white, 

which is the insoluble version186. The other is Prussian green, which is a partially oxidized 

complex that forms between Prussian white and Prussian blue187. While this method is very 

effective at creating mass quantities, the size control is very poor (micrometer sized particles), 

making them useful for only industrial and artistic applications184.  

Transition into the medical clinic started when researchers saw that PBNPs can 

effectively take up radioactive compounds within the surrounding environment of the particle. 

Throughout the 1980s and early 2000s there have been many radioactive accidents that have 

resulted in hundreds of individuals obtaining radiation poisoning. Starting with the Chernobyl 

disaster that occurred in Pripyat, Ukraine in 1986, PBNPs were used widespread as an antidote 
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to improve patient outcomes188, 189. While they had been previously used within the clinic with 

a minimal number of patients, it was the aftermath of the Chernobyl disaster that allowed 

Prussian Blue to be tested on a large population and eventually gained FDA-approval within the 

United States in 2003172. Based on the FCC lattice structure that PBNPs exist in, large heavy 

metal ions present within the body are absorbed into the open portions that potassium ions 

typically compete for179. This happens based on an ion exchange that occurs within the 

gastrointestinal or liver regions of the body as PBNPs are taken as an oral agent. When the 

particles encounter high amounts of large radius ions, they perform an ion exchange with the 

potassium ions present within the structure190. Naturally, as the number of thallium or cesium 

increases within the environment of the particles, they will slowly replace the potassium within 

the structure. Since the radioactive ions have larger ionic radii, they get stuck in the empty 

spaces of PBNPs and are safely excreted from the body through the gastrointestinal tract173, 191. 

Results have shown that Prussian Blue can result in a decreased excretion time for cesium from 

110 days to 30 days and decrease the elimination rate of thallium from 8 days, down to 2 

days192.  

Applications in Cancer: After their FDA-approval as a radiation exposure antidote, PBNPs were 

widely researched for other medical applications. With a peak absorbance between 700-750nm 

and the ability to easily manipulate the structure, many scientists explored their application for 

cancer8, 129, 168, 175, 182, 193-198. Many studies have looked at using the particles for photothermal 

therapy, sustained drug release for targeted drug delivery, anti-inflammation effects, high-

intensity focused ultrasound, photodynamic therapy, and use as contrast agents for MRI, 

photoacoustic, CT, surface-enhanced raman scattering (SERS), fluorescence, PET, and 
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ultrasound. Since the structure can easily be modified, all these different types of therapies and 

diagnostic methods can be enhanced. For just PBNPs, they have an innate ability for 

photothermal therapy, MRI, anti-inflammation, sustained drug release, and photoacoustic 

imaging without any extreme change to the particle. 

Photothermal Therapy and Targeted Drug Delivery: The most popular therapeutic strategy for 

PBNPs is photothermal therapy. This is because of the high light absorbance profile within the 

biological transparency window and high photo-stability8, 148, 182, 195. They are the ideal 

substitute for often used gold nanorods (AuNRs) which suffer from photodegradation199-201. Xie 

et al. showed promising effects of PBNPs intratumorally and intravenously injected into 4T1 

xenograft bearing mice and exposed to an 808nm laser for up to 10 minutes. Results showed 

that IT showed the highest temperature gain at ~60°C, in comparison to IV with a maximum 

temperature of 45°C, there was still tumor size reduction in both groups with no statistical 

difference168. In another study, Fu et al. used iron oxide nanoparticles coated with a Prussian 

blue nanoshell to enhance magnetic targeting, MRI imaging contrast, and photothermal 

therapeutic effect in a U-87 subcutaneous tumor model. They were able to see almost full 

remission of the tumor after 18 days of intravenous treatment while also being able to gain 

great tumor contrast using MRI after injection202. While photothermal therapy can be an 

effective independent therapy, cancer cells can become less responsive to it over time203. It can 

also cause extreme amount of necrotic tissue to form which can be uncomfortable and painful 

for the patient204. This had led researchers to try a variety of combination therapies. Lu et al. 

looked at using hollowed out Prussian blue nanoparticle structures to passively load 

doxorubicin (DOX) into and allow for a sustained release over time once within the tumor area 
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and combine this with photothermal therapy to increase the efficacy against tumor cells. Based 

on the structure of the particle, they were able to show that when exposed to an 808nm laser, 

DOX would be released. When not exposed to the laser, DOX would remain within the 

structure, thus allowing for an advanced delivery tool that minimizes off-target 

chemotherapeutic effects. When xenograft HeLa bearing mice were injected with these 

particles, the DOX loaded particles were shown to have a greater effect at reducing tumor size 

than the non-DOX loaded PBNPs over the same 14 days treatment period205. This is promising 

as it shows that base Prussian blue nanoparticles can be improved with changes to their 

structure. Whether that be inclusion of a drug, another type of nanoparticle, or another 

metallic ion to enhance imaging capabilities. With it being a highly manipulative structure, 

PBNPs have great potential within the clinical setting for a wide variety of application.  

When PBNPs are synthesized, they are solid structures. This can be changed when 

exposed to a solution of hydrochloric acid (HCl) that will slowly start to etch the foundation. 

During this process, HCl reacts with the potassium ferrocyanide to produce ferric 

ferrocyanide206. This causes pockets within the lattice to form and create a mesoporous 

formation. Hydrophobic drugs such as doxorubicin or paclitaxel, can easily be loaded by mixing 

with the particles195. Quantification of the loading capacity is done by centrifuging the particles 

and measuring the amount of drug within the supernatant. Jing et al. showed that PBNPs could 

be loaded with 10-hydroxycamptothecin and injected into HeLa bearing subcutaneous mice. 

They were able to show that through a combination therapy of photothermal and directed 

chemodrug, there was no tumor reoccurrence 18 days after treatment182. This is promising 

information as single treatment types often show limited results and high rates of the cancer 
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reappearing in the future. Now because of PBNPs innate ability for energy transfer from light to 

heat, majority of the literature presented for use in cancer has combined targeted drug delivery 

with PTT to enhance local effects. Unfortunately, the preparation of hollow or mesoporous 

based PBNPs can be dangerous as cyanide gas is a direct product of the etching process207. This 

can make scaling efforts difficult and dangerous, which could prove clinical translation 

problematic. Xu et al. investigated this and tested a wide variety of reaction conditions to yield 

monodisperse particles with consistent porosity. They found that by increasing the amount of 

HCl present within the solution increases the overall size of the particles, but by matching with 

the proper concentration of surfactant were able to get uniform spherical particles of 

~69.05nm. To test their application for biological systems, PAI and T1/T2 MRI imaging was done 

and showed linear correlation with concentration and in vivo detection within 4T1 

subcutaneous bearing mice198. There have been many studies that have shown that hollow or 

mesoporous based PBNPs structures can enhance their imaging capabilities. For PAI and MRI, 

there are more exposed atoms for either H+ or the laser to interact with. This indicates that 

there is an area in which hollow/mesoporous PBNPs could be used within the clinic for a wide 

variety of reasons.  

 Magnetic Resonance Imaging: Iron based nanoparticles have been a staple in MRI contrast 

agents for the past 30 years because of the strong spin interaction they have with tissue in their 

environment66, 208. Super paramagnetic iron oxide nanoparticles (SPIONs) have a strong T2 

contrast due to their small size and ability to develop a strong induced magnetic field209. In 

comparison, PBNPs are also able to develop their own magnetic field to produce areas of dark 

within an MRI image by disturbing local spin of H+ ions. Due to the typical size range of PBNPs 
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(50-100nm), they are not super effective agents without extra modification176. This is due to the 

magnetic:dead ratio that occurs with bigger particles as well as the increased presence of Fe3+ 

ions within the structure. As Fe3+ has 5 unpaired electrons (compared to 4 for Fe2+), it can 

interact with more surrounding water molecules and shorten the T1 relaxation time, thus 

increasing the T1 contrast. The most common modification is heavy metal doping. Due to the 

alternating iron surface valence on the PBNP surface, either Fe2+ or Fe3+ ions can be replaced by 

gadolinium or manganese ions. As gadolinium and manganese are already commonly used 

metals for MRI imaging, they easily improve the generated magnetic field by the particles115, 129. 

Wang et al. synthesized gadolinium doped PBNPs using a standard procedure for application in 

photodynamic therapy, chemotherapy, MRI imaging, and enhanced catalase activity. They were 

able to show great accumulation and contrast for both T1 and T2 MRI after IV injection in a 4T1 

subcutaneous mouse model197. In a different study by Dumont et al. gadolinium ions were 

incorporated into the lattice pockets instead of replacing Fe3+ ions. They showed that the Gd:PB 

particles have higher r1 and r2 values (~38.5 and ~44.7) in comparison to PBNP (~4.7 and ~7.3). 

This indicates that the doped particles give a much higher MRI contrast even if the gadolinium 

ions are not directly on the surface of the particle174. Now, there has been a shift in the clinic 

from using gadolinium-based contrast agents due to high toxicity levels. This had led 

researchers to look at doping Prussian blue with other types of metals that can still allow for 

high MRI contrast. Manganese is one of the most popular alternatives. Zhu et al. presented 

evidence that Mn doped PBNPs did increase overall T1 contrast but has minimal increase in r1 

values (PBNPs: 5.73, Mn PBNP: 7.64 mM-1s-1). In vivo imaging with 4T1 subcutaneous bearing 

mice, showed great contrast within the tumor area, but there was little signal that came from 
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the tumor area using PAI210. This gives evidence that while manganese doped particles can 

enhance MRI contrast, it is not as good as gadolinium. One other issue that arose with 

manganese-based contrast agents is that multiple uses can lead to manganism (manganese 

poisoning), which is a detrimental neurodegenerative disorder211. Due to toxicity problems with 

doped particles, many have failed during the FDA-approval process. This leaves an extreme 

need to find alternatives that will minimally change the overall structure of Prussian Blue but 

increase MRI contrast abilities.  

Photoacoustic Imaging: Like PTT, PBNPs are often used as photoacoustic imaging contrast 

agents based on their high absorbance within the biological transparency window and high light 

conversion properties116, 212. There have been many studies that have utilized PBNPs to detect 

cancerous tumors as well as many other disease models in vivo. First reported in 2013 by Liang 

et al. from Peking University, Beijing, PBNPs were able to show good PAI signal within a 

phantom model with varying thicknesses of chicken breast covering the particles. They were 

able to show up to 4.3cm, PAI signal for 80ug/mL and 100ug/mL was still visible212. Like MRI 

imaging, when PBNPs are doped with other metals such as gadolinium or manganese the 

overall absorbance peak shifts closer to the second near-infrared (NIR II) window213. This means 

that a stronger independent particle signal can be obtained as there is less overlap with 

hemoglobin and deoxyhemoglobin. Tao et al. demonstrated this by synthesizing manganese 

doped PBNPs and intravenously injecting them into SKOV-3 subcutaneous tumor bearing mice. 

They were able to see a linear correlation between concentration and PAI signal when particles 

were embedded within agarose gel. It was also seen that 12hrs post injection, the highest 

accumulation of PBNPs occurred within the tumor region. They compared this with MRI signal 
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intensity from the particles and saw a similar trend. T1 imaging showed highest accumulation at 

12hrs post injection and had distinctive image contrast196. This shows that PBNPs are very 

versatile tools that can be used for combination imaging using the same particle. This can not 

only allow for more accurate detection of early-stage tumors but provide exact tumor boundary 

information for surgical resection.  

Cell-Membrane Coated Nanoparticle Technology: Lipid coated nanoparticles have been of 

great interest to the scientific community since the start of liposomal delivery strategies for 

targeted drug delivery. It was seen that the additional coating not only allowed for extended 

circulation within the body but reduced overall immune response. More recently, researchers 

have investigated using more biological derived materials for coating to increase targeting and 

accumulation effects for a wide variety of diseases62, 214-218. Starting in 2011, Liangfang Zhang’s 

laboratory from the University of California, San Diego started research into using cell 

membranes as a camouflaging method for nanoparticles. This started with their paper on the 

use of red blood cell derived cell membranes as a coating for PLGA nanoparticles to investigate 

the biodistribution properties within an in vivo mouse model. What they saw is a much higher 

retention of the particles within the blood up to 72hrs after intravenous injection216. This basis 

led to therapeutic applications of camouflaged nanoparticles in bioremediation, anti-

inflammation, and for use as agents against infection217, 219, 220. One of the biggest contributions 

they had to the field was by Zhang et al. which investigated the effects of neutrophil cell 

membrane coated PLGA nanoparticles on synovial inflammation within arthritic joints. They 

presented novel data which showed increased targeting of the neutrophil coated nanoparticles 

for inflammatory tissue without specific identification of inflammation factors before 
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treatment218. Now cell membrane coatings for nanoparticles have proven useful for a wide 

variety of in vivo disease models but have a disadvantage for brain targeting. Cell membrane 

coated nanoparticles tend to have great targeting effects, but must be very specific to the 

disease221. They also tend to suffer from instability and ineffective cellular internalization222. To 

circumvent this problem, scientists have modified the membrane structures with targeting 

peptides such as RGD, cyclic-RGD, C6, PL3, etc. While this can be successful, it requires extra 

time and cost223. As more research is done into extracellular vesicles, researchers have looked 

to using them as coating for nanoparticles due to their innate ability to pass through the BBB. In 

one such study, Kutchy et al. created astrocyte derived extracellular vesicle coated ultra-small 

iron oxide nanoparticles (USPIONs). Through MRI, they were able to see great accumulation 

within the brain up to 4 hours after intravenous injection224. Overall, these provide great 

promise in biomimetic materials for use within clinical practices for the brain. While 

extracellular vesicles are still highly debated as whether they are safe to use within the clinic, 

they could be used in phase one clinical studies to measure the effects against end-of-life 

patients to see if there is potential for translation for healthier individuals.  

The basis of this project is to investigate the effects of exosome coated Prussian blue 

nanoparticles for early detection and treatment of glioblastoma. We have been able to show 

precision targeting using an orthotopic mouse model through in vivo photoacoustic imaging 

and ex vivo analysis including bioTEM, fluorescence imaging, and ICP. Effective therapeutic 

effect using PTT was seen in a U-87 subcutaneous model following intravenous injection. 

Overall, the data presented here shows a novel noninvasive method of utilizing PBNPs for 

glioblastoma theranostics.  
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2.2: Methods 

Prussian Blue Nanoparticle (PBNPS) Synthesis 

PBNPs were synthesized using a co-precipitation reaction between iron (III) chloride and 

potassium (II) ferrocyanide in the presence of citric acid. Initially, two separate 10mM solutions 

of FeCl3 and K4[Fe(CN)6] are prepared in DDI water. Each solution is diluted to 1mM and 1g of 

citric is added to the FeCl3 solution. The new citric acid-FeCl3 solution is stirred at 60°C until 

everything is dissolved. K4[Fe(CN)6] is then added at a rapid dropwise rate to the stirring 

solution. During this step, the solution will change from a slight yellow to a deep blue color. The 

solution is stirred overnight at 60°C. The next day, the reaction mixture is washed with equal 

parts DDI water and acetone at 10,000rpm for 20min (x3). The final particle mixture is 

suspended in DDI water.  

PEGylated Prussian Blue Nanoparticle (PEG:PB) Synthesis  

PEG:PB particles were prepared using a two-step synthesis with some modifications178. Using 

the same PBNP synthesis conditions, 1mM of FeCl3 containing 1g of polyvinylpyrrolidone (PVP) 

and 1mM of K4[Fe(CN)6] were mixed and left to stir at 60°C overnight. The next day, the 

particles were washed with equal parts water and acetone at 12,000rpm for 20min (x3). The 

final suspension of the PVP-PBNPs were suspended in water. To PEGylate the particles a 

surfactant exchange was performed. 2mg/mL of PVP-PBNPs and poly bis(amine) were stirred at 

RT for 24hrs. The next day, the PEG:PB particles were washed with DDI water at 12,000rpm for 

20min (x3). The final PEG:PB solution was stored in DDI water at 4°C. Conjugation to the surface 

of the particles was done using a PerkinElmer Spectrum 2 FTIR using a drop cast method.   
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Isolation of U-87 Derived Exosomes 

U-87 cells were plated in 100cm3 cell cultures dishes in EMEM media with 10% Fetal Bovine 

Serum (FBS) and left to incubate at 5% humidity and 37°C for 24 hours. The next day, the cells 

were washed with PBS and replaced with EV-depleted EMEM. The cells were then left for 

another 24hrs to incubate at 5% humidity and 37°C. The last day, the media was taken from 

each cell culture dish and placed in 50mL conical tubes. The tubes were then centrifuged at 

600xg for 10min to remove any cells within the solution. The supernatant was removed and 

transferred to a new set of tubes where they were centrifuged at 2000xg for 30min to remove 

apoptotic bodies, 20,000xg for 60min to remove microvesicles, and 100,000xg for 60min to 

isolate the exosomes. The final exosome solutions was stored in PBS at -80°C until used.  

Preparation of Exosome Coated Prussian Blue Nanoparticles (Exo:PB) 

The Exo:PB particles were prepared using a physical extrusion method. Initially, 1 x 109 

exosomes are mixed with 1.5mg/mL PBNPs and then extruded using an Avanti Polar Lipids Mini 

Extruder. The mixture is passed through 200nm PC membranes for 11 passes which results in a 

pale blue color. Following extrusion, the particles are centrifuged at 12,000rpm for 20min and 

then resuspended in 1mL of DDI water. For fluorescent labeling of the Exo:PB particles, 1mg/mL 

of 1,1’-Dioctadecyl-3,3,3’,3’-Tetramethylindocarbocyanine (DiI) is added and incubated at 37°C 

for 1hr. The DiI-Exo:PB particles are then washed DDI water at 12,000rpm for 20min (x2). The 

final DiI-Exo:PB solutions are suspended in DDI water and stored at 4°C.  

Nanoparticle Tracking Analysis 

Concentration and initial size distributions of nanoparticles/exosomes were determined using 

Nanoparticle Tracking Analyzer (NTA, ZetaView). Each set of particles were diluted differently to 
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fall within proper scanning parameters of the instrument. Parameters used: trace: 10, minisize: 

5/6, MTR: 30, nm/class: 5, sensitivity: 85, shutter: 250. 

Dynamic Light Scattering 

Size distributions and zeta potentials of higher concentrations of nanoparticles/exosomes were 

done using Dynamic Light Scattering (DLS, Zeta Sizer Nano, Malvern Instruments). 1mL of 

particles was added into a plastic cuvette and measured three times to obtain an average size 

and polydispersity index (PDI). For zeta potential values, 500uL – 1mL of solution was added to 

a folded capillary zeta cell cuvette and measured three times. Parameters used: material 

(PBNP) refractive index: 1.440, dispersant (water) refractive index: 1.330, temperature: 25°C, 

equilibration time: 60 seconds, measurement angle: 173° backscatter.  

Transmission Electron Microscopy 

Size and morphology of all particles was measured using a 220FS Transmission Electron 

Microscopy (TEM, JEOL) with energy-dispersive X-ray Spectroscopy (EDX) capabilities. For 

preparation and imaging of exosomes and Exo:PB particles a uranyl-acetate staining method 

was used. Samples were mixed with equal volume of 2% paraformaldehyde (PFA), added to a 

300-mesh copper grid and left to dry for 20 minutes within a fume hood. The grids are then 

washed with PBS and 1% glutaraldehyde is added and left for 5 minutes. Samples then go 

through a wash process with DDI water (x8). Finally, 1% uranyl acetate is added to the grid and 

left to sit for 1 minute.  

Gold Nanorod Synthesis 

Gold nanorods (AuNRs) were synthesized using a seed-mediated growth method using a 

previously established protocol with some modifications225. First, a prepared seed solution 



  52 

containing 2.5mL of 0.1M gold (III) chloride, 5mL of 2mM cetyltrimethylammonium bromide 

(CTAB), 600uL of 10mM sodium borohydride, and 2.5mL of DDI water. Next, a growth solution 

is prepared in which 460uL of 100mM silver nitrate, 5.1mL of 87mM ascorbic acid, and 1.8mL 

seed solution are added to 740mL of 2mM CTAB. The combined solution is left overnight to 

react. The following day, the reaction mixture is washed at 10,000rpm for 10min with DDI 

water (x3). The final solution is stored in water.  

Photothermal Capabilities of Particles 

To determine overall changes in temperature, 1mL of PBNPs at 0, 1, 2, 4, 8, and 16mg/mL were 

exposed to an 808nm laser (2W/cm2) for 10 minutes. Each sample was placed 1 inch from the 

laser output and the temperature of the solution was monitored every minute using a handheld 

laser Cx Series FLIR camera. To determine the photothermal stability of PBNP, Exo:PB, PEG:PB, 

and U-87 exosomes, 1mg/mL (1mL) of each was exposed to an 808nm laser at 2W/cm2 for 10 

minutes. After 10 minutes, the particles were allotted a 10-minute cooling period in which the 

laser was turned off. The comparison photothermal stability study done between AuNRs 

(0.5mg/mL) and PBNPs (0.5mg/mL) was done using the same setup, but particles were exposed 

to the laser for 10-minute increments (x3) followed by a 5-minute cooing period. For 

comparison of size before and after laser exposure for Exo:PB, PEG:PB, and U-87 exosomes, the 

particles were exposed to an 808nm (2W/cm2) for 1 minute where DLS was taken before and 

after exposure.  

Photothermal Conversion Efficiency 

The photothermal conversion efficiency (h) of Exo:PB, PEG:PB, PBNP, and AuNRs were 

determined from Figure 15A and Figure 15B. For the first photothermal cycle, the cooling cycle 
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(highlighted in blue) was used to find q utilizing equation (1). T (°C) = temperature at any time 

point within the cooling cycle, Tsurr (°C) = temperature of the solvent, Tmax (°C) = maximum 

temperature reached within the cooling cycle. Tsurr was found using a vial of water under the 

same conditions. 

 

After q is calculated for each temperature within the cooling cycle, a t (s) constant is found by 

graphing the inverse relationship between time and -ln(q). t is the slope of the linear 

correlation as seen in equation (2). t (s) = any given time during the cooling period. 

 

Once t is determined for each particle, hs (J/s°C) can be calculated from equation (3). hs is 

represented by the heat transfer coefficient (h) and total surface area of the solution (s). m (g) = 

mass of the solution, C (J/g°C) = specific heat capacity of the solution. 

 

The photothermal conversion efficiency can then be calculated using equation (4). Qsurr (J/s) is 

determined from a vial of water exposed to the same conditions. I (W) = laser power, A808 = 

absorbance of the particle solution at 808nm. 
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Cellular Uptake 

U-87 cells were seeded at 10,000 cells/well in a 4-slide chamber and left overnight in a cell 

incubator at 37°C and 5% humidity. The following day, each well was treated with either 

0.1mg/mL of DiI-Exo:PB, DiI stained U-87 exosomes, or rhodamine isothiocyanate pegylated 

Prussian Blue nanoparticles (RITC-PEG:PB) and left overnight at 37°C and 5% humidity. On the 

final day, the cells were washed with PBS and stained with Calcein AM (1uM) and mounted 

using Prolong Gold reagent with DAPI. Images were taken using THUNDER microscopy (Leica 

Microscopy). 

Timed Cellular Uptake 

U-87 cells were seeded at 10,000 cells per well in a 96-well plate and left to incubate overnight 

at 37°C and 5% humidity. The next day, all wells were treated with 1.5mg/mL DiI-Exo:PB or RITC-

PEG:PB. The particle fluorescence was measured each hour for 12 hours and then at 12 and 24 

hours (DiI: Ex: 550nm, Em: 564nm, RITC: Ex: 570nm, Em: 595nm). Each fluorescence value was 

then compared to a concentration curve for DiI-Exo:PB and RITC-PEG:PB.  

In vitro BBB Passage 

U-87 cells were seeded at 20,000 cells per well in CytoSelectTM 24-well Cell Migration and Cell 

Invasion plates with 8um well inserts and left to incubate overnight at 37°C and 5% humidity. 

After 24 hours, 0.1mg/mL DiI-Exo:PB or RITC-PEG:PB was added to the upper portion of the well 

inserts. On the third day, the well inserts were removed, and the U-87 cells were stained with 

1uM Calcein AM and DAPI. Cells were imaged using Keyence microscopy.  

 

 



  55 

In vitro Tumorigenesis Model 

U-87 cells were seeded at 10,000 cells/well in a 96-well plate and left to incubate overnight at 

37°C and 5% humidity. The next day, cells were treated with 0.1mg/mL Exo:PB, PEG:PB, or 

nothing and left for another 24 hours at 37°C and 5% humidity. At 24 and 48 hours post 

treatment, cells were washed with PBS and stained with 1uM Calcein AM. Immediately after 

staining, fluorescent measurements were taken (Ex: 494nm, Em: 517nm).   

Cellular Viability 

To start, U-87 cells were seeded in a 96-well plate at 10,000 cells/well and left overnight at 

37°C and 5% humidity. The following day, wells were treated with 0, 0.03125, 0.0625, or 

0.25mg/mL of Exo:PB, PEG:PB, PBNPs, or U-87 exosomes and then incubated for another 24 

hours at 37°C and 5% humidity. On the final day, the supernatant was removed and 5mg/mL of 

a 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) solution and left to 

incubate for 4 hours. Finally, the MTT solution is removed to expose the formed formazan 

crystals and resuspended in dimethyl sulfoxide (DMSO). The absorbance is measured using a 

SoftMax Pro plate reader (Molecular Devices, CA) at 570nm. For laser-based effects in vitro, on 

the last day the cells were exposed to an 808nm laser (1.5W/cm2) for 1 minute and then the 

MTT assay was performed.  

Live and Dead Cell Assay 

U-87 cells were seeded at 30,000 cell/well in a 24-well plate and left to incubate overnight at 

37°C and 5% humidity. The next day, cell were treated with 0.1mg/mL of Exo:PB, PBNP, PEG:PB, 

U-87 exosomes or nothing and left to incubate for 1 hour. The cells were then exposed to an 

808nm laser (2W/cm2) for 1 minute and left overnight at 37°C and 5% humidity. On the last 
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day, the cells were washed with PBS and stained with Calcein AM (1uM) and Propidium Iodide 

(2uM). Images were taken using Keyence microscopy.  

Calculated Maximum Temperature at Cellular Level 

U-87 cells were seeded in a 24-well plate at 20,000 cells/well and left to incubate overnight at 

37°C and 5% humidity. On the second day, the cells were treated with PBNP, Exo:PB, or PEG:PB 

at 1.5mg/mL and left at incubate overnight at 37°C and 5% humidity for another 24 hours. On 

the third day, U-87 cells were detached using 0.05% trypsin and centrifuged at 1000rpm for 10 

minutes to obtain a cell pellet. Each cell pellet (N=3 for each treatment condition) was then 

resuspended in 100uL of EMEM media and exposed to a 2W/cm2 808nm laser for 1 minute with 

the temperature measured before and after 1 minute. The concentration of the particles within 

the cells were back calculated based on concentration vs change in temperature standard curve 

for PBNP, PEG:PB, or Exo:PB. As the particles had a consistent concentration of 0.1mg/mL 

within the cell pellets, a secondary curve of volume vs change in temperature standard was 

determined and used to back calculate the maximum temperature within a U-87 cell. 

V=4.6875x10-5 mm3 was determined using Figure 10. 

Animal Usage and Treatment 

All animal studies performed were approved by the Institutional Animal Care and Use 

Committee (IACUC) at Michigan State University. Animal wellbeing and care throughout all 

studies were maintained by the Center for Animal Resources (CAR) and Michigan State 

University. All animal experiments were done with at least an N=3. Mice were anesthetized 

with an isoflurane/oxygen mixture during all procedures. All mice used were male NuJ 

immunodeficient.  
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U-87 in vivo Subcutaneous Tumor Model Development 

Luciferase expressing U-87 cells were prepared with Sleeping Beauty transposon226. 500,000 

cells/tumor of luciferase expressing U-87 cells were mixed 1:1 volumetric ratio with Matrigel. 

Approximately 100uL of cells and Matrigel mixture were injected into the flank region of the 

mouse. All tumors were visible about 1 week after inducement.  

In vivo Photothermal Treatment with Intertumoral Injection 

After subcutaneous tumors were visible, 1mg of Exo:PB or PEG:PB was injected intratumorally 

on days 0 and 7. Directly after injection, the tumors are exposed to an 808nm laser (2W/cm2) 

for 1 minute. Tumor size was monitored every day throughout the experiment using a vernier 

caliper. Physical sizes were compared with luciferase signals obtained using IVIS imaging 

(PerkinElmer Inc., Waltham, MA).  

In vivo Photothermal Treatment with Intravenous Injection 

After subcutaneous tumors were visible, 1mg of Exo:PB or PEG:PB was injected intravenously 

on days 0, 3, and 6. Three hours after the injection, the tumors were exposed to an 808nm laser 

(2W/cm2) for 10 minutes. Physical tumor size and body weight of mice were measured every 

two days with a vernier caliper and standard open benchtop scale.  

Photoacoustic MSOT Imaging 

A InVision 512-echo preclinical multispectral optoacoustic tomographic (MSOT) imaging system 

(iThera Medical, Germany) was used for all photoacoustic imaging studies. Anesthesia was 

disposed as a 2% isoflurane/oxygen mixture during all imaging. Mice were applied with 

ultrasound gel and wrapped in a thin polyethylene membrane and then submerged in a water 

tank while in a horizontal position. 1mg of particle was injected into mice intravenously and 
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images were taken pre-injection, 0, 1, 2, 3, 6, 12, and 24 hours afterward. Imaging was done in 

0.2mm increments with an average of 10 illumination wavelengths (680, 700, 730, 760, 800, 

and 850nm). Hemoglobin (HbO2), deoxyhemoglobin (Hb), and Total hemoglobin (HbT) were 

measured using these wavelengths. Acquisition times were less than 10 minutes and image 

analysis was done using ViewMSOT software.  

U-87 in vivo Orthotopic Brain Tumor Model Development 

The mouse was initially anesthetized using a 2% isoflurane/oxygen mixture. Meloxicam (1mg) is 

administered through an intraperitoneal injection to help alleviate pain. The mouse is then 

transferred to a stereotaxic device and the head is sterilized with iodine. An incision is made on 

anterior side of the skull where a 10uL needle is adjusted to 2mm x and 1.5mm y from the 

bregma. The skull is punctured in the designated area with a small gauge needle and the 10uL 

needle is lowered into the hole down to 2.5mm. U-87 luciferase expressing cells (3uL, 3 x 105 

cells) are injected at 0.5uL/min and then left to sit for 5 minutes post injection. The needle is 

removed 1mm/min and then the mouse is removed, and the incision is sutured. Bioluminescent 

signal within the brain region is checked 1-2 weeks after the surgery to identify tumor size.  

Particle Accumulation in in vivo Orthotopic Brain Tumor Model 

Once the mice were anesthetized using a 2% isoflurane/oxygen mixture, 2mg of RITC-PEG:PB or 

DiI-Exo:PB was intravenously injected. Photoacoustic images were taken 3 hours post injection.  

Ex vivo Histological Analysis 

After in vivo studies were finished, the mice were sacrificed, and the tumors or brains were 

removed and sectioned using a cryostat. First the optimal cutting temperature (OCT) compound 

layer was removed to expose the bare tissue. Each slide was then stained with hematoxylin for 
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45 seconds and washed multiple times with water. The tissue is then stained with eosin for 30 

seconds and washed multiple times with ethanol. The final stained slide is fixed using xylene 

glue and imaged using Keyence microscopy.  

Ex vivo Immunohistology 

Immunofluorescent staining was done using an anti-cleaved caspase-3 antibody as an apoptosis 

marker and an anti-Ki67 antibody as a tumor marker. The antibodies were incubated with the 

tissue samples at 4°C overnight. The next day, the tissue was washed with PBS and an Alexa 488 

conjugated secondary antibody was incubated for 1 hour at RT. The slides were then mounted 

using a Prolong Gold reagent with DAPI. Images were taken using THUNDER microscopy (Leica 

Microsystems, Germany).  

BioTEM Sample Preparation and Imaging 

After glioblastoma orthotopic tumor bearing mice were sacrificed, the brains were excised and 

placed in 4% PFA for fixation and preservation. A small portion of the brain would then be cut 

out and resuspended in 0.1M cacodylate buffer containing 2.5% glutaraldehyde and left 

overnight within a fume hood. The following day, all the tissue samples were washed with 0.1M 

cacodylate buffer for 10 minutes (x3) and then fixed with 1% osmium tetra oxide in 0.1M 

cacodylate buffer for 2 hours. The samples were then washed again with 0.1M cacodylate 

buffer for 10 minutes (x3). Each tissue is then dehydrated with acetone in temperatures ranging 

from 50°C t0 100°C. Finally, a spur resin is applied to infiltrate the samples while simultaneously 

reducing the amount of acetone used every 2-3 hours. The amount of acetone used is inversely 

proportional to the amount of spur resin used at any given time point. Once there is 100% spur 

resin used the blocks are left in an oven for 24 hours and then sectioned using an RMC MYX 
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ultramicrotome (Boeckeler Instruments). Final TEM images were obtained using a 1400 Flash 

(JEOL, Japan).  

Fluorescence Bio-Distribution 

Mice were intravenously injected with 1mg of Exo:PB or PEG:PB particles and then sacrificed 24 

hours after. The brain, heart, lungs, kidneys, spleen, liver, and leg muscle were taken and 

placed within different wells of a 24 wells plate. Fluorescence intensity was measured using IVIS 

imaging. 

Inductively Coupled Plasma Mass Spectrometry (ICP-MS) Sample Preparation and 

Quantification 

Mice were intravenously injected with 1mg of Exo:PB or PEG:PB particles and then sacrificed 24 

hours after. The brain was excised and cut into two portions: the tumor hemisphere and the 

contra lateral hemisphere. The tissue was digested in highly concentrated nitric acid using a 

CEM Mars6 Microwave Digestion System and then run through an Agilent 8900 QQQ-ICP-MS. 

All samples were compared to a freshly prepared iron standard curve prepared at the same 

time.  

Statistical Analysis 

All in vitro experiments were done with at least an n=6 and performed within a sterile 

environment. All in vivo experiments were performed with at least an n=3 and done with 

proper animal handling techniques. Statistical analysis was done with Graphpad Prism or Excel 

for one and two-tailed t-test analysis. P<0.05 was considered significant.  
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2.3: Results/Discussion 

Characterization of PBNP, Exo:PB, and PEG:PB Nanoparticles 

Prussian Blue Nanoparticles (PBNPs) were synthesized using a co-precipitation between FeCl3 

and K4[Fe(CN)6] in the presence of citric acid or polyvinylpyrrolidone (PVP). This resulted in 

uniform particle size of ~70nm and zeta potential of -42.1mV as determined through dynamic 

light scattering (DLS) and nanoparticle tracking analyzer (NTA) in Figure 5A, 5D and 5E. The 

reaction size was scalable up to 0.15g of nanoparticles after washing and quantified through 

lyophilization. Overall size, uniformity, and morphology of nanoparticles was determined using 

transmission electron microscopy (TEM) and was found to be cubic and well-dispersed (Figure 

6A). Traditionally, when PBNPs are synthesized without a surfactant (ex: citric acid or PVP) they 

will still be dispersed and of similar size but suffer from long term instability as the particles will 

start to aggregate. As iron chloride solutions can easily form coordination complexes with the 

proper type of ligands, often compounds such as citric acid, PVP, or poly-l-lysine (PLL) are 

chosen as the exposed hydroxyl end groups make it a preferable complex to be formed. Since 

these types of surfactants are not common within the body, particles with these types of 

coatings can get excreted quickly and can aggregate in various pH environments found within 

the body. To increase circulation within our in vivo models as well as create a proper standard 

in which Exo:PB could be compared against, we chose to do a surfactant substitution to switch 

PVP with a NH2-PEG-NH2 coating. PEG is known to increase circulation time as well as improve 

overall passive targeting in tumors due to angiogenic formed blood vessels. The initial PVP 

coating allows for a passive conjugation of NH2-PEG-NH2 from a basic hydrolysis reaction in 

ethanol. PVP will detach from the Fe3+ ions which allows for the NH2-PEG-NH2 to attach as there 
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is no longer OH- ions to compete with. The conjugation was validated using FTIR (Figure 7). 

Using DLS and NTA, the size and zeta potential were shown to be ~100nm and -9.54mV after 

PEGylation (Figure 5B, 5D and 5E). TEM validated size and monodispersity as well as 

consistency in cubic morphology (Figure 6A).  
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Figure 5: Particle Size and Zeta Potential. Nanoparticle Tracking Analyzer (NTA) graphed results 
for (A) PBNP (average size: 70.2nm), (B) PEG:PB (average size: 111.8nm), and (C) Exo:PB 
(average size: 111.6nm). Inserted Images are respective nanoparticle solutions. (D) Dynamic 
Light Scattering (DLS) results for PBNP (blue, average size: 71.81nm), Exo:PB (black, average 
size: 151.8nm), and PEG:PB (red, average size: 123nm). (E) Zeta potential values determined 
from DLS for Exo:PB, DiI-Exo:PB, PEG:PB, PBNP, and U-87 exosomes. Readapted with permission 
from reference171, Copyright 2024, American Chemical Society. 
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Figure 6: Transmission Electron Microscopy of Nanoparticles. (A) TEM images of PBNP, PEG:PB, 
Exo:PB, and U-87 derived exosomes. Scale bar is 100nm for PBNP, PEG:PB, and Exo:PB. Scale 
bar is 50nm for U-87 derived exosomes. (B) Electron mapping results for uranyl acetate stained 
Exo:PB. (i) brightfield image of stained Exo:PB. (ii) Electron mapping overlay of stained Exo:PB 
particle. Green = uranium, Red = Iron. (iii) Iron mapping signal of the PBNP core. (iv) Uranium 
mapping of the exosome stained coating. Readapted with permission from reference171, 
Copyright 2024, American Chemical Society. 
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Figure 7: Fourier Transform Infrared (FTIR) for PBNP (blue), PVP:PB (black), and RITC-PEG:PB 
(red). CN and CO are markers for PBNP and PVP:PB, NH is the marker for RITC-PEG:PB. Thanks 
to Praveen Kumar for running the sample. Readapted with permission from reference171, 
Copyright 2024, American Chemical Society.  
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To create exosome coated PBNPs (Exo:PB), a physical extrusion method was used. Initially, U-87 

derived exosomes were isolated using a differential centrifugation method (Figure 8). After 

isolation, all exosomes were stored at -80°C to prevent early onset degradation. When Exo:PB 

particles were formed, U-87 exosomes would be taken from the -80°C freezer and thawed on 

ice until they were fully liquid. A solution of citric acid coated PBNPs is then mixed with 1mL of 

thawed exosomes and extruded through a 200nm membrane at room temperature for 11 

passes (Figure 8). After the first couple of passes, the color will start to shift from a transparent 

light blue color to a darker opaque blue color, which indicates that PBNPs are being coated 

successfully (Figure 5). After extrusion is performed, DLS and NTA were performed to check size 

distributions as well as zeta potential. It is found that the PBNP particles shift from ~70nm to 

~120nm and become more positively charged at -18.5mV (Figures 5C, 5D, and 5E). As U-87 

derived exosomes have a zeta potential of -8.89mV, the change in surface charge for Exo:PB 

indicates the coating was successful (Figure 5E). While all these indirect methods were good 

signs that the exosomes were attaching to the surface of the PBNPs, without direct 

measurement it cannot be fully decided if the extrusion method is effective. TEM images 

showed that the Exo:PB particles had a more rounded appearance (Figure 6A). This was 

promising data, but further staining was needed to validate that the coating covered the 

entirety of the particle and not a just the portion seen on the TEM grid. Exo:PB particles were 

stained using an uranyl acetate method in which the particles were fixed using 

paraformaldehyde (PFA) and glutaraldehyde and then stained with uranyl acetate. As uranyl 

acetate only interacts with lipid-based materials, it would only stain the exosome layer, 

allowing for us to distinguish between the PBNP core and exosome coating. Electron mapping 
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was performed and validated that there was a uranium-stained layer on the outside of the iron-

based particle core (Figure 6B and 6C). Finally, western blot analysis was done to check that 

traditional protein markers present on the surface of the exosomes were not stripped during 

the extrusion process. It was seen that Flotillin-1 was present in the cell lysate, Exo:PB, and U-

87 exosomes. b-actin was absent from both Exo:PB and U-87 exosomes which presents that the 

PBNPs were coated with exosomes and not the cell membrane (Figure 9A). After particle 

validation was done, it was seen that Exo:PB were stable at 4°C for up to nine months, which is 

promising for clinical translation (Figure 9B). In comparison, U-87 exosomes progressively 

become larger over a one week period at 4°C (Figure 9C). While PBNPs are known to have great 

stability for long periods of time, membrane coated particles tend to have early dissociation 

due to hydrolysis and lipid instability116, 215. Since our particles show that there is no evidence of 

membrane stripping and the size and PDI are constant, out particles would be ideal for use 

within the clinic. There have been previous studies looking at the used of extracellular vesicle 

containing iron oxide nanoparticles prepared through electroporation, incubation, extrusion, or 

chemical conjugation methods. However, these particles suffer from instability and degradation 

of the EV layer over time113, 227. These are things we have not seen with our particles up to this 

point.  
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Figure 8: Exosome isolation and Exo:PB formation process. (A) Extracellular vesicles isolation 
process, where U-87 exosomes are the final product. (B) Extrusion process of PBNPs and U-87 
derived exosomes to form Exo:PB. Reproduced with permission from reference171, Copyright 
2024, American Chemical Society. 
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Figure 9: Further Exo:PB particle characterization. (A) Western blot results for U-87 derived 
exosomes, Exo:PB, and U-87 cell lysate for Flotillin-1 (exosome), CD9 (exosome), and b-actin 
(cell membrane) markers. (B) Long term stability of Exo:PB particles after storage at 4°C. (C) 
Stability of U-87 exosomes for 1 week at 4°C. Readapted with permission from reference171, 
Copyright 2024, American Chemical Society. 
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The main mechanism needed for glioblastoma diagnosis and treatment is the ability to pass 

through the blood-brain barrier. Our particles rely on the innate ability of exosomes to succeed 

in this area. As a result, we needed to validate the cellular uptake patterns of Exo:PB to see how 

they compare to U-87 exosomes. Two different in vitro experiments were done: a basic cellular 

uptake with U-87 cells and a basement membrane-based BBB uptake. When DiI-Exo:PB, RITC-

PEG:PB, and DiI-U-87 derived exosomes were incubated with U-87 cells for 24 hours, it was 

seen that the cellular uptake patterns for the exosomes and Exo:PB were similar as the 

intracellular fluorescence level from both were similar. In comparison, the RITC-PEG:PB had a 

much lower fluorescence intensity that was detected, which indicates that the Exo:PB has a 

much higher cellular internalization through endocytosis, receptor mediated uptake, and 

membrane fusion228 (Figure 10). This is further seen through a time-based cell-based uptake in 

which it is seen that the DiI-Exo:PB had peak uptake between 7 and 8 hours at ~1.3mg/mL and 

continues to have a detectable signal within cells for up to 48 hours (Figure 11). As a result, the 

Exo:PB particles are more readily taken up into cells which is beneficial for targeted diagnostics 

and precision therapeutics. Once the general uptake patterns were observed, DiI-Exo:PB and 

RITC-PEG:PB particles were exposed to an in vitro BBB setup in which one set of wells contain 

an insert with a normal 200nm polycarbonate membrane (control) and the other contains a 

basement membrane that mimics the basal lamina of the BBB (experimental). While this not as 

representative as a model that contains an endothelial cell layer to mimic the tight junctions of 

the BBB, the model does prevent some passage of particles to the bottom layer. U-87 cells were 

plated onto the bottom of the plate and the particles were added into a trans well insert and 

allowed to incubate for 24 hours (Figure 12A). After 24 hours, the inserts were removed, and 
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cells were imaged to see the targeting effects of the particles. It was seen that for the control 

setup, all of the particles were able to pass through and target the U-87 cells without issue. In 

comparison, the experimental wells showed that the DiI-Exo:PB particles were present within 

the U-87 cells, but to a much lesser efficiency. The RITC-PEG-PB particles were unable to pass 

through as there was no signal detected (Figure 12B). Particles were also evaluated to see if 

tumorigenesis would be a problem. It was seen that there was no difference in cell growth up 

to 48 hours after incubation which follows the typical doubling time of U-87 cells (Figure 13).  
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Figure 10: Cellular uptake patterns of DiI-exosomes, DiI-Exo:PB, and RITC-PEG:PB within U-87 
cells. Red = nanoparticle signal, Green = calcein AM, Blue = cell nucleus. Scale bar = 100µm. 
Readapted with permission from reference171, Copyright 2024, American Chemical Society. 
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Figure 11: Timed cellular uptake quantified signal for DiI-Exo:PB within U-87 cells. Signal was 
quantified every hour for 1-12 hours and at 24/48 hours. N=6. Reproduced with permission 
from reference171, Copyright 2024, American Chemical Society. 
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Figure 12: In vitro BBB experimental design and results. (A) Graphical representation of 
experimental setup using polycarbonate membranes as a control and basement membranes as 
the experimental condition. (B) U-87 cellular results for DiI-Exo:PB particles treated in both 
setups. Red = DiI-Exo:PB, Green = calcein AM, Blue = cell nucleus. Scale bar = 50µm. (C) U-87 
cellular results for RITC-PEG:PB particles treated in both setups. Red = RITC-PEG:PB, Green = 
calcein AM, Blue = cell nucleus. Scale bar = 50µm. Readapted with permission from 
reference171, Copyright 2024, American Chemical Society. 
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Figure 13: Tumorigenesis in vitro results for U-87 exosomes, Exo:PB, PEG:PB, RGD:PB, and 
control (nothing added). NS = No significance. Reproduced with permission from reference171, 
Copyright 2024, American Chemical Society. 
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Photothermal Conversion Abilities  

PBNPs are of particular interest for photoconversion applications due to their high absorbance 

at 700-750nm (Figure 14). Since this falls within the biological transparency window (700-

950nm), the material is allowed to absorb more of the light vs other tissues and blood in the 

same region. Based on their ability to absorb the light energy and convert it into localized heat 

energy, they can be used in photothermal therapy. The primary agent used for photothermal 

therapy are gold nanorods (AuNRs) due to their high initial photothermal conversion efficiency 

and biocompatibility. Unfortunately, when AuNRs are exposed to laser energy over multiple 

cycles, they will start to deform and decrease their photothermal conversion abilities (Figure 

15). PBNPs have become a popular substitute as they have similar conversion efficiencies as 

well as show no direct morphological change due to laser exposure. To validate the effects of 

citric coated PBNPs as well as Exo:PB, PEG:PB, and U-87 derived exosomes, 1mg of each was 

exposed to an 808nm (2W/cm2) laser for 10 minutes, followed by a 10 minute cooling period. 

The PBNP particles were shown to have the highest heat generation with a maximum 

temperature of 45.3°C, in comparison to that of PEG:PB and Exo:PB (~41.8°C and 42.8°C) 

(Figures 16A and 17). The difference in the maximum temperature reached for the PBNPs vs 

PEG:PB and Exo:PB is likely due to the extra coatings on the surface. As the exosome and PEG 

surface will absorb a fraction of the light energy that each particle is exposed to, it is less energy 

that reaches the PBNP surface. As shown in Figure 18, when Exo:PB, PEG:PB, and U-87 

exosomes are exposed to the 808nm laser (2W/cm2) for 1 minute and then have their size 

measured, the U-87 exosomes have a drastic change in size compared to the Exo:PB and 

PEG:PB particle which show no change. This is due to the energy absorbed, which causes 
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instability in the exosome structure due to production of radical groups such as CO, CH3, and 

COO. This promotes agglomeration as the lipids will undergo a rapid hydrolysis/oxidation 

process in which they will fracture and reform new larger amphiphilic particles. While Exo:PB 

and PEG:PB show no difference in size distribution, it can theorized that the electrostatic 

energy holding the exosome coating to the catalytically active surface of the PBNP stabilizes the 

structure. Finally, the photothermal conversion efficiency (h) is calculated for each particle 

from the cooling period of Figure 16B. Overall, it is seen that PBNP and PEG:PB have similar 

efficiencies at 54.0 and 53.1%. The Exo:PB value was slightly reduced at 49.4% (Figure 16B). 

This further shows that the exosome layer absorbs a fraction of the light energy than that of the 

PEG or citric acid. Based on the catalytically active surface of the PBNPs, it is possible that the 

physical process of the coating provides a basis for strong membrane stability229, 230.  
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Figure 14: Absorbance curves for Exo:PB (black), PBNP (blue), and U-87 exosomes (green). Blue 
square represents biological transparency window. Readapted with permission from 
reference171, Copyright 2024, American Chemical Society. 
 

  



  79 

 

Figure 15: Photothermal results for PBNP and AuNR. (A) Photothermal stability for PBNP (blue) 
and AuNR (yellow). (B) Logarithmic linear correlation from the first cooling period highlighted in 
blue from (A). PBNP = blue, AuNR = yellow. (C) Calculated photothermal conversion efficiencies 
and rate of temperature change for PBNP and AuNR. (D) TEM images of the morphological 
change of AuNRs after laser exposure. Scale bars = 50nm and 100nm. Reproduced with 
permission from reference171, Copyright 2024, American Chemical Society. 
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Figure 16: Temperature profile for PBNP, PEG:PB, and Exo:PB. (A) Heating and cooling curve of 
PBNP (blue), PEG:PB (red), and Exo:PB (black) after exposure to an 808nm laser. (B) Linear 
logarithmic curve as determine from the blue highlighted region in A). PBNP = blue, PEG:PB = 
red, Exo:PB = black. Insert is calculated photothermal conversion efficiencies (h). Readapted 
with permission from reference171, Copyright 2024, American Chemical Society. 
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Figure 17: Photothermal profile for PEG:PB, PBNP, and Exo:PB after a 10 minute heating period 
with an 808nm laser. Images were taken every minute for 10 minutes using a thermal camera. 
Reproduced with permission from reference171, Copyright 2024, American Chemical Society. 
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To measure the photothermal therapy capabilities of the PBNP containing particles in vitro, two 

different assays were performed: an MTT assay and a live and dead assay. For the MTT assay, 

U-87 cells were plated in a 96-well plate and treated with varying concentrations of U-87 

exosomes, PBNPs, Exo:PB, or PEG:PB and left to incubate for 24 hours. Up to 0.25mg/mL of all 

the particles, there is no toxicity seen. When exposed to an 808nm (2W/cm2) laser for 1 minute, 

cell viability reduces by ~50% (Figure 19). This indicates that the particles could be administered 

with no cytotoxic effects, but when exposed to a laser will promote cell death. Now, this was 

convincing data for overall treatment, but lacked evidence for localized effect. The live and 

dead assay was done to provide this information. U-87 cells were plated and treated with 

0.1mg/mL of PBNP, PEG:PB, Exo:PB, or U-87 exosomes. Each well was then treated for 1 minute 

with an 808nm (2W/cm2) laser and then cells were stained with calcein AM and propidium 

iodide. When imaged, it was seen that the PBNP, PEG:PB, and Exo:PB particles all showed 

localized photothermal effects with a distinct area of red (dead cells) within the laser exposed 

region and a green (healthy cells) region located outside of the exposed region. Furthermore, 

wells treated with just laser or U-87 exosomes showed no apoptotic nature (Figure 20). To 

determine the temperature reached to cause photothermal effects, the maximum temperature 

at the cellular level was back calculated using two different standard curves. It was estimated 

PBNP cause a maximum temperature of 55.67°C, PEG:PB (52.73°C), and Exo:PB (53.30°C) with a 

concentration of 0.1mg/mL within the cell (Figure 21). 

 

 



  83 

 
Figure 18: Photothermal size stability of (A) Exo:PB, (B) PEG:PB, and (C) U-87 derived exosomes. 
Solid line = before laser exposure, Cross Hatched Line = after 1 minute laser exposure. 
Readapted with permission from reference171, Copyright 2024, American Chemical Society.   
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Figure 19: MTT assay results. (A) 24 hours after incubation with different concentrations of U-
87 exosomes (green), PBNP (blue), PEG:PB (red), and Exo:PB (black). NS = no significance. N=6. 
(B) 24 hours after incubation with particles and exposure to an 808nm laser for 1 minute. U-87 
exosomes (green), PBNP (blue), PEG:PB (red), and Exo:PB (black). *p<0.05. N=6. Readapted with 
permission from reference171, Copyright 2024, American Chemical Society. 
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Figure 20: Live and dead assay results after treatment with PBNP plus laser exposure, PEG:PB 
plus laser exposure, Exo:PB plus laser exposure, U-87 derived exosomes plus laser exposure, 
laser plus no particles, or no treatment of particle or laser. Green = alive cells (calcein AM), Red 
= dead cells (propidium iodide). Scale bar = 50µm. Readapted with permission from 
reference171, Copyright 2024, American Chemical Society.   
 
  



  86 

 
Figure 21: Estimated particle temperature reached within U-87 cells. (A) Standard curve for 
concentration vs change in temperature for PBNP (blue), PEG:PB (red), and Exo:PB (black). (B) 
Standard curve for volume vs change in temperature for PBNP (blue), PEG:PB (red), and Exo:PB 
(black). (C) Back calculated nanoparticle concentrations and estimated temperature reached 
within U-87 cells. Reproduced with permission from reference171, Copyright 2024, American 
Chemical Society. 
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In vivo U-87 Subcutaneous Tumor Targeting and Treatment 

To investigate the in vivo targeting effects of Exo:PB in comparison to traditional PBNPs, a U-87 

subcutaneous tumor model was utilized. Initially, U-87 cells were mixed with a Matrigel 

solution and implanted into the flank side of nude male mice (N=6). After ~1-2 weeks, tumors 

were visible and mice were randomly split into two groups: Exo:PB and PEG:PB. Particles were 

injected intravenously and particle signal within the tumor area was monitored using 

photoacoustic imaging (PAI). 2 hours post injection, a strong signal was seen for Exo:PB 

particles within the tumor region. In comparison, the PEG:PB particles had just started to 

penetrate the tumor area (Figures 22A and 23). This is seen further after quantification of PBNP 

PAI signal, that there is statistically significantly more Exo:PB that reaches the tumor site than 

PEG:PB within the same time period (Figure 22B). Total blood signal was also quantified and 

showed that the blood supply to the tumors for both groups was statistically the same, 

indicating that through passive targeting the particles would have had the same opportunity to 

reach the source (Figure 22C). Immune evasion due to the exosome layer allows for the Exo:PB 

particles to stay in circulation longer and thus have a higher targeting change in tumor tissues in 

comparison to the PEG:PB control. The Exo:PB particles also have higher retention capabilities 

as there is a consistently higher signal PAI signal seen even up to 24 hours post injection. This 

not only matches with in vitro results but provides evidence that the exosome coating allows 

for increased cellular uptake in specific tissues without fear of off-targeting effects. H&E stained 

tissue images of the liver, brain, heart, lungs, spleen, kidney, and muscle shows that there is no 

cytotoxic effects of Exo:PB and PEG:PB particles in comparison to PBS (Figure 24).  
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Figure 22: In vivo U-87 subcutaneous particle accumulation. (A) Photoacoustic images of 
subcutaneous tumors 2 hours post intravenous injection. Gray = ultrasound, Red = total 
hemoglobin signal (HbT), Green = Exo:PB or PEG:PB. Scale bar = 5mm. (B) Average 
photoacoustic signal intensity within tumors 2 hours after intravenous injection of Exo:PB or 
PEG:PB. *p<0.05. N=4. (C) Average total hemoglobin signal determined from photoacoustic 
images of tumors. NS = no significance. N=4. Readapted with permission from reference171, 
Copyright 2024, American Chemical Society.   
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Figure 23: Immunofluorescence images of excised subcutaneous tumor tissue 24 hours after 
intravenous injection of DiI-Exo:PB or RITC-PEG:PB. Green = Ki67, Blue = cell nucleus, Red = DiI-
Exo:PB or RITC-PEG:PB. Scale bar = 131.6µm for 20X images and 65.8µm for 40X images. 
Readapted with permission from reference171, Copyright 2024, American Chemical Society. 
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Figure 24: H&E stained images 24 hours after intravenous injection of Exo:PB, PEG:PB, or PEB 
into subcutaneous glioblastoma bearing mice. Scale bar = 100µm. Reproduced with permission 
from reference171, Copyright 2024, American Chemical Society. 
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 To measure the in vivo therapeutic potential of Exo:PB, the Exo:PB, PEG:PB, or PBS was 

intravenously injected into U-87 subcutaneous tumor bearing mice and then 3 hours post 

injection, tumors were exposed to an 808nm (2W/cm2) for 10 minutes. The tumors were 

treated with particles and laser every 3 days over an 8-day period, with tumor size being 

measured every 2 days. It was seen that after the first treatment, PEG:PB and PBS tumor size 

continued to grow while Exo:PB treated tumors showed only a slight increase in size. This slight 

increase in size is likely due to an increase of local inflammation within the area as this is one of 

the primary side-effects of photothermal therapy. Treatment was stopped after 8 days as the 

size of Exo:PB tumors were no longer visible. PEG:PB tumors stayed at relatively the same size 

(~300mm3) throughout the treatment, indicating that the particles were effective at preventing 

growth, but not at full eradication (Figure 25A). PBS treated tumors continued to grow without 

any issue (Figure 26A). Throughout the entire treatment period, all mice were monitored 

through body weight measurements to make sure they were healthy (Figures 25B and 26B). 

The better therapeutic effect seen by the Exo:PB particles is likely due to the better targeting 

and accumulation effects as seen in Figure 22A. On average more particles would be present 

and therefor allow for a higher photothermal conversion rate. To ensure the safety of the mice 

throughout the treatment, a separate set of mice were injected with Exo:PB or PBS 

intratumorally and monitored to investigate the cytotoxic effects of the laser itself. Tumors 

were treated with an 808nm (2W/cm2) laser for 1 minute. Mice were monitored for 11 days 

over which the Exo:PB treated tumors showed complete reduction, but the PBS tumors 

continued to grow up to ~1400mm3 (Figures 27A and 27B). There was no evidence of necrosis, 

skin irritation or excessive inflammation which for the PBS group so it was deduced that the 
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laser did not cause any harmful effects. After treatment, mice were sacrificed, and tumor tissue 

was excised. Sectioned tissued was stained with Ki67 (intravenous injection) or cleaved 

caspase-3 (intertumoral injection) antibodies as well as DAPI231. DiI-Exo:PB particles showed 

direct overlay with both Ki67 and cleaved caspase-3 markers indicating that it effectively 

accumulated within the tumor region (Figures 23 and 27C) and was the direct cause of cell 

death once exposed to the laser (Figure 27C). Intravenously injected RITC-PEG:PB tumors were 

sections and stained with Ki67 and showed that there was very little accumulation within the 

tumor area at that time point which supports the imaging data presented in Figure 23.  
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Figure 25: Intravenous In vivo photothermal therapy. (A) Tumor volume after treatment of 
particle and laser. Black arrows indicate days in which particles were injected and tumors were 
treated with laser 2 hours after. *p<0.05. N=3. (B) Body weight of mice throughout treatment 
period. Black arrows indicate days in which particles were injected and tumors were treated 
with laser 2 hours after. NS = no significance. N=3. Readapted with permission from 
reference171, Copyright 2024, American Chemical Society.   
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Figure 26: Control intravenous photothermal therapy using PBS. (A) Tumor volume as 
monitored throughout the treatment period. Black arrows indicate days in which particles were 
injected and tumors were treated with laser 2 hours after. NS = no significance. N=3.(B) Body 
weight of mice throughout treatment period. Black arrows indicate days in which particles were 
injected and tumors were treated with laser 2 hours after. NS = no significance. N=3. 
Reproduced with permission from reference171, Copyright 2024, American Chemical Society. 
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Figure 27: Intratumoral photothermal treatment of subcutaneous tumors. (A) Bioluminescence 
images of mice before and after treatment with Exo:PB or PBS. (B) Tumor volume throughout 
treatment period. *p<0.05. N=3. (C) Immunofluorescence images of tumor tissue. Blue = cell 
nucleus, Red = DiI-Exo:PB, Green = cleaved caspase-3. Scale bar = 100µm. Thanks to Seock-Jin 
Chung for imaging assistance. Reproduced with permission from reference171, Copyright 2024, 
American Chemical Society.   
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Laser intensity for therapeutic use was determined from an in vitro MTT assay in which U-87 

cells were exposed to 808nm intensities ranging from 1.5-5W/cm2. It was shown that there was 

not a statistical difference in cell viability over the entire range, so 2W/cm2 was chosen as it is 

consistent with what has been reported in the literature and showed consistent therapeutic 

effect in vitro (Figure 28). Particle dosage was determined by exposing PBNPs at concentrations 

from 0-16mg/mL to an 808nm laser (2W/cm2) for 10 minutes to determine the maximum 

temperature thar could be reached. It was found that all concentrations from 1-16mg/mL had 

similar heating photoconversion rates. 1mg/mL was chosen for further experiments as this is 

similar to the clinical dosage given to patients for radiation exposure. Now, it should be noted 

that the calculated maximum permissible exposure (MPE) for an 808nm laser in the clinical 

setting is 0.33W/cm2 194, 232. While this is much lower that the dosage that was used, 2W/cm2 is 

consistent with the literature at this preclinical stage. When our particles are tested with an 

FDA-approved laser interstitial thermal treatment (LITT) system, the laser intensity and time 

allotted for treatment will be adjusted to match clinical guidelines.  
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Figure 28: Particle and laser-based effects for use in in vivo models. (A) Temperature profile of 
PBNPs at different concentrations measured over a 10-minute period. (B) MTT assay results of 
U-87 cells exposed to an 808nm laser of different laser intensities. N=3. Reproduced with 
permission from reference171, Copyright 2024, American Chemical Society.  
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In vivo Orthotopic Brain Tumor Diagnostics 

Using a previously established method by Baumann et al., we established an orthotopic 

glioblastoma model using stereotaxic injection233. In general, a suspension of luciferase 

expressing U-87 cells would be injected into the right hemisphere of anesthetized mice place in 

a stereotaxic device. Approximately 2-4 weeks post-surgery, luciferase signals within the brain 

region would be checked using IVIS imaging (Figure 29A). Once tumors were of appropriate 

size, mice were split into two groups: Exo:PB and PEG:PB. About one week after 

bioluminescence signal is checked, either Exo:PB or PEG:PB was injected intravenously and 

particle accumulation within the tumor hemisphere of the brain was monitored using PAI. 3 

hours post-injection there was a strong signal PBNP signal intensity from the Exo:PB particles 

(Figure 29B). As the signal overlays with the total hemoglobin (Hb+HbO2) blood signals within 

the same region, it indicates that Exo:PB is not only able to cross the BBB but intracerebral 

delivery occurs through the circulatory system. Accumulation patterns were observed through 

PAI with images taken pre, 1, 3, and 24 hours post injection. All signals were quantified and 

averaged for the tumor hemisphere and contra lateral hemisphere to determine overall 

effectiveness of targeting. It can be seen in Figure 30A, that the highest accumulation occurs at 

3 hours but only decreases by a small amount at 24 hours. This indicates that the Exo:PB 

particles are retained well in the tissue, specifically within the tumor region. Ex vivo analysis of 

H&E-stained whole brain tissue shows that the histological region for the tumor directly 

correlates with the region of accumulation within PAI (Figure 29C). Further validation was done 

with inductively coupled plasma mass spectrometry (ICP-MS) to quantify the amount of iron in 

each hemisphere after 24 hours. It was seen that the amount of iron present within the tumor 
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hemisphere was statistically higher than that of the contra lateral hemisphere, which indicates 

that there effective accumulation of Exo:PB within the correct tissue (Figure 30B), which is 

consistent with PAI quantification. Immunofluorescence of excised tissue was performed and 

showed a great overlap between DiI-Exo:PB and Ki67, indicating that the particles did 

accumulate within the tumor region (Figure 31A). Further ex vivo staining with hematoxylin and 

eosin (H&E) showed a distinct layer between normal brain tissue and tumorous tissue, with 

direct overlay of the DiI-Exo:PB particles in the tumor region (Figure 31B). To validate that the 

hybrid particles were making it into the tumor site instead of a stained exosomes that had been 

stripped from the PBNPs after injection, BioTEM was performed. At high magnification, the 

cubic shape of PBNPs can easily be distinguished within the perinuclear area of the cells (Figure 

32). Further analysis of the heavy metal stained tissue showed that the Exo:PB particles can 

accurately help distinguish the tumor origin, tumor boundary, and areas of tumor infiltration. 

This is exciting as it means that these particles could be used as specific diagnostic markers in 

the clinic (Figure 33)234. Finally, a biodistribution study was done in vivo to quantify the overall 

amount of PBNPs reaching the brain in comparison to other major organs. As PBNPs are known 

to cause acute liver toxicity in high concentrations, it was a concern that if targeting wasn’t 

successful other problems could arise. It was seen that ~4% of total particle injection made it to 

the brain, while majority of particle ended up in the liver (Figure 34). Though as these particles 

are administered through intravenous injection (compared to the oral administration in the 

clinic), serum indexes in the liver easily reach back to normal levels relatively quickly after 

exposure235. This indicates that there would be minimal effects from our particles based on the 

administration route. Compared to the PEG:PB particles, there was low PAI signal detected at 
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all time points indicating an inability to pass through the BBB. As the method used to induce the 

orthotopic glioblastoma model disrupts the BBB, it was of concern that particles may naturally 

be able to pass into the brain without issue. As we see little evidence from PAI, fluorescence, 

and BioTEM, the PEG:PB particles were unable to penetrate the brain region successfully. Thus 

the in vivo model was given enough time to heal post-surgery to prevent skewed results. Due to 

the necrotic nature of glioblastoma, there are instances in which the BBB can be disrupted by 

the cancer itself and allow for passage of external contents into the brain. Traditional 

chemotherapies tend to work better in these cases as there is a higher likelihood of passive 

accumulation within the tumor site without transportation across the BBB. This would allow for 

the Exo:PB particles to target/accumulate in greater concentrations, but even without 

disruption of the BBB there is still high quantity that is present within the tumor. Necrosis and 

hypoxic environments can also cause an influx of macrophages within the tumor 

microenvironment. While there is a possibility that macrophages could uptake Exo:PB in the 

blood stream and deliver the particles to the tumor site, based on the little presence of PEG:PB 

particles within the brain this is likely not the case. As the PEG:PB particles would undergo the 

same cellular uptake and transportation to the brain, they provide as a good control to show 

this phenomenon is not the cause for transportation to the tumor site.   
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Figure 29: Orthotopic glioblastoma in vivo imaging. (A) Bioluminescence imaging of mice before 
injection to validate tumor size. (B) Photoacoustic images of the brain before and after 
intravenous injection of Exo:PB and PEG:PB. Gray = ultrasound, Red = total hemoglobin signal 
(HbT), and Green = Exo:PB or PEG:PB. White circle = tumor hemisphere, Red circle = contra 
lateral hemisphere. Scale bar = 5mm. (C) H&E stained whole brain with glioblastoma tumor 
image. White circle = tumor. Scale bar = 2000µm. Readapted with permission from 
reference171, Copyright 2024, American Chemical Society. 
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Figure 30: Particle quantification within brain tumor and contra lateral hemispheres. (A) 
Photoacoustic signal quantification of Exo:PB within the tumor (black) and contra lateral (red) 
hemispheres pre-injection and 1, 3, and 24 hours post intravenous injection. *p<0.05. N=3. (B) 
ICP quantification of 56Fe within the tumor and contra lateral hemispheres 24 hours post 
intravenous injection. *p<0.05. N=3. Readapted with permission from reference171, Copyright 
2024, American Chemical Society.  
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Figure 31: Ex vivo tissue staining of brain tumor region. (A) Immunofluorescence staining 24 
hours after intravenous injection of DiI-Exo:PB or RITC-PEG:PB. Blue = cell nucleus, Green = 
Ki67, Red = DiI-Exo:PB or RITC-PEG:PB. Scale bar = 100µm. (B) Hematoxylin and eosin (H&E) 
staining and overlay fluorescence of brain tissue 24 hours after intravenous injection of DiI-
Exo:PB. Scale bar = 100µm for 4X images and 50µm for 10X images. T = tumor. Readapted with 
permission from reference171, Copyright 2024, American Chemical Society. 
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Figure 32: BioTEM images of brain tumor tissue excised 24 hours after intravenous injection of 
Exo:PB or PEG:PB. Yellow arrows indicate PBNP nanoparticles. Scale bar = 2µm (Exo:PB) and 
1µm for 4000X images and 500nm for 12,000X images. Readapted with permission from 
reference171, Copyright 2024, American Chemical Society.   
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Figure 33: Heavy metal-stained brain tumor tissue and overlay fluorescence. White Dashed Line 
= tumor boundary, Yellow Dashed Line = tumor infiltration. Scale bar = 100µm. Reproduced 
with permission from reference171, Copyright 2024, American Chemical Society. 
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Figure 34: Biodistribution patterns of Exo:PB. (A) Quantified fluorescence signal from DiI-Exo:PB 
in different organs 24 hours after intravenous injection. N=3. (B) Representative fluorescence 
image of excised organs. Readapted with permission from reference171, Copyright 2024, 
American Chemical Society.   
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2.4: Conclusions 

The overall data presented in this chapter provides evidence that PBNPs can easily be coated 

with U-87 derived exosomes with high reproducibility and high quantities as shown with DLS, 

NTA, and TEM. Once the particles are prepared, they can easily be stored at 4°C for multiple 

months and contain innate abilities from both PBNPs and exosomes. After laser exposure 

(808nm, 2W/cm2), the particles show effective photothermal therapy effects both in vitro and 

in vivo. After Exo:PB was injected intravenously into an orthotopic glioblastoma mouse model, 

the particles were shown to have specific targeting and could identify specific boundaries 

within the tumor. Since these particles are a hybrid between FDA-approved PBNPs and 

biologically derived exosomes, there translation into the clinic has a high probability. It would 

be able to easily act as a duel diagnostic and therapeutic agent with many avenues open for 

multi-imaging diagnostics, drug delivery, and use in anti-inflammation.   
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Chapter 3: Anti-inflammation Effects of Exo:PB Particles  

3.1: Introduction 

The work presented in this chapter is readapted from Hill, M. L. et al. Exosome-Coated Prussian 

Blue Nanoparticles for Specific Targeting and Treatment of Glioblastoma. ACS Applied Materials 

& Interfaces. 2024, 16 (16), 20286-20301. DOI: 10.1021/acsami.4c02364171. 

Enzymatic Activity 

Many inorganic nanoparticles have become of interest to act as mimetic enzymes due to 

difference in surface valence of a specific ion on the surface of the particle236. Structures 

containing iron, gadolinium, zinc, copper, cerium, etc., have been researched due to their 

catalytic properties237. Specifically, many of these nanoparticles showed the ability to mimic 

biological enzymes such as catalase (CAT), peroxidase (POD), superoxide dismutase (SOD), 

glutathione peroxidase (GPx), glucose oxidase (GOD), etc.. Huo et al. presented a novel single 

iron atom nanoparticle that presented both CAT and POD effects while simultaneously reducing 

4T1 subcutaneous tumor size by combined ferroptosis and peroxide scavenging238. In another 

study by Xu et al., dendritic mesoporous silica nanoparticles doped with Fe2+ and Mn2+ were 

synthesized and presented CAT/POD effects that helped regulate macrophage polarization and 

reduce CT26 inflammation in an in vivo subcutaneous model239. As both studies show, the 

presence of a metallic ion that can easily initiate oxidation and redox reaction conditions to 

reduce reactive oxygen species (ROS) within the tumor microenvironment. While these can be 

effective, the presence of only one ion charge on the surface of the particle limits the overall 

capabilities as an enzyme. Kalashnikova et al., shows this as they synthesized albumin carrying 

cerium oxide nanoparticles with Ce3+ and Ce4+ valence sites which allows them to cycle 
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between a CAT of POD nanozyme while simultaneously having SOD abilities. They were able to 

show that through local injection of their particles into an in vivo arthritis model, that the 

nanoparticles helped reduce inflammation on the same level as methotrexate (a commonly 

used anti-inflammation drug used in the clinic)117. This is like similar to the PBNP catalytic 

mechanism, as they have alternating Fe2+/Fe3+ valence states on the surface of their 

structure176.   

Starting in 2016, with a paper published by Zhang et al., PBNPs were first investigated 

for their multi-enzymatic effects within a biological setting177. This was done by investigating 

the reduction/oxidation reactions that occur to transform Prussian blue (PB) to Prussian white 

(PW), Prussian green (PG), or Prussian Yellow (PY). They found that PBNPs transform between 

the four structures to work as CAT, POD, and SOD enzymes as the overall surface valences 

change between each based on reaction conditions and pH177. When PBNPs encounter 

hydrogen peroxide, the Fe2+ ions on the surface will donate two electrons to produce O2, 2H+, 

and 2e- within the surrounding environment. These electrons are then immediately involved in 

the decomposition of more hydrogen peroxide where water is then produced as the final 

product. This creates an endless cycle of ROS scavenging that reduces overall stress within the 

inflammatory environment by reducing activation of NFkB and stimulation of pro-inflammatory 

macrophages due to the release of high mobility group 1 protein240. Overall, PBNPs act as both 

an oxidizing agent (Fe2+) and reducing agent (Fe3+) for hydrogen peroxide. This all happens as 

Prussian blue transforms its structure based on its state of oxidation. In general, there are three 

reactions that PBNPs follow during its oxidation and reduction process241: 

𝑃𝐵	 + 	4𝑒! + 	4𝐾" → 𝑃𝑊												(1) 
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𝑃𝐵 → 𝑃𝐺 + 3𝑒! + 	3𝐾"															(2) 

𝑃𝐵 → 𝑃𝑌 +	𝑒! +	𝐾"																			(3) 

What this shows is depending on how many electrons are received or donated at any given 

redox potential, the overall structure of PBNPs can change177.  

Anti-Inflammation in Cancer 

As PBNPs are popular choices for use in photothermal therapy of cancer due to their high 

photoconversion abilities, they have been investigated to reduce inflammatory side-effects 

within tumor sites177, 197, 241. The presence of ROS species within tumors can be good and bad. 

At low levels, there is a debate on whether cell proliferation and angiogenic properties of the 

cancer cells increase or the depravation can improve already used treatments. There have been 

studies to show that certain antioxidants have increased tumor growth patterns242, 243. In 

comparison, high ROS levels can induce apoptotic behavior. Though depending on the region in 

which the cancer originates, this can be problematic. For some parts of the body such as the 

brain or heart, it can cause detrimental effects such as heart failure or decline in cognitive 

function244, 245. This poses an interesting area for use of anti-inflammatory drugs in individuals 

with brain cancers. Many studies have shown that the used of nonsteroidal anti-inflammatory 

drugs (NSAIDs) have shown great preliminary results in prevention of glioblastoma246, 247. Due 

to high ROS levels produced during photothermal therapy, PBNPs can serve a unique role in 

being both the therapeutic and anti-inflammatory agent154, 168, 177, 236, 248, 249. The particles would 

immediately be able to respond to the increase in local ROS species produced by pro-

inflammatory macrophages and this limit local inflammation.   
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Hypoxia Reduction 

Tumor hypoxia is a unique function of solid tumors in which the tumor outgrows the current 

blood supply and therefore has parts that are deprived of oxygen144, 166. While these conditions 

usually induce apoptosis within normal and cancerous tissues, if the cells become accustomed 

to the conditions, they can become resistant to even other types of treatment60. The brain 

normally has ~4.6% oxygen within the tissue, while brain cancers are known to have less than 

half of that (1.7%)250. Therefore, introducing a nanozyme that can decrease ROS species and 

simultaneously introduce oxygen into the region would greatly reduce hypoxic effects. As 

introduced before, when PBNPs promote the decomposition of hydrogen peroxide through 

oxidation, an equal amount of oxygen units is produced. To promote oxygen production within 

these parts of the tumor, can improve treatment methods and patient outcomes. Specifically 

for glioblastoma, extreme hypoxia is one of the primary components that decreases the survival 

rate in patients251, 252. The lack of oxygen promotes invasion into healthy tissue and a resistance 

to chemo and radiation therapies. This proves very difficult for clinicians as spreading can make 

surgical resection more difficult and resistance to therapy lowers the long-term survival chance 

of the patient. Photoacoustic has become a very popular tool for visualizing hypoxic areas 

based on the ability to read blood flow signals. Based on the absorbance patterns of 

hemoglobin and deoxyhemoglobin, general tumor hypoxic conditions can be determined. Part 

of the evolution of the photoacoustic imaging technology can introduced an mSO2 function 

which allows for an estimated blood map to be shown in respect to the tissue144, 253. 
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3.2: Methods 

Catalase Assay 

The catalase activity of Exo:PB and PBNP particles was determined using a Cayman Chemical 

Catalase Assay Kit. Particles at 0, 0.0625, 0.125, 0.25, 0.5, and 1mg/mL were measured and 

compared to a catalase control. All samples were compared to a newly prepared standard 

curve.  

OxiVision Peroxidase Assay 

To determine peroxidase activity, 1mg/mL Exo:PB or PBNP particles were added to 5uM 

OxiVision Green Dye and 10mM Hydrogen Peroxide. The solutions were left to react for 20 

minutes at RT. Fluorescence values were obtained with a SoftMax Pro plate reader (Molecular 

Devices, CA) with an excitation of 490nm and emission of 525nm. 

DCFDA Assay 

Raw 264.7 cells were seeded in a 24-well plate at 30,000 cells/well and left to incubate 

overnight at 37°C and 5% humidity. The following day, wells were treated with 

lipopolysaccharide (LPS, 1ug/mL) and Exo:PB or PBNP (1mg/mL) and left to incubate overnight. 

On the last day, the cells were washed with PBS and N-acetylcysteine (NAC, 30mM) was added 

to the LPS+NAC group and left to incubate for 30 minutes. 2’, 7’-dichlorodyhydrofluorescein 

diacetate (DCFDA) was then added to each well and left to incubate for another 30 minutes. 

Fluorescence values were obtained using a SoftMax Pro plate reader (Molecular Devices, CA) 

with an excitation of 485nm and emission of 535nm. Images were obtained using Keyence 

microscopy.  
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Photoacoustic MSOT Imaging 

A InVision 512-echo preclinical multispectral optoacoustic tomographic (MSOT) imaging system 

(iThera Medical, Germany) was used for all photoacoustic imaging studies. Anesthesia was 

disposed as a 2% isoflurane/oxygen mixture during all imaging. Mice were applied with 

ultrasound gel and wrapped in a thin polyethylene membrane and then submerged in a water 

tank while in a horizontal position. 1mg of particle was injected into mice intravenously and 

images were taken pre-injection, 0, 1, 2, 3, 6, 12, and 24 hours afterward. Imaging was done in 

0.2mm increments with an average of 10 illumination wavelengths (680, 700, 730, 760, 800, 

and 850nm). Hemoglobin (HbO2), deoxyhemoglobin (Hb), and Total hemoglobin (HbT) were 

measured using these wavelengths. Acquisition times were less than 10 minutes and image 

analysis was done using ViewMSOT software.  

U-87 in vivo Subcutaneous Tumor Model Development 

Luciferase expressing U-87 cells were prepared with Sleeping Beauty transposon226. 500,000 

cells/tumor of luciferase expressing U-87 cells were mixed 1:1 volumetric ratio with Matrigel. 

Approximately 100uL of cells and Matrigel mixture were injected into the flank region of the 

mouse. All tumors were visible about 1 week after inducement.  

Subcutaneous Tumor PAI Blood Oxygen Monitoring  

After subcutaneous tumors were visible, 1mg of Exo:PB was injected intratumorally on day 0. 

Directly after injection, the tumors are exposed to an 808nm laser (2W/cm2) for 1 minute. PA 

images were taken pre, 0, and 7 days post-injection and laser treatment.   
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U-87 in vivo Orthotopic Brain Tumor Model Development 

The mouse was initially anesthetized using a 2% isoflurane/oxygen mixture. Meloxicam (1mg) is 

administered through an intraperitoneal injection to help alleviate pain. The mouse is then 

transferred to a stereotaxic device and the head is sterilized with iodine. An incision is made on 

anterior side of the skull where a 10uL needle is adjusted to 2mm x and 1.5mm y from the 

bregma. The skull is punctured in the designated area with a small gauge needle and the 10uL 

needle is lowered into the hole down to 2.5mm. U-87 luciferase expressing cells (3uL, 3 x 105 

cells) are injected at 0.5uL/min and then left to sit for 5 minutes post injection. The needle is 

removed 1mm/min and then the mouse is removed, and the incision is sutured. Bioluminescent 

signal within the brain region is checked 1-2 weeks after the surgery to identify tumor size.  
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3.3: Results/Discussion 

Particle-Based and in vitro Catalytic Activity 

To determine the catalytic abilities of PBNPs and Exo:PB, they were first subjected to both 

catalase and peroxidase assays. For catalase capabilities, PBNPs and Exo:PB were exposed at 

different concentrations to methanol and hydrogen peroxide in the presence of water. 

Hydrogen peroxide is hydrolyzed by the catalyst (PB or Exo:PB) to form 2H+, O2, and 2e-. 

Methanol then reacts with the free oxygen molecules release to form an unstable methoxy 

intermediate. One of the three hydrogens is donated to form excess water as a byproduct and a 

double bond is formed to the single oxygen to stabilize the structure254, 255. The final product 

formed is formaldehyde which is reacted with 4-amino-3-hydrazino-5-mercapto-1,2,4-trizole 

(purpald) to produce a purple color that is used to calculate the catalase activity of the particle. 

When purpald is first added to the solution there is no color change. Over a 10-minute 

incubation, each formaldehyde compound will interact with the open NH2 groups within the 

purpald structure causing a hydroxyl group to form in place of the double bonded oxygen. The 

methyl groups that are formed within the combined formaldehyde-purpald complex interact 

with surrounding water to form an unstable formaldehyde-purpald intermediate. In the 

presence of oxygen the intermediate then forms a stable formaldehyde-purpald compound 

which exhibits a purple color256 (Figure 35A). Overall, 0, 0.0625, 0.0125, 0.25, 0.5, and 1mg/mL 

of PBNP or Exo:PB were tested under the same concentrations of methanol and hydrogen 

peroxide. The amount of formaldehyde production was then indirectly quantified by the 

absorbance of purpald to back calculate the catalase activity based on a 1.0nmol of 

formaldehyde being produced per minute at 25°C. The activity measured at 1mg/mL for both 
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PBNPs and Exo:PB were very similar to the positive catalase control in which a bovine liver 

catalase was used (Figure 35B). This indicates that the particles show similar ROS degradation 

effects as traditional catalase. It also presents information that the exosome coating does not 

inhibit the ability for hydrogen peroxide to interact with the Fe2+ ions on the surface of PBNPs. 

The second catalytic study that was performed was to test the peroxidase activities of the PBNP 

and Exo:PB particles. OxiVision is a hydrogen peroxide specific marker. When more hydrogen 

peroxide is present within the environment, the OxiVision compound will fluoresce a brighter 

green color. In general, PBNP, Exo:PB, or N-(2-Hydroxyethyl)piperazine-N’-(2-ethanesulfonic 

acid) (HEPES) buffer were added to a well with OxiVision and then hydrogen peroxide was 

added. During the incubation period, fluorescence will start to develop with the well with 

HEPES added as the positive control. What was seen is that Exo:PB particles actually show 

greater peroxidase activity than PBNPs. This is interesting data, as the exosome coating seems 

to enhance the catalytic effects which is probably due to some complex present within the 

coating that also contributes to hydrogen peroxide degradation (Figure 36).   
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Figure 35: Catalase assay mechanism and results. (A) Mechanism for indirect measurement of 
catalase activity. (B) Catalase assay results for PBNP (blue) and Exo:PB (black) at different 
concentrations. Readapted with permission from reference171, Copyright 2024, American 
Chemical Society. 
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Figure 36: Hydrogen peroxide degradation assay results with insert fluorescent images of 
representative wells. *p<0.05. N=3. Readapted with permission from reference171, Copyright 
2024, American Chemical Society.  
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The final evaluation for the enzymatic activity is to test the particles within a high ROS 

producing cellular environment. Using Raw 264.7 stimulated towards pro-inflammatory M1, 

PBNPs, Exo:PB, and NAC were used to see if general ROS signal could be decreased. A 2’,7’-

dichlorofluorescin diacetate (DCFDA) compound is utilized as when it diffuses through the cell 

membrane it will be deacetylated and then oxidized in the presence of ROS species. The more 

ROS species present, the higher the fluorescence intensity. NAC is used as an intermediate 

measurement molecule as it has medium levels of anti-ROS activity. Fluorescence quantification 

and image analysis was used for each of the LPS, non-treatment, LPS+NAC, PBNP, and Exo:PB 

groups. Overall, PBNPs showed ~40% decrease and Exo:PB showed ~20% decrease in 

fluorescence intensity vs the LPS control (Figure 37). This indicates that the particles have some 

ROS scavenging capabilities which could be beneficial for reducing inflammation or hypoxia in 

vivo.  
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Figure 37: DCFDA assay results. (A) Quantification of fluorescence signal. *p<0.05. N=3. (B) 
Representative fluorescence images. Scale bar = 100µm. Reproduced with permission from 
reference171, Copyright 2024, American Chemical Society.  



  121 

In Vivo Hypoxia Reduction 

One of the most useful functions apart of photoacoustic imaging, is the ability to measure 

blood signals within an in vivo system. Older versions of PAI allowed the user to only visualize 

hemoglobin or deoxyhemoglobin based on the absorbance patterns for each. Later versions 

allowed these signals to be combined to visualize total hemoglobin signal (HbT) or microvesicle 

blood saturation (mSO2). These functions are very useful as they allow total distributed blood 

signals to determine areas of angiogenesis, hypoxia, inflammation, etc. To study the in vivo 

hypoxia reduction capabilities of Exo:PB particles, two animals models were used: a U-87 

subcutaneous tumor model and a U-87 orthotopic tumor brain model.  After Exo:PB was 

intratumorally injected into subcutaneous tumors, an 808nm laser (2W/cm2) was applied for 1 

minute. Photoacoustic images were taken pre-injection, 24 hours, and 7 days post-injection 

(Figure 38). Signal overlay was restricted to hemoglobin and deoxyhemoglobin to identify areas 

of hypoxia. It was seen that before injection, that there was some blood supply to the tumor, 

which is expected, but some areas around the edges of the tumor that showed no signs of 

signal. These areas with no signal or high deoxyhemoglobin are examples of tumor 

heterogeneity with hypoxia. Twenty-four hours post-injection showed a slight increase in 

overall hemoglobin presence within the tumor. This indicates that the particles are starting to 

scavenge ROS species present and produce oxygen within the local area. After 7 days, there is a 

large blood supply present within the tumor. This means that a good portion of ROS species 

have been broken down to produce high levels of oxygen (Figure 38). As photothermal therapy 

can often cause necrotic tissues that contain low levels of oxygen, having a tool that can both 
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act as the photothermal agent as well as help reduce the primary side-effect of the therapy 

would make Exo:PB a highly sought after clinical drug.  
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Figure 38: Subcutaneous tumor hypoxia monitoring after photothermal treatment. (A) 
Hemoglobin (HbO2, red) and deoxyhemoglobin (Hb, blue) signal within subcutaneous tumors 
pre-injection, immediately after injection, and 7 days post treatment. Scale bar = 5mm. (B) 
Corresponding saturated oxygen (mSO2) images. Scale bar = 5mm. Reproduced with permission 
from reference171, Copyright 2024, American Chemical Society.   
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3.4: Conclusions 

This chapter discusses the applications of Exo:PB nanoparticles for use as anti-inflammatory 

and hypoxia reduction agents. It was found that PBNPs contain innate abilities to act as both 

inorganic peroxidase and catalase enzymes based on the alternating Fe2+/Fe3+ valence state on 

the surface of the particle. When tested in vitro in the presence of M1 macrophages, general 

ROS signal was decreased with PBNPs showing more effectiveness than Exo:PB particles. Due to 

the preferential targeting potential of Exo:PB in in vivo glioblastoma models, blood distribution 

was looked at after intravenous injection to determine if hypoxia could be alleviated. In a 

subcutaneous model after laser treatment, overall hemoglobin presence was increased within 

the tumor region after 7 days. This poses a unique opportunity for these particles to both serve 

as a therapeutic agent and help alleviate the main side-effect of the treatment simultaneously. 

Overall, this is promising preliminary data for more involved animal studies to determine the 

clinical potential as an anti-inflammatory drug.  
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Chapter 4: Targeting of Glioblastoma with RGD peptide 

4.1: Introduction  

The work presented in this chapter is readapted with permission from Hill, M. L. et al. Exosome-

Coated Prussian Blue Nanoparticles for Specific Targeting and Treatment of Glioblastoma. ACS 

Applied Materials & Interfaces. 2024, 16 (16), 20286-20301. DOI: 10.1021/acsami.4c02364171. 

RGD Peptide Use as a Cancer Targeting Agent 

Starting in the early 2000s, researchers started looking into the use of RGD peptides for active 

targeting of cancer cells257. While peptide delivery has a number of advantages including low 

production cost and reduced immune reaction, there is much room for improvement as they 

typically have poor stability and uptake within cells258. One of the primary tools to enhance 

these delivery tools is conjugation to a particle based material to increase overall circulation 

within the body and increase the probability of being endocytosed from cells259. RGD peptides 

are popular tools to target cancer cells as many overexpress RGD-recognizing integrins260. These 

RGD-recognizing integrins such as avb1, avb3, avb5, avb6, avb8, a5b1, a8b1, and aIIbb3, 

when overexpressed allow for tumor cells to readily invade healthy tissue as well as promote 

angiogenesis261-263. Naturally, when conjugated to the surface of a delivery vehicle such as a 

nanoparticle or protein, the RGD sequence would be recognized by the cell and allow for the 

entire structure to be endocytosed. This is valuable as is would allow for more precise drug 

release, decrease off-target effects, and increase stability of the peptide. As valuable as this can 

be for enhancing therapeutics, since many of the integrins that recognize RGD are present on 

the surface of healthy cells (Table 2), there will always be a portion that will not end up in the 
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target site264-266. This is a problem that must be addressed for more precise therapeutics and 

diagnostics.   

Integrin Healthy Cells That Express References 
avb1 Fibroblasts, non-

mesenchymal stem cells, 
Endothelial 

264, 265 

avb3 Osteoclasts, Endothelial, 
Smooth Muscle, 
Megakaryocytes, 
Macrophages, 

267 

avb5 Endothelial, Stromal, 
Keratinocytes,  

260, 268 

avb6 Epithelial  269-271 
avb8 Intestinal Dendritic, Epithelial 271, 272 
a5b1 Monocytes  273 
a8b1 Mesenchymal Stem Cells, 

Smooth Muscle, Alveolar 
Interstitial  

274-276 

aIIbb3 Megakaryocyte  277, 278  
Table 2: List of RGD recognizing integrins and which cells typically express normally. 

With the expression of avb1, avb3 and avb5 on endothelial cells that help to line the blood-

brain barrier (BBB), RGD peptides can easily pass through by passive diffusion. When 

conjugated to a nanoparticle surface, this allows the particle structure to be transported 

through the BBB without any issues as well279. Now depending on the overall size, surface 

charge, and composition of the nanoparticle, transportation could be through different 

methods. If the particles are small or positively charged, they will likely pass through by passive 

diffusion which is the same as regular RGD peptide. Bigger particles will likely transport by 

receptor-mediated transcytosis as the peptide sequence will be recognized and allow the 

particles to be taken up by endocytosis and transferred across through vesicles. Overall, 
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peptide conjugation provides a better strategy to pass through the BBB and allow for 

therapeutics or diagnostics to reach the tumor site.  

Application for Glioblastoma 

Glioblastoma cells have shown a tendency to overexpress avb1, avb3, avb5, avb8, and a8b1 

integrins. The data was gathered from a large sample of patients diagnosed with glioblastoma 

(n=224, n=274). Immunohistochemistry (IHC) staining was used to validate these findings based 

on tissue samples taken from patients. What was found is that avb5 is expressed by both 

glioblastoma endothelial cells and tumor cells, which is a problem for specific targeting using 

RGD peptide. Though what is promising is that avb3 and avb8 are expressed in the separate 

populations with avb3 found in the endothelial cells and avb8 found in tumor cells280. When 

these specific integrins were compared to the four subtypes of glioblastoma: pro-neural, 

neural, mesenchymal, and classical, it was found that expression varies. Mesenchymal 

glioblastoma, often referred to as the most aggressive type, overexpressed avb1, avb3, avb5, 

and a5b1 higher than the other subtypes. In comparison, pro-neural subtype patients under 

expressed all the same integrins except for avb3. What is interesting, is that avb8 is 

overexpressed in classical subtypes281.  
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4.2: Methods 

Prussian Blue Nanoparticle (PBNP) Synthesis 

PBNPs were synthesized using a co-precipitation reaction between iron (III) chloride and 

potassium (II) ferrocyanide in the presence of citric acid. Initially, two separate 10mM solutions 

of FeCl3 and K4[Fe(CN)6] are prepared in DDI water. Each solution is diluted to 1mM and 1g of 

citric is added to the FeCl3 solution. The new citric acid-FeCl3 solution is stirred at 60°C until 

everything is dissolved. K4[Fe(CN)6] is then added at a rapid dropwise rate to the stirring 

solution. During this step, the solution will change from a slight yellow to a deep blue color. The 

solution is stirred overnight at 60°C. The next day, the reaction mixture is washed with equal 

parts DDI water and acetone at 10,000rpm for 20min (x3). The final particle mixture is 

suspended in DDI water. 

RITC-RGD Conjugation 

Initially, 2mg of RGD peptide was added to a single 2mL vial and was resuspended in 500uL of 

DMSO. 20uL of triethylamine (TEA) was then added to the solution. In a separate 2mL vial, 3mg 

of RITC was also resuspended in 500uL of DMSO. The two vials are then combined into one and 

mixed at RT for 24 hours. The following day, the RITC-RGD conjugate was purified. Cold diethyl 

ether was added to create a separation layer. The ether layer was removed and then 100uL of 

0.1M HCl was added to precipitate out the sample. To this, 10mL of ethyl acetate was added in 

which a separation layer would start to form. Finally, to remove the DMSO, 15mL of methanol 

was added and rotovaped. This was done 2-3x until there is a thin layer of RITC-RGD left in the 

flask. The sample is resuspended in an acetone/hexane mixture and then left to dry overnight in 

a fume hood to produce a powder. The final RITC-RGD product is suspended in water.  
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Preparation of RITC-RGD Prussian Blue Nanoparticles (RITC-RGD:PB) 

 Using a 1: 200 (peptide: nanoparticle) ratio previously reported citric acid coated Prussian blue 

nanoparticles (10mg) was mixed with RITC-RGD peptide (50ug) in 4mM borate buffer282. The 

mixture was left to mix at RT for 24 hours. The conjugated RITC-RGD:PB particles are washed at 

12,000rpm for 30 minutes (x2). Final product was suspended in water. Conjugation to the 

surface of the particles was done using a PerkinElmer Spectrum 2 FTIR using a drop cast 

method.   

Mass Spectrometry  

0.2mg of RITC-RGD was validated using a Waters G2-XS-Q-ToF mass spectrometer with a 

Waters Acquity UPLC. The following conditions were used: 0.2mL/min in 1 water to 9 methanol 

+ 0.1% formic acid. 

In vitro BBB Passage 

U-87 cells were seeded at 20,000 cells per well in CytoSelectTM 24-well Cell Migration and Cell 

Invasion plates with 8um well inserts and left to incubate overnight at 37°C and 5% humidity. 

After 24 hours, 0.1mg/mL DiI-Exo:PB or RITC-PEG:PB was added to the upper portion of the well 

inserts. On the third day, the well inserts were removed, and the U-87 cells were stained with 

1uM Calcein AM and DAPI. Cells were imaged using Keyence microscopy.  

Photoacoustic MSOT Imaging 

An InVision 512-echo preclinical multispectral optoacoustic tomographic (MSOT) imaging 

system (iThera Medical, Germany) was used for all photoacoustic imaging studies. Anesthesia 

was disposed as a 2% isoflurane/oxygen mixture during all imaging. Mice were applied with 

ultrasound gel and wrapped in a thin polyethylene membrane and then submerged in a water 
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tank while in a horizontal position. 1mg of particle was injected into mice intravenously and 

images were taken pre-injection, 0, 1, 2, 3, 6, 12, and 24 hours afterward. Imaging was done in 

0.2mm increments with an average of 10 illumination wavelengths (680, 700, 730, 760, 800, 

and 850nm). Hemoglobin (HbO2), deoxyhemoglobin (Hb), and Total hemoglobin (HbT) were 

measured using these wavelengths. Acquisition times were less than 10 minutes and image 

analysis was done using ViewMSOT software.  

U-87 in vivo Subcutaneous Tumor Model Development 

Luciferase expressing U-87 cells were prepared with Sleeping Beauty transposon226. 500,000 

cells/tumor of luciferase expressing U-87 cells were mixed 1:1 volumetric ratio with Matrigel. 

Approximately 100uL of cells and Matrigel mixture were injected into the flank region of the 

mouse. All tumors were visible about 1 week after inducement.  

Particle Accumulation in in vivo Subcutaneous Tumor Model 

RITC-RGD:PB particles were intravenously injected and photoacoustic images were taken pre-

injection, 0hr, 2hr, 6hr, and 24hrs post-injection.  

U-87 in vivo Orthotopic Brain Tumor Model Development 

The mouse was initially anesthetized using a 2% isoflurane/oxygen mixture. Meloxicam (1mg) is 

administered through an intraperitoneal injection to help alleviate pain. The mouse is then 

transferred to a stereotaxic device and the head is sterilized with iodine. An incision is made on 

anterior side of the skull where a 10uL needle is adjusted to 2mm x and 1.5mm y from the 

bregma. The skull is punctured in the designated area with a small gauge needle and the 10uL 

needle is lowered into the hole down to 2.5mm. U-87 luciferase expressing cells (3uL, 3 x 105 

cells) are injected at 0.5uL/min and then left to sit for 5 minutes post injection. The needle is 
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removed 1mm/min and then the mouse is removed, and the incision is sutured. Bioluminescent 

signal within the brain region is checked 1-2 weeks after the surgery to identify tumor size.  

Particle Accumulation in in vivo Orthotopic Brain Tumor Model 

Once the mice were anesthetized using a 2% isoflurane/oxygen mixture, 2mg of RITC-RGD:PB 

was intravenously injected. Photoacoustic images were taken 3 hours post injection.  

Ex vivo Histological Analysis 

After in vivo studies were finished, the mice were sacrificed, and the tumors or brains were 

removed and sectioned using a cryostat. First the optimal cutting temperature (OCT) compound 

layer was removed to expose the bare tissue. Each slide was then stained with hematoxylin for 

45 seconds and washed multiple times with water. The tissue is then stained with eosin for 30 

seconds and washed multiple times with ethanol. The final stained slide is fixed using xylene 

glue and imaged using Keyence microscopy.  

Ex vivo Immunohistology 

Immunofluorescent staining was done using an anti-Ki67 antibody as a tumor marker. The 

antibodies were incubated with the tissue samples at 4°C overnight. The next day, the tissue 

was washed with PBS and an Alexa 488 conjugated secondary antibody was incubated for 1 

hour at RT. The slides were then mounted using a Prolong Gold reagent with DAPI. Images were 

taken using THUNDER microscopy (Leica Microsystems, Germany). 
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4.3: Results/Discussion 

Particle Characterization and In Vitro Analysis 

Once the RITC-RGD conjugate was validated via mass spectrometry (Figure 39), it was mixed 

with Prussian Blue nanoparticles to create rhodamine isothiocyanate RGD conjugated Prussian 

Blue nanoparticles (RITC-RGD:PB) which was validated using FTIR with primary peaks for PBNP, 

RGD, and RITC seen within the spectrum (Figure 40). The final particles were characterized 

using TEM, DLS, and basic absorbance. It was found that particles are larger than native PBNPs 

with a hydrodynamic diameter of ~170nm (Figure 41B). In comparison, size as seen through 

TEM is smaller at ~80nm (Figure 41A). Due to the favorable conjugation conditions between the 

PBNPs and RITC (NH2 to Fe interaction), the overall color of the particle solution turns from a 

blue to blue-pink color. After washing, the pellet appears as fluorescent with an absorbance 

peak at ~710nm (Figure 41B). The amount of RGD conjugated onto the surface was determined 

to be 0.3mg/mL (Figure 41D).  

 

 



  133 

 
Figure 39: Reaction scheme and validation of RITC-RGD structure. (A) Thiol urea reaction 
scheme for the formation of RITC-RGD. (B) Mass spectrometry results of purified compound 
with experimental molecular weight indicated by the black arrow at 846.3606g/mol. 
Reproduced with permission from reference171, Copyright 2024, American Chemical Society. 
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Figure 40: FTIR results for RITC-RGD:PB where CN is the marker for PBNP, NH is the marker for 
RGD, and CC is the marker for RGD. Thanks to Praveen Kumar for running the sample. 
Readapted with permission from reference171, Copyright 2024, American Chemical Society.    
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Figure 41: RGD:PB particle characterization. (A) TEM image. Scale bar = 100nm. (B) DLS size 
distribution. (C) Absorbance curve for RGD:PB particles. (D) Quantification of RGD on the 
surface of the PBNP particles using a fluorescamine assay. Reproduced with permission from 
reference171, Copyright 2024, American Chemical Society.   
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As RGD-PB was used as a positive control group to pass through the BBB and actively target 

glioblastoma cells, they were tested in an in vitro BBB setup using U-87 cells. With the same 

setup used for both PEG:PB and Exo:PB particles, RGD:PB was treated in wells that either 

contained a polycarbonate porous membrane or a basement membrane matrix that mimics the 

BBB. Particles were given 24 hours to pass through each membrane and be endocytosed by U-

87 cells on the bottom on the well. The results are comparable to what was seen with Exo:PB. 

There is a high RITC signal seen in the control wells were a polycabronate membrane was used, 

which showed similar intensity to both PEG:PB and Exo:PB. The experimental wells were the 

basement membrane matrix was used, showed a reduction in signal but was still very high 

(same pattern as Exo:PB) (Figure 42).  
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Figure 42: In vitro BBB results for RITC-RGD:PB particles after 24 hours of incubation. Green = 
calcein AM, Blue = cell nucleus, Red = RITC-RGD:PB. Scale bar = 50µm. Readapted with 
permission from reference171, Copyright 2024, American Chemical Society. 
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In Vivo Targeting Effects in U-87 Subcutaneous and Orthotopic Models 

To investigate the active targeting effects of the RGD:PB particles in comparison to the Exo:PB 

particles, a U-87 subcutaneous and U-87 orthotopic brain model were used. As is was 

previously established in chapter 2, Exo:PB has superior targeting effects to PEG:PB particles 

under the same conditions. This is attributed to the exosome layer present that allows for 

specific targeting and uptake within glioblastoma cells. As RGD peptide targeting is the standard 

marker used for advanced clinical studies for cancer identification, it was run under the same 

conditions to determine if Exo:PB works in the same capacity and therefore would have a 

chance for clinical advancement.  

Once subcutaneous tumors were visible, RITC-RGD:PB particles were injected 

intravenously and accumulation within the tumor site was monitored using photoacoustic 

imaging. 2 hours after injection, PA signal intensity was similar to that of Exo:PB while 

statistically different from PEG:PB (Figure 43A). This is based on particle signal within the tumor 

site as both Exo:PB and RGD:PB show increased accumulation directly in the tumor while 

PEG:PB is just breaching the tumor site at the same time point (Figures 43B and 44). With no 

difference in average blood supply for PEG:PB, Exo:PB, and RGD:PB tumors, all particles had an 

equal opportunity to reach the tumor site (Figure 43C). Thus, active targeting is what allowed 

for Exo:PB and RGD:PB to reach their tumors in a higher concentration in a shorter period of 

time.  
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Figure 43: U-87 subcutaneous tumor accumulation patterns. (A) Photoacoustic images of 
Exo:PB, PEG:PB, and RGD:PB 2 hours post intravenous injection. Gray = ultrasound, Red = total 
hemoglobin signal (HbT), Green = PBNP. (B) Average photoacoustic PBNP signal quantification. 
*p<0.05, NS = no significance. N=3. (C) Average total hemoglobin signal. NS = no significance. 
N=3. Readapted with permission from reference171, Copyright 2024, American Chemical 
Society. 
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Figure 44: Immunofluorescence staining of subcutaneous tumor tissue. Blue = cell nucleus, 
Green = Ki67, Red = DiI-Exo:PB, RITC-PEG:PB, or RITC-RGD:PB. Scale bar = 131.6µm for 20X 
image and 65.8µm for 40X image. Readapted with permission from reference171, Copyright 
2024, American Chemical Society.   
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To validate the ability for RGD:PB particles to cross the BBB and target glioblastoma tissue, 

RGD:PB particles were intravenously injected into a U-87 orthotopic brain model and 

monitored using photoacoustic imaging. Images were taken pre-injection, 1hr, 3hr, and 24hrs 

post-injection. At the 3hr time point, it can be seen there is a strong signal of RGD:PB 

throughout both tumor and contra lateral hemispheres. In comparison, the Exo:PB particles 

show a more localized targeting effect (Figure 45). This is consistent with 1-hour and 24-hour 

time points (Figure 46). What is interesting that statistically there seems to be no difference 

between Exo:PB and RGD:PB within the tumor region. At the 24 hour time point, there is also 

no difference between RGD:PB signal in the tumor hemisphere vs the contra lateral 

hemisphere, indicating that the peptide has off-targeting effects (Figures 46 and 47). As many 

RGD recognizing integrins are expressed in other cells, it is not surprising there is such a high off 

target effect within the brain region. In general, the RGD:PB signal increases as time progresses, 

but becomes less specific to the tumor area. Both contra lateral signal increases as well as the 

associated standard deviation, showing that the particles spread with no particular target.  
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Figure 45: Photoacoustic images of mouse brain 3 hours after intravenous injection of either 
Exo:PB or RGD:PB. Gray = ultrasound, Red = total hemoglobin signal (HbT), Green = PBNP. 
Readapted with permission from reference171, Copyright 2024, American Chemical Society. 
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Figure 46: Quantified photoacoustic signal within the tumor hemisphere and contra lateral 
hemisphere of the brain 3 hours post intravenous injection of RGD:PB or Exo:PB. Solid Red = 
tumor hemisphere for RGD:PB, Cross Hatched Red = contra lateral hemisphere for RGD:PB, 
Solid Black = tumor hemisphere for Exo:PB, Cross Hatched Black = contra lateral hemisphere for 
Exo:PB. *p<0.05, **p<0.01, ***p<0.001, NS = no significance. N=3. Readapted with permission 
from reference171, Copyright 2024, American Chemical Society. 
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Figure 47: Immunofluorescence staining of brain tumor tissue 24 hours after intravenous 
injection of DiI-Exo:PB or RITC-RGD:PB. Blue = cell nucleus, Green = Ki67, Red = DiI-Exo:PB or 
RITC-RGD:PB. Scale bar = 100µm. Readapted with permission from reference171, Copyright 
2024, American Chemical Society.   
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4.4: Conclusions 

The data presented in this chapter covers the preparation, characterization, in vitro, and in vivo 

testing of RGD:PB particles. The particles showed a slightly bigger size than PBNP, Exo:PB, and 

PEG:PB particles, but behaved similarly with no obvious toxicity effects. While the initial 

hypothesis is that the RGD:PB particles would show higher accumulation within glioblastoma 

cells, it was seen that in our orthotopic brain model that this is not the case. At all levels of 

testing the RGD:PB particles show no statistical difference from Exo:PB particles. It was seen 

that RGD:PB particles proved to have less specific targeting of tumors with spread out signal 

across tumor and contra lateral hemispheres at all time points. This poses a problem for 

sensitive therapeutics and diagnostics as clinicians would not accurately be able to tell where 

the tumor boundaries fall. As this is one of the most crucial parts before surgical resection of 

the tumor, Exo:PB particles would be an ideal substitute as they allow for precise theranostics.  
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Chapter 5: Development of Gadolinium Doped Prussian Blue Nanoparticles for MRI-Guided 

LITT Treatment  

The part of the work presented in this chapter is readapted with permission from Hill, M. L. et 

al. Exosome-Coated Prussian Blue Nanoparticles for Specific Targeting and Treatment of 

Glioblastoma. ACS Applied Materials & Interfaces. 2024, 16 (16), 20286-20301. DOI: 

10.1021/acsami.4c02364171. 

5.1: Introduction 

As photothermal therapy is newer to the clinical setting, there are many hurdles that must be 

overcome before it can be used as a standard treatment method283, 284. One of the biggest 

problems tends to be penetration depth of the laser through human tissue. Since there are 

many types of lasers used within the clinic for a variety of applications, wavelength matters 

greatly depending on the depth wanting to be reached285. Based on the biological transparency 

window where general hemoglobin, deoxyhemoglobin, and lipid based absorbances are shown 

dictates the general wavelengths used for photothermal therapy. Typically, ~600-1000nm is the 

primary range in which materials are prepared to absorb in if they are to be used for this 

application286. This includes nanomaterials including gold nanorods, Prussian Blue 

nanoparticles, carbon nanotubes, ICG-based particles, etc. When it comes to photothermal 

therapy within the brain, the skull and the materials ability to cross through the BBB are the 

main obstacles. Laser interstitial Thermal Treatment (LITT) has solved one of these problems as 

the laser is inserted through a small burr hole made within the skull131.  

As LITT lasers must be inserted under MRI guidance, having a nanoparticle that can act as both 

a photothermal and cancer identification agent is valuable68, 69, 165, 287. To date, there are no 
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approved agents for LITT as the instrument itself acts as a photoablation system165. This can be 

effective for certain types of superficial tumors but requires a higher laser intensity and longer 

therapy times. As glioblastoma is an invasive cancer that is often difficult to treat due to its 

overlapping nature with healthy brain tissue, the laser might be placed in the most identifiable 

region but many tumor cells are left behind. High laser intensity therapies can also cause 

extreme amounts of inflammation which can heighten hypoxic effects within the tumor288. The 

presence of a nanomaterial that could convert low amounts of light energy to heat would lower 

the laser intensity needed as well as help the clinician determine tumoral boundaries as the 

laser is being placed into the brain213. Most recently, agents such as gold nanoparticles, 

magnetic iron oxide, magnesium nanoparticles, and inorganic liposome hybrids have been used 

for LITT application. The incorporation of these particles has allowed for more specific 

treatment of tumors within the brain and has reduced off target effects. The downside of these 

particles is they must be injected into the tumor area after a burr hole has already been made 

and they can suffer from thermal degradation165, 289. Implementing Prussian Blue nanoparticles 

as a new nanoparticle agent for LITT is promising since they have great photothermal stability 

and when modified with the exosome surface (Exo:PB), can be injected systemically with great 

targeting. The implementation of LITT on a widened scale would reduce the use of 

chemotherapies that cause extreme off-target side-effects and possibly open the door for 

precision medicine.  

Prussian Blue nanoparticles are known to have weak innate MRI signal. Based on the 

alternating Fe2+/Fe3+ valence states on the surface of the particle, one of the ions could be 

substituted with a heavy metal ion with better MRI response. Many studies have been done to 
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show that metals such as gadolinium, manganese, zinc, copper, etc. have been successfully 

incorporated into the structure and enhance imaging contrast capabilities290. The primary 

reason that these particle formulations have not translated into the clinic is due to toxicity 

concerns291. While Prussian Blue nanoparticles are bioinert, heavy metal doping can cause 

leaching overtime. These metals ions interact with cell DNA and proteins that cause 

conformation changes or degradation which can lead to cancer, cell death, or necrosis292.  
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5.2: Methods 

Gadolinium Doped Prussian Blue Nanoparticle (Gd:PB) Synthesis 

To synthesize gadolinium doped Prussian Blue nanoparticles (Gd:PB), to one vial 31mg 

gadolinium (III) chloride (GdCl3) and 315mg of citric acid is added. To a separate vial, 32mg of 

potassium (III) ferricyanide (K3[Fe(CN)6]) and 100mg of polyvinylpyrrolidone (PVP) is added. 

10mL of 0.1M HCl is added to each vial and stirred at RT to fully dissolve. The vial containing 

GdCl3 and citric acid is added to the vial containing K3[Fe(CN)6] and PVP dropwise. Stir for 2 

hours at RT and then stir overnight at 60°C. During the overnight stir period, the solution will 

turn from clear to a dark blue color. The next day, particle are washed with water at 12,000rpm 

for 40 minutes. Final particle suspension is stored in water.  

Particle Characterization 

Gd:PB particles were drop casted onto 300-mesh carbon-based TEM grids and then imaged 

using a 220FS Transmission Electron Microscopy (TEM, JEOL) with energy-dispersive X-ray 

Spectroscopy (EDX) capabilities to determine size, morphology, and general composition. 

Hydrodynamic diameter and zeta potential was measured using DLS. Particle absorbance 

spectra was gathered using a SoftMax Pro plate reader (Molecular Devices, CA).  

In Vitro Cytotoxicity  

To start, U251 cells were seeded in a 96-well plate at 10,000 cells/well and left overnight at 

37°C and 5% humidity. The following day, wells were treated with 0, 0.015625, 0.03125, 

0.0625, 0.125, 0.25, 0.5 or 1mg/mL of either 80nm or 120nm Gd:PB and then incubated for 

another 24 hours at 37°C and 5% humidity. On the final day, the supernatant was removed and 

5mg/mL of a 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) solution and 
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left to incubate for 4 hours. Finally, the MTT solution is removed to expose the formed 

formazan crystals and resuspended in dimethyl sulfoxide (DMSO). The absorbance is measured 

using a SoftMax Pro plate reader (Molecular Devices, CA) at 570nm.  

Laser Based In Vitro Cytotoxicity  

To start, U251 cells were seeded in a 96-well plate at 10,000 cells/well and left overnight at 

37°C and 5% humidity. The following day, wells were treated with 0, 0.015625, 0.03125, 

0.0625, 0.125, 0.25, 0.5 or 1mg/mL of 80nm Gd:PB and then incubated for another 24 hours at 

37°C and 5% humidity. On the final day, the supernatant was removed, and cells were treated 

with either a 2W/cm2 808nm or 1W/cm2 980nm laser for 1 minute. Then, 5mg/mL of a 3-(4,5-

Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) solution and left to incubate for 4 

hours. Finally, the MTT solution is removed to expose the formed formazan crystals and 

resuspended in dimethyl sulfoxide (DMSO). The absorbance is measured using a SoftMax Pro 

plate reader (Molecular Devices, CA) at 570nm.  

Live and Dead Cell Assay 

U251 cells were seeded at 30,000 cell/well in a 24-well plate and life to incubate overnight at 

37°C and 5% humidity. The next day, cells were treated with 0.25mg/mL of 80nm Gd:PB and 

left to incubate for 1 hour. The cells were then exposed to an 808nm laser (2W/cm2) for 1 

minute and left overnight at 37°C and 5% humidity. On the last day, the cells were washed with 

PBS and stained with Calcein AM (1uM) and Propidium Iodide (2uM). Images were taken using 

Keyence microscopy.  
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Magnetic Resonance Imaging 

Gd:PB particles were diluted to 0, 0.625, 1.25, 2.5, 5, and 10mM concentrations with a final 

volume of 150uL. Particle solutions were then run through a 7T Bruker BioSpec 70/30 MRI.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 



  152 

5.3: Results/Discussion 

Nanoparticle Formulation and Characterization 

Gd:PBs were synthesized similar to PBNPs. The main difference is the presence of PVP and 

substitution of GdCl3 for FeCl3. The Gd3+ ions act the same as Fe3+ ions from FeCl3 and form an 

initial gadolinium (III) citrate complex. This is probably the most important step for reducing the 

overall size of the Gd:PBs as the citric acid allows for a stabilizing complex to be formed which 

the PVP can build upon. PVP is added to the solution containing potassium ferricyanide, to 

allow for the gadolinium (III) citrate complex to form separately without direct competition 

from the PVP to from the coordination complex.  Now, not all the Fe3+ ions are replaced by Gd3+ 

within the structure. Depending on reaction times and concentrations of reagents used, the 

maximum amount of incorporated gadolinium can vary. When HCl is mixed with K3[Fe(CN)6] 

some of the Fe3+ will be reduced to Fe2+ will allow for the Prussian Blue complex to form. When 

the GdC3/HCl solution is added, the HCl will act as an etching agent prompting for the 

substitution of Gd3+ in the structure. As this process occurs relatively slowly, the total reaction 

is about 24 hours longer than that of traditional PBNP. Once synthesized, the particles were 

characterized by DLS, TEM, and optical absorbance (Figure 48). Overall peak absorbance was 

shifted from ~700nm to 800nm, which is good for translational efforts as they can be used with 

lasers with longer wavelengths (Figure 48C). Size was shown to be ~90nm through DLS 

measurements, with a low PDI indicating good dispersion (Figure 48D). Finally, morphology and 

true size were checked using TEM and particles were shown to be ~80nm with the natural cubic 

shape and good dispersity (Figures 48A and 48B).  
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Figure 48: Gd:PB particle characterization. (A) TEM image. Scale bar = 50nm. (B) Corresponding 
EDS spectrum for TEM image in (A). (C) Gd:PB absorbance curve. (D) DLS size distribution graph. 
Reproduced with permission from reference171, Copyright 2024, American Chemical Society.   
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In Vitro Cytotoxicity 

Gadolinium containing compounds are known for their extreme toxicity within biological 

organisms. As a result, by adding gadolinium into the FCC lattice structure of PBNPs the 

particles will lose their biocompatibility. Size is also a large factor in toxicity as the larger the 

particle, more gadolinium will be present. An MTT assay was run to evaluate the lethal dose 50 

(LD50) of 80 and 120nm Gd:PBs. What was seen is that the 120nm particles start to show 

immediate toxic effects at 0.015625mg/mL with cell viability reduced down to 63±4.45%. In 

comparison, the 80nm nanoparticles do not show statistical significance until 0.5mg/mL with a 

cell viability reduced to 76±11.9%. Estimated LD50 values based on graphed results are 

0.125mg/mL (120nm) and >1mg/mL (80nm) (Figure 49). Since the application for these 

particles is to be used as a dual theranostic agent for LITT with MRI guidance, the 80nm 

particles were tested with two different laser wavelengths to determine particle efficiency. LITT 

technologies operate with higher wavelength (>900nm) for clinical applications as these lasers 

have the least amount of dermatological effect on the patient. These particles were exposed 

either to an 808nm laser (2W/cm2) or 980nm laser (1W/cm2). The 808nm was used as a direct 

comparison to previous studies done with PBNP, PEG:PB, and Exo:PB particles. A downward 

trend was seen for both lasers as concentration of Gd:PB increased (Figure 50). Both showed 

statistically similar cell viability effects indicating that these particles show the same effect 

when exposed to a higher wavelength laser as a lower power intensity. This is ideal for clinical 

translation as it could be directly used with preexisting setups. To reach LD50 effects, these 

particles would have to be used at a concentration of 0.25mg/mL which is still in the tolerable 

toxicity range (Figure 51). To see the range of laser intensities that could be used for the Gd:PB 
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exposed to both the 808nm and 980nm lasers, a live and dead assay was performed.  The 

chosen 0.25mg/mL concentration chosen based on the LD50 from U251 cells incubated with 

particle were exposed to either 0.1W or 1W laser at 980nm. The results are distinctive for the 

980nm laser as down to 0.1W there is localized cell death. The 808nm is less effective as the 

treated region for the 1W shows less cell death in comparison to the 980nm and shows no 

effect at 0.1W. This is promising as the particles could be used with lower intensity lasers, 

which can reduce patient side-effects from the laser itself. 
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Figure 49: MTT assay results for different concentration of 80nm and 120nm Gd:PB treated 
U251 cells. Black = 80nm, Red = 120nm. *p<0.05, **p<0.01, ***p<0.001. N=6. 0.0625mg/mL for 
the 80nm Gd:PB is an outlier group with excess cell growth as it is statistically different from the 
0mg/mL control.  
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Figure 50: MTT assay results for 80nm Gd:PB at different concentrations treated with a 2W/cm2 
808nm (black) and 1W/cm2 980nm laser (red). *p<0.05, **p<0.01, ***p<0.001. N=6.  
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Figure 51: Live and dead assay results for U251 cells incubated with 80nm Gd:PB and exposed 
to 0.1W or 1W 808nm or 980nm laser. Green = alive cells, Red = dead cells. Scale bar = 100µm.   
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Magnetic Resonance Imaging 

As a preliminary study to measure the MRI signal intensity of the 80nm Gd:PB nanoparticles, a 

simple T1 MRI study was done. Concentrations of 0, 0.625, 1.25, 2.5, 5, and 10mM of Gd:PB and 

clinical standard agent Dotarem were run through a 7T MRI and images were used to quantify 

longitudinal relaxation time relaxivity (r1) values. T1-weighted images were taken at T1 = 769, 

1193, 1727, 2047, 2309, and 2770ms for Gd:PB and the longitudinal relaxation rate (R1) is 

calculated as 1/T1. The relaxivity is then determined to be the slope of R1-R0 vs the 

concentration which was 0.1mmol-1s-1 for Gd:PB. Now this value is consistent with those found 

within the literature for PBNPs without metal doping213. While the absorbance pattern as well 

as ICP results for these particles indicates gadolinium incorporation, it is possible that 

positioning within the lattice structure doesn’t allow for proper interaction with surrounding 

water molecules allow for the shift in normal spin. As the first substitution made during heavy 

metal incorporation is to push internal potassium ions out from inside the lattice into the 

environment before replacing iron, the gadolinium is probably not expressed on the surface to 

allow for enhanced MRI contrast213. For Dotarem, T1 was evaluated as 63, 112, 211, 388, and 

3073ms. Relaxivity was determined to be 3.1mmol-1s-1. This is consistent with what is seen in 

the literature for the compound293 (Figure 52).  
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Figure 52: T1 weighted and mapped MRI images of different concentrations of Gd:PB.   
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5.4: Conclusions 

The contents discussed in this chapter revolve around the development of a gadolinium doped 

Prussian blue nanoparticle (Gd:PB) and the application it can have for MRI-guided LITT. Particles 

can be synthesized with uniform size and shifted absorbance with repeatable conditions. Once 

the particles are treated in U251 cells, it was seen that size greatly impacts toxicity as 120nm 

showed immediate reduction in cell viability vs the 80nm counterparts. With the 80nm Gd:PB 

particles, additional in vitro experiments were performed to test their efficacy for photothermal 

therapy with lasers of different wavelengths and power. Results showed that the exposure to a 

980nm laser at 0.1W/cm2 showed similar effects to exposure to an 808nm laser at 2W/cm2. 

Finally, preliminary MRI studies were done and showed a consistent r1 value with PBNPs. 

Overall, this work provides a solid foundation for expansion of the Exo:PB work for use as an 

LITT agent. If the MRI signal is improved, once the particles are coated, they could act as a dual 

diagnostic agent through photoacoustic imaging and MRI and well as enhance photothermal 

effects for glioblastoma tumors.  
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Chapter 6: Conclusions and Future Directions 

6.1: Conclusions 

The work presented in this dissertation is sectioned into four parts:  

1. Formation of exosome coated Prussian Blue nanoparticles (Exo:PB) for early detection and 

treatment of glioblastoma.  

2. Use of Exo:PB particles as an anti-inflammatory agent for photothermal therapy side-effects. 

3. Comparison of Exo:PB particles to a RGD Prussian Blue conjugate (RGD:PB) to determine 

clinical efficacy. 

4. Synthesis of a gadolinium doped Prussian Blue nanoparticle (Gd:PB) for translation to a 

clinical laser interstitial thermal treatment (LITT) setting.  

An Exo:PB formulation was created that contains the innate properties of U-87 derived 

exosomes and Prussian Blue nanoparticles. The particles were created from a basic extrusion 

method and the full coating was validated using DLS, NTA, and TEM. Exosome markers were 

validated using western blot analysis. Similarities to U-87 exosome cellular behavior was 

observed using a cell uptake assay with U-87 cells and particles. Photothermal therapeutic 

effects were evaluated in both in vitro and in vivo models. Within the in vivo subcutaneous local 

injection model, tumor reduction was seen immediately after laser exposure. In comparison, 

when Exo:PB and PEG:PB were injected systemically the photothermal effect was less dramatic. 

Though full tumor reduction was seen after the 8-day treatment period for the Exo:PB particles 

as there was higher accumulation seen at the time point used for treatment. To determine the 

use of these particles for glioblastoma diagnosis and treatment, the particles were evaluated 

using an in vitro blood-brain barrier setup as well as an in vivo orthotopic brain tumor model. 
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Exo:PB particles were easily able to pass through the mimicked BBB in vitro setup and 

accumulate within U-87 cells in comparison to the PEG:PB control. High accumulation patterns 

were seen within orthotopic tumors after intravenous injection for the Exo:PB particles. Distinct 

tumor targeting was seen through photoacoustic imaging and validated though ex vivo analysis. 

The particles allowed for visualization of the blood brain tumor barrier and tumor infiltration to 

be possible. As glioblastoma is a very infiltrative cancer that is almost impossible for surgeons 

to fully remove, this is a big step in increasing patient survival and quality of life.  

Exo:PB particles were also evaluated for use as a possible anti-inflammatory agent for 

heighted ROS species generation during photothermal therapy. Catalase and peroxidase 

enzymatic scavenging abilities were observed in particle-based assays. When Exo:PB was added 

to pro-inflammatory M1 macrophage cells, an overall decrease in ROS production was seen. 

Hypoxia reduction abilities were also measured in in vivo U-87 subcutaneous and orthotopic 

brain tumor models. After intravenous injection overall blood supply increased in both tumor 

models 1-3 hours post injection. This proves as a great starting point for further evaluation of 

ROS scavenging effects and their effects during and after photothermal therapy.  

As RGD peptide use is the golden standard for glioblastoma targeting due to their 

remarkable ability to pass through the BBB, RGD conjugated Prussian Blue nanoparticles 

(RGD:PB) were synthesized as a positive control for Exo:PB. RGD is known to have high 

accumulation within tumors due to overexpression of RGD-recognizing integrins on the surface 

of malignant cells. When tested in an in vitro BBB setup, RGD:PB particles were easily able to 

pass through and accumulate within U-87 cells with similar efficacy to that of Exo:PB. Once 

systemically injected into a U-87 subcutaneous model, after 2 hours it was seen that 
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accumulation patterns were similar to that of Exo:PB. After the particles were exposed to the U-

87 orthotopic model, there was a lot of off-targeting effects seen within the brain. Unlike the 

Exo:PB, PA signal for RGD:PB was spread out around of the brain and less accurate to the tumor 

site. This is promising for Exo:PB translation into the clinic as it would prove to be a more 

accurate marker for glioblastoma allowing for earlier diagnosis and more precise treatment.  

Finally, Gd:PB particles were synthesized and tested to investigate potential use in an 

LITT setup. Exo:PB particles have great targeting effects of glioblastoma, but lack the 

photothermal conversion efficiency when exposed to longer wavelength lasers and have poor 

MRI contrast. Doping with gadolinium increased peak absorbance and well as in vitro 

photothermal effects as exposure to an 980nm laser at lower intensity showed better efficacy 

than exposure to an 808nm laser. When particles were measured using MRI, there was low T1 

contrast comparable to that of PBNPs. As LITT technologies utilize lasers >900nm, this is 

promising data for clinical translation once the particles are coated with an exosome layer to 

allow for specific targeting of glioblastoma tissue.  
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6.2: Future Directions 

There are many ways in which the ideas presented in this dissertation could be built upon. In 

terms of the data already presented, the next logical step would be to enhance the MRI image 

contrast of the Gd:PB particles and then to coat with exosomes and use within an LITT animal 

model setup. This work is in progress with Henry Ford Hospital System in Detroit, MI where 

they have developed a U251 orthotopic glioblastoma brain model as well as a patient derived 

glioblastoma animal model that is compatible with a VisualaseTM LITT system. Our particles 

would be able to enhance the selectivity, effectiveness, and safety of LITT. Further investigation 

of the anti-inflammatory properties of PBNP or Exo:PB particles for use as a post-treatment 

drug is another option that is related to the previous topic. For use as a dual therapeutic agent, 

the PBNPs could be hollowed out using an HCl etching method and loaded with hydrophobic 

chemotherapeutics for a targeted drug approach coupled with photothermal therapy. Exo:PB 

particles with coating from different derived exosomes could also be investigated for their 

targeting efficacy of other types of hard to diagnose tumors (ex: pancreatic cancer)294, 295. 

Furthermore, the use of immune cell coatings might be able to enhance immune response to 

cancers.  
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