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In the central nervous system (CNS), intercellular communication through 

extracellular vesicles (EVs) is crucial for sustained trauma response and tissue repair 

following injury. EVs are biologically derived nanoparticles released by every cell that 

carry a diverse cargo of biomolecules important for cell communication including 

proteins, lipids, carbohydrates, and genetic material. The contents of EV cargo is an 

active research question in the field, and has been shown to be dependent on cell type, 

as well as environmental and physiological changes.  As EVs are both produced and 

trafficked by cells, they are strong therapeutic candidates with several inherent design 

advantages over existing nanoparticle therapeutics: biostability, biocompatibility, lipid 

bilayer protection of cargo, and inherent cell uptake mechanisms.  These advantages 

are especially important for drug delivery to the brain, which presents several 

therapeutic barriers such as the cerebral spinal fluid barrier and tortuous brain 



    

parenchyma. In addition, the blood brain barrier (BBB) poses a great challenge for 

therapeutics researchers as it excludes 98% of all small molecule and macromolecular 

drugs from passing but EVs have demonstrated an ability to cross.  

Despite growing interests in advancing EV therapeutics for brain injury and 

disease, there are two significant challenges hindering their development and clinical 

translation: 1) lack of physiologically relevant EV models and 2) a need for greater 

clarity about EV localization and transport in brain tissue. To address the first challenge, 

I evaluated the therapeutic efficacy of EVs derived from brain tissue (BEVs), rather than 

the standard approach of using EVs from cell culture. Compared to EVs derived from 

2D cell monoculture models, those derived from 3D tissue are more physiologically 

relevant as they represent a heterogenous population that mirrors the existence of 

diverse cell types found in native brain tissue. When evaluating the therapeutic potential 

of BEVs in an ex vivo model of oxygen glucose deprivation (OGD), BEVs exhibited 

dose- and time-dependent therapeutic effects on injured tissue. BEVs induced a shift in 

the microglial morphology of OGD tissues from an inflammatory towards a restorative 

phenotype, while simultaneously increasing anti-inflammatory cytokine expression and 

decreasing cell cytotoxicity. These promising results led to further studies to address the 

second challenge—a lack in understanding about BEV localization and transport. 

To track BEVs in the brain we conjugated BEVs to either quantum dots (QDs) or 

novel oligonucleotide biobarcodes (oligobarcodes) using an efficient click chemistry 

reaction. Through a combination of confocal imaging and multiple particle tracking, the 

QD conjugation allowed us to visualize the spatial distribution of BEVs in brain tissue, 

which was regionally dependent. QD conjugations also allowed us to track BEV 



    

transport properties in real-time to confirm that BEV behavior was regionally dependent. 

We then used oligobarcoded BEVs to quantitatively measure the BEV uptake in both 

glial and non-glial cells in healthy and OGD brain tissue. Microglia, the resident immune 

cell of the brain, exhibited increased and preferential uptake of oligobarcoded BEVs 

compared to blank oligobarcode controls. We then expanded our oligobarcode-EV 

conjugation strategy to study the uptake of semen-derived EVs in the vaginal tract, 

demonstrating the broad translational opportunities that our platform provided to 

tracking EVs from any source.  

Collectively this work demonstrates the therapeutic potential of tissue-derived 

BEVs and offers a dual-conjugation technique to visualize and track EVs from any 

source in physiological environments. Our novel QD and oligobarcode conjugation 

strategy is an accessible technique that can be translated across different biological 

models to provide both quantitative and qualitative evaluation of EV visualization and 

tracking that will advance the EV therapeutics landscape.  
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CHAPTER 1. INTRODUCTION  
 

1.1. The Global Impact of Neonatal Hypoxia-Ischemia Encephalopathy (HIE)  

Brain injury that occurs early in life is highly associated with increased risk of 

neurodevelopmental disorders in adulthood, indicating the importance of studying this 

early developmental period for later health outcomes.1 Hypoxic-Ischemic 

Encephalopathy (HIE) is a brain condition that is the leading cause of morbidity and 

mortality in neonates, to which there is no cure.2 Neonatal HIE is clinically characterized 

by neurologic dysfunction due to a reduction of adequate cerebral blood flow in 

neonates up to 28 days old. This reduction of blood flow leads to deficient supplies in 

glucose and oxygen to sensitive tissues of the brain. If left untreated, HIE results in 

serious consequences for many infants including death, permanent brain damage, 

cerebral palsy, epilepsy and other significant cognitive and developmental 

impairments.3 Globally, neonatal HIE poses a heavy health burden on infants and their 

families. The incidence rate of HIE in low and middle income countries is as high as 26 

afflicted neonates per every 1000 live births.4 Even in high resource countries, the 

incidence rate remains high at up to 8 afflicted neonates per 1000 live births, a number 

which has not decreased in the past two decades.4, 5 Complex risk factors such as in 

utero infection, antepartum bleeding, uterine rupture, and maternal socioeconomic 

standing make HIE difficult to predict and diagnose at the time of injury.3 Anywhere from 

10 to 60% of neonates affected by HIE do not survive injury onset.6 The high morbidity 

rate of HIE is often compounded by the difficulty in diagnosing the onset of HIE due to 

subtle symptoms in neonates. Among those who survive injury onset, elevated 



 2 

morbidity rates of disability such as cerebral palsy and cognitive decline in patients 

persist throughout adult life.5   

Despite the seriousness of neonatal cerebral ischemia, there are currently no 

effective treatment options for the ischemic newborn brain.  The current state of the art 

treatment for mild to moderate HIE is therapeutic hypothermia (TH). TH requires rapid 

cooling of vulnerable deep brain structures in infants to a temperature range of 33.5 °C 

to 34.5 °C for up to 72 hours.6, 7  Unfortunately, TH treatments for neonatal HIE provides 

only modest benefits in mortality and morbidity, with 30-50% of treated infants 

continuing to experience poor health outcomes (including death or severe disability).8 

Recent studies have concluded that TH is not an effective treatment option for neonates 

with severe HIE, regardless of the cooling temperature or length of cooling.9 The 

complex nature of immune response during an HI event makes it difficult to develop 

effective treatments that target injury response mechanisms.   

1.2. Injury Response in the Neonatal Ischemic Brain  

1.2.1. Excitotoxicity in HIE Onset 

Acute onset of HIE triggers a complex set of physiological responses that 

accumulate and can lead to long-term impairment for up to years following the injury.  

During initial HIE onset, insufficient supply of glucose and oxygen due to reduced blood 

flow leads to a deficit in adenosine triphosphate (ATP) production. As a result, cells 

undergo sodium/potassium ion pump failure and switch to anaerobic metabolism 

producing lactic acid that lowers the pH of the surrounding tissue.10 The combined 

decrease in ATP and increase in acidosis causes an overcompensation of glutamate 

release into surrounding tissues. As glutamate is a major excitatory neurotransmitter in 
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the central nervous system (CNS), its overproduction prompts dysregulation of neuronal 

stimulation and leads to neuronal death, a condition known as excitotoxicity.11 

Overstimulation of neurons during excitotoxicity triggers neuronal death and a build-up 

of reactive oxygen species (ROS) and superoxide radical anion (SOX) that further 

damage cellular integrity and initiates oxidative stress.12 This chain of excitotoxicity and 

oxidative stress sends signals to peripheral and resident immune cells, prompting for a 

dynamic response to the injury.     

 
1.2.2 Immune Cell Cascades in Response to Excitotoxicity 

A hallmark of HIE is the immediate and sustained inflammation that occurs as a 

physiological response to injured tissues.13 The infiltration of peripheral immune cells 

and activation of pro-inflammatory microglia and astrocytes immediately following an 

ischemic event can drive inflammation, cell death, and phagocytosis of damaged tissue 

that can persist for days to years after the insult.14 Activated immune cells can also 

remain in the area of injury months following the initial onset and trigger subsequent 

inflammation in tissue.15 Microglia and astrocyte response to HIE are of particular 

interest due to their unique involvement in immune regulation in the brain.15  

Microglia – one type of glial cell in the CNS - are often regarded as the resident 

immune cells of the CNS and play an important role in the surveillance and response to 

invading pathogens and tissue injuries.16 Acute onset HIE leads to rapid neuronal cell 

death and activation of resident microglia to migrate to injured tissue sites.17 Upon 

reaching the area of injury, microglia release inflammatory cytokines that contribute to a 

signaling cascade that recruits other cells to the area, such as activated neutrophils and 

astrocytes.18  These released cytokines include both pro-inflammatory (e.g. tumor 
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necrosis factor (TNF), interleukin (IL)-1b, IL-6) and anti-inflammatory species (e.g. IL-4, 

IL-10, and transforming growth factor (TGF-b)) that serve opposing roles in order to 

coordinate the removal of injured and dead cells and debris as well as the recovery of 

tissue homeostasis and promotion of neurogenesis.15, 19, 20  Recent studies correlate 

microglial morphology to disease state and injury progression within the brain, though 

the exact classifications of microglial phenotypes remain highly disputed.21 Microglial 

crosstalk with other cells is crucial to produce a coordinated immune response to HIE.     

Similar to microglia, astrocytes are glial cells that play an important role in injury 

response in the brain. Astrocytes are responsible for water homeostasis, tissue repair, 

scar formation, synapse modulation, regulating oxidative stress, and energy storage 

among other roles.22 Astrocytes are sensitive to glutamate levels within the brain due to 

the presence of neurotransmitter receptors on their surface that are similar to those of 

neurons. Increased glutamate production during HIE can cause activated microglia to 

produce ROS and increase their phagocytotic behavior targeted towards synapse 

elimination.18 Hence, increased levels of ionic dysregulation coupled with inflammatory 

microglial signaling can lead to reactive astrocytes that exacerbate neuronal death and 

dismantle healthy cellular crosstalk.23 Activated microglia and astrocytes can remain in 

the brain for months to years following an acute injury such as HIE.14  

Since microglia and astrocytes are both critical to normal brain function, HIE 

injury disrupts healthy crosstalk between cells. Given that highly coordinated immune 

response between cell types is essential for brain development and neuronal recovery, 

it is advantageous to evaluate important players of intercellular communication during 

an ischemic event. Extracellular vesicles (EVs) in the brain are one such critical player 
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in intercellular communication that has recently gained widespread attention in the 

nanotherapeutics space. 

1.3. Introduction to Extracellular Vesicles (EVs)  

1.3.1. Extracellular Vesicles are Important Players in Intercellular Communication 

Extracellular vesicles (EVs) are unique biologically derived nanoparticles that are 

produced in every cell type in the body and serve as a critical mode of intercellular 

communication.24-26 Surrounded by a lipid bilayer, EVs are capable of carrying a wide 

repertoire of biomolecules involved in critical physiological pathways including proteins, 

carbohydrates, and genetic material. Though there is no final consensus on a 

standardized classification of EVs, the current recommendation is to use the umbrella 

term ‘extracellular vesicle’ or denote EVs by size.27 EVs can range anywhere from 20nm 

to over 1µm in diameter. Terms that suggest a biogenesis pathway such as ‘exosome,’ 

‘microvesicle,’ and ‘ectosome’ which were acceptable 5 years prior are now 

discouraged under current guidelines set by the International Society for Extracellular 

Vesicles (ISEV). This change in standards exemplifies the dynamic nature of the rapidly 

expanding field of EV research. It is important to note that at this time, there are no 

standardized definitions for EV classifications due to the difficulty in assigning an EV to 

a particular biogenesis pathway unless real-time video of biogenesis is recorded.27-29  

Despite differences in their biogenesis, size, or cargo, all EVs are released from 

the plasma membrane and taken up by every cell type in the human body. In recent 

decades EVs were considered for many years to either be inert cellular debris or 

otherwise act as receptacles for cellular debris.26 However, it is now accepted that EVs 

play a crucial role in shuttling important biomolecular signals between cells and 
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potentially across long distances via body fluids. Though the mechanisms of EV 

biodistribution and cell-specific uptake remain unclear, EVs contain cargo that are 

horizontally transferred to neighboring cells, acting as an important mode of cellular 

communication.26, 30 Cellular communication is necessary for proper coordination and 

tissue homeostasis following injury or disease. Due to their role as critical mediators of 

cellular communication, EVs are well suited to act as both messengers for therapeutic 

delivery as well as informants on disease progression and injury pathogenesis in 

physiological tissues, such as the brain.  

1.3.2. Extracellular Vesicles in the Brain  

A functional CNS relies on effective and robust exchanges of information 

between complex and diverse networks of cells. EVs are active in multiple critical 

processes including the regulation of synaptic plasticity, and neuronal development, 

proliferation, and transmission.25, 31-33 Studies have suggested that various proteins on 

the surface of EVs bind to surface receptors presented on the BBB allowing transport 

from both directions (i.e. from the bloodstream towards the brain and vice versa), 

though specific players involved in these observations are likely model- dependent.34, 35  

As tissues are comprised of a diverse cellular population, the EVs that are 

collected from whole brain tissue are also heterogeneous in nature in regard to their 

surface moieties and cargo. Huang et.al. have shown through their efforts of compiling a 

comprehensive ‘human brain EV atlas’ that EV characteristics from the brain are highly 

varied between regions.36 For example, cell-enriched surface markers such as neuronal 

markers NCAM and CD271 varied between brain regions and subsequent principal 

component analysis of the RNA content in the brain EVs showed clearly separated 
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groups of RNA expression between the cerebellum and thalamus. In addition, particle 

size, morphology, and concentrations were also varied between regions. Various in vitro 

and ex vivo studies have successfully isolated cell-specific EVs from all CNS cells, 

which show that EVs carry unique cell-specific cargo and surface markers that mirror 

their cell of origin.32, 37  For instance, EVs derived from microglia, which are the resident 

immune cells of the brain, contain major histocompatibility complex (MHC) class II 

receptors that are involved in initiating the body’s immune response to pathogens.32 

These cell-specific cargo can also be influenced by the injury state of the cell.38, 39  

Under standard conditions, EVs support critical crosstalk between neurons and 

glial cells to promote cellular signaling, support of the blood brain barrier, neuronal firing 

rates, and neurogenesis.32, 40  However, in injury or disease conditions, EVs can 

contribute to the spreading of inflammatory, antigenic, and cell death signals throughout 

the body.33  Following tissue inflammation, astrocytes and microglia release EVs that 

stimulate the production of inflammatory cytokine IL-1b that propagates injury 

response.41, 42 In Alzheimer’s Disease models, it has been shown that neuronally 

derived EVs are enriched in amyloid-b proteins that can contribute to accumulation of 

amyloid-b plaques.43 EVs released from glioblastoma (GBM) tumors have been shown 

by several groups to secrete EVs with high immunogenic potential in mice and 

humans.43, 44  In an injured brain model, EVs shed from glial cells such as microglia and 

astrocytes have been shown to cross the blood brain barrier (BBB), though the 

mechanism of action is unclear.45, 46  

Not only is EV cargo in the brain affected following injury and disease, but also 

EV release and trafficking. The rate and specifications of EV uptake has been 
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demonstrated to depend on both the EV characteristics and the recipient cell, which 

affect cellular crosstalk.40, 47 For example, Chivet et. al. demonstrated that EVs derived 

from neuroblastoma are selectively endocytosed by glial cells, whereas EVs released 

from neurons are preferentially taken up by other neurons in culture.48 Brenna et.al 

showed that under healthy conditions, microglia are the main source of EVs released in 

the brain, whereas after HI injury the main EV population originated from astrocytes.49 

Similarly, the cargo proteins of astrocyte derived EVs in healthy and inflammatory 

conditions were compared by You et.al.41 Their findings revealed that astrocyte EV 

cargo changed considerably following the application of an inflammatory IL-1b stimulus, 

and that astrocyte EVs from injured cells were more likely to be taken up by neurons, 

leading to reduced neurite outgrowth and firing. Bianco et. al. and Yang et.al. 

demonstrated that both microglial and astrocyte cells experience heightened release of 

EVs in response to tissue inflammation in the brain compared to a healthy control.37, 50 

Together, these results suggest that EVs are actively involved in tissue regulation both 

in healthy and injury conditions in the brain and their characteristics and cargo are both 

cell-dependent but also pathology-dependent.  

1.3.3. The Role of Extracellular Vesicles in HIE Injury Response  

During HIE, cells are simultaneously releasing pro-inflammatory cytokines via 

EVs that lead to oxidative stress and cell death as well as anti-inflammatory cytokines 

that help clear debris and rebuild tissue.51 Though inflammation plays both beneficial 

and detrimental roles in the injury outcome of HIE, it serves as a vital period for brain 

repair and is a major target for the development of therapies. Both in vivo and in vitro 

studies confirmed that treatment with cell culture-derived EVs leads to increased 
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neuronal recovery in adult stroke and traumatic brain injury models.52-54 Recently, Xin 

et. al. published a paper demonstrating that intravenous application of mesenchymal 

stem cell (MSC)-derived EVs in a perinatal rat model improved neurological outcomes, 

angiogenesis, and neurogenesis following HI.55  Several groups have also found that 

EVs derived from neuronal, microglial, and astrocytic stem cells attenuated neuronal 

death, reduced pro-inflammatory and apoptotic signaling, and improved synaptic 

transmission rates in both in vitro and in vivo HI models.54, 56-58   

Though EV research has significantly expanded over the past years, a  large 

challenge facing the field is a lack of physiologically relevant EV models.59-61 

Furthermore, it is agreed upon in the scientific community that the therapeutic effects of 

MSC therapeutics on tissues is not due to the physical implantation of the MSCs 

themselves, but rather, through EV-mediated paracrine effects.62 This revelation 

suggests that it may be possible to directly administer EVs as therapeutic agents rather 

than MSCs. The unique property of EVs to maintain the cargo of their origin cell allows 

them to be important carriers of information about the endogenous processes occurring 

within the brain microenvironment. For advancements in the field of EV therapeutics to 

have the greatest impact and potential for clinical translation to neonatal models, it is 

imperative to gain a greater understanding of endogenous EV activity in the brain.   

1.3.4. EV Therapeutics  

Synthetic nanoparticles have widely been used in the drug delivery space for 

almost 3 decades, though complex interactions within biological environment are a 

significant barrier for the successes of most nanoparticle formulations. The ability of 

EVs to transport unique cargo intercellularly indicates a strong potential for EVs to be 
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used as a therapeutic vehicle and/or diagnostic tool.  This unique ability to transfer 

information between cells elevates EVs as a promising therapeutic candidate for areas 

that have been traditionally difficult to target with other nanomedicine platforms, such as 

the central nervous system (CNS). EVs have many strong advantages for the design of 

therapeutic platforms, including: 1) biocompatibility, 2) small size, 3) non-

immunogenicity, 4) stability, and 5) inherent targeting capacity to cells.63 Additionally, 

while the BBB serves as a significant obstacle to many nanotherapeutic platforms, EVs 

are capable of crossing this barrier. EVs also have a strong record of attenuating 

inflammation in the body. There are currently several EV-based therapies in clinical 

trials for brain tumors and injury.64 Specifically, a Phase I study using EVs derived from 

induced human pluripotent stem cells to treat adults with acute HI has recently started 

recruiting participants in 2024 (NCT06138210).  

Though there is growing interest in establishing EV therapeutics for brain injury, 

most studies and all clinical trials evaluating EV therapeutic potential are performed on 

adult models using cell-culture derived EVs. In contrast, we have successfully 

sequestered brain tissue-derived EVs (BEVs) to better recapitulate endogenous HIE 

injury response in a neonatal 3D model. It has been shown that EVs derived from 3D 

models rather than 2D cell culture are more physiologically representative and elicit 

improved therapeutic responses.65, 66 Thippabhotla et.al. observed that 2D culture 

derived EVs showed significantly different secretion and biomolecular cargo profiles 

(RNA and DNA) when compared to EVs derived from 3D culture. Zhang et. al. 

demonstrated that MSC EVs cultured in 3D collagen scaffolds led to improved spatial 

memory in rats following traumatic brain injury compared to EVs cultured in 2D 
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conditions.59  Our isolated BEVs formed the crux of our studies, as they are the subject 

of our therapeutic efficacy studies and subsequent characterization and localization 

studies. In this way we can better study the therapeutic roles and behaviors of 

endogenously derived EVs under physiological conditions.   

 Despite the immense therapeutic potential of EVs to improve HI outcomes in in 

vitro, ex vivo, and in vivo models and the existence of several EV-based clinical trials, 

the translation of EV therapeutics remains a challenge. One of the main challenges is 

the heterogenous nature of EVs in the body. Most EV research in literature is performed 

using EVs derived from monoculture, while EVs in the body exist as a diverse 

population derived from several different cell types. Due to this discrepancy in research, 

it is difficult to determine how EVs in the body behave differently compared to a uniform 

population of EVs derived from cell monoculture. In addition to uncertainty surrounding 

the heterogenous nature of endogenous EVs, another challenge is a lack of available 

and accessible tools to quantify EV behavior and localization in brain tissue.  In my work 

I addressed both challenges, as outlined in Chapter 1.5.  

1.4. Ex Vivo HI Neonatal Models to Screen EV Therapies 

Our lab has developed an organotypic whole hemisphere (OWH) brain slice 

model of oxygen glucose deprivation (OGD) that captures HI injury in the neonate.11, 67 

OWH brain slices capture the 3D architecture and regional complexity of the brain, 

allowing for the simultaneous assessment of different brain regions (cortex, 

hippocampus, thalamus, etc.) not present in standard cortical, hippocampal, or organoid 

models.68-70 This includes deeper regions in the brain such as the striatum. As one brain 

can produce multiple slices, this procedure also reduces the number of animals needed 
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for an experiment. OWH brain slices can be imaged with various forms of microscopy 

such as confocal or 2-photon imaging, including live-tracking of nanoparticles or cells 

throughout the brain parenchyma. Our lab has used OWH models to probe nanoparticle 

diffusion across multiple brain regions and ages as well as to screen and test for the 

efficacy of various nanotherapeutics on cells of the central nervous system. Mechanistic 

studies can also be performed using OWH brain slices by measuring whole slice 

metabolic activity, gene expression through quantitative PCR, and staining for cell 

stress (HIF-1a, iNOS), death (Casp-3), and proliferation (EdU). This work will detail the 

use of OWH slices to model HI injury and the brain’s subsequent immune response to 

BEV treatment through imaging and live-tracking of glial cells on a population and 

single-cellular level and studying changes in tissue RNA/protein expression.  

To model HI ex vivo, OGD conditioning applied to our OWH slices. OGD models 

are a standard procedure in our lab to recapitulate disease processes for 

nanotherapeutic applications.67, 69 Studies indicating increased (Hypoxia-Inducible 

Facto-1a) HIF-1a levels as well as PI/DAPI cytotoxicity staining confirmed that OGD 

conditioning induces hypoxia in ex vivo slices.69 It has also been demonstrated that 

postnatal  (P) day-10 brains have increased cellular proliferation measured by E-

ethynyl-2’-deoxyuridine (EdU) staining, compared to P17 brains for up to 14 days 

following acute slicing, and that overall cell death is dependent on donor age, brain 

region, and OGD exposure time. 69  To study EV therapeutic activity and its impact on 

cellular behavior, we performed OGD conditioning in ex vivo slices from male P10 rat 

brain to model HI in term-equivalent neonates. We used males for our experiments 

because it is generally accepted that males have worse outcomes in neurological injury 
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than females.71 The OGD slice model is a powerful, clinically relevant tool for evaluation 

of EV therapeutic efficacy in the ischemic brain microenvironment.  

1.5. Overall Research Objectives  

The objectives of this research thesis are: 1) to establish the therapeutic potential 

of BEVs in a neonatal HI model, 2) to deploy quantum dot conjugations to probe and 

visualize BEV spatial distribution within the injured brain, and 3) to establish a novel and 

translatable oligonucleotide barcode methodology to track EV uptake.  

Chapters 2-4 contains published or submitted work demonstrating my 

approaches for addressing these research objectives. Chapter 2 delineates my 

optimized methods for BEV extraction and characterization, which were used for 

therapeutic efficacy studies on OGD models of HI. Results from my work showed that 

BEVs confer therapeutic effects in a dose- and time- dependent manner. These 

promising therapeutic results from chapter 2 motivated my work in chapters 3-4 wherein 

we implemented click chemistry conjugation to tag EVs with either quantum dots (QDs) 

or oligonucleotide barcodes (oligobarcodes) to further investigate BEV localization and 

transport in brain tissue. This novel technique addresses current challenges with EV 

tracking and facilitated collaborative work with Dr. Lucia Vojtech (Chapter 4) in the 

deployment of this oligobarcode conjugation technique to track semen-derived EVs in 

the female genital tract. Chapter 5 is a summary of various completed and ongoing 

projects that I have participated in. Chapter 6 is my curriculum vitae to date.  

EVs are an emerging therapeutic platform, to which there are several advantages 

over current nanoparticle formulations for treating neurological injury and disease. Since 

my work focuses on EVs derived from brain tissue, it is important to note that I am 
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proposing preclinical tools for advancing EV research. Further translation and 

implementation of EV therapeutics to the clinic and for commercial use will require 

considerations for scalability. To this end, using cell-derived EVs would be the most 

efficient and scalable method to produce EVs for patients, specifically, EVs derived from 

mesenchymal stem cells as they are the current standard in the field. However, before 

EV therapeutics can be translated and scaled, we must first understand the behaviors of 

endogenous tissue-derived EVs. Understanding tissue EV characteristics, localization, 

and cellular fate across different brain regions and injury states will improve the 

disease-directed engineering process of future EV designs. My work seeks to address 

knowledge gaps in this field by using tissue-derived EVs rather than cell culture-derived 

EVs to maintain physiologic relevance.  

As a quickly evolving field of study, EV research requires greater standardization 

in EV-specific definitions, controls and research methodology. The International Society 

of Extracellular Vesicles publishes a document outlining standardization 

recommendations every 4 years, demonstrating the dynamic future of this field. It is my 

hope that this thesis will provide greater insight into not only the therapeutic potential of 

BEVs for neonatal health outcomes, but will also introduce a new translatable EV 

tracking platform, and inform the community on both the limitations and strengths of 

studying BEVs for clinical translation.  
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CHAPTER 2. INVESTIGATING THE THERAPEUTIC POTENTIAL OF BEVS IN THE 

NEONATAL HYPOXIA ISCHEMIA 

Nam Phuong Nguyen, Hawley Helmbrecht, Ziming Ye, Tolu Adebayo, Najma Hashi, 

My-Anh Doan 

This chapter was published in the International Journal of Molecular Sciences in 2022 

under the title “Brain Tissue-Derived Extracellular Vesicle Mediated Therapy in the 

Neonatal Ischemic Brain." 

2.1. Introduction  

HIE is the leading cause of mortality and morbidity in neonates, to which there is 

no cure. Though there is significant interest in establishing EV therapeutics as a 

platform to treat brain injury and disease, the field lacks comparable biological models. 

Most published studies and all clinical trials evaluating EV therapeutic potential are 

performed on adult models using EVs derived from stem cell culture. Given that the 

status quo in EV therapeutics research is to use 2D cell culture-derived EVs in adult 

models, there are two limitations in translating this work into the neonatal space: 1) 

neonatal physiology and disease progression may be different from what is observed in 

adult models and 2) EVs derived from stem cell culture do not fully recapitulate their 

endogenous activity. Understanding the endogenous activity of BEVs within the 

neonatal brain can inform researchers about the design criteria required to engineer EV 

therapeutics with improved targeting and functional capabilities neonates.    

To address the lack of knowledge surrounding tissue-derived EVs in the field, we 

have successfully sequestered EVs derived from the neonatal brain (BEVs) to better 
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recapitulate endogenous HIE injury response in a neonatal 3D model. In doing so, we 

can evaluate BEVs as therapeutic agents and molecular probes in HI.  

2.2. Materials & Methods 

2.2.1. Animal Care and Ethics 

This study was performed in accordance with the guide for the care and use of 

laboratory animals of the National Institutes of Health (NIH). All animals were handled 

according to an approved Institutional Animal Care and Use Committee (IACUC) 

protocol (#4383-02) of the University of Washington (UW), Seattle, WA. The UW has an 

approved Animal Welfare Assurance (#A3464-01) on file with the NIH Office of 

Laboratory Animal Welfare, is registered with the United States Department of 

Agriculture (certificate #91-R-0001), and is accredited by AAALAC International. Time-

mated pregnant female Sprague–Dawley rats (virus antibody-free CD® (SD) IGS, 

Charles River Laboratories, Raleigh, NC, USA) were delivered on postnatal day 5 with a 

litter of 10, sex-balanced pups. Dams were housed individually with their litter and 

allowed to ac-climate to their environment. Before and after the experiment, each dam 

and her pups were housed under standard conditions with an automatic 12 h light/dark 

cycle, a temperature range of 20–26 °C, and access to standard chow and autoclaved 

tap water ad libitum. The pups were checked for health daily. 

2.2.2. OWH Slicing Methodology 

Following intraperitoneal euthanasia with pentobarbital, fresh brain tissue was 

rapidly extracted from P10 male rats, placed in ice cold dissection media, and sectioned 

into 300 µm slices using a Mcllwain tissue chopper (Ted Pella, Redding, CA, USA). 

These slices were plated onto 30 mm cell culture inserts (Millipore Sigma, Burlington, 
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MA, USA) in nontreated 6-well plates (USA Scientific, Orlando, FL, USA). Slices were 

then incubated at 37 °C in 1 mL of 5% slice culture medium (SCM) at 37 °C and 5% 

CO2 to recover from acute slicing. SCM medium with 5% horse serum consists of 180 

mL HBSS (Gibco), 20 mL horse serum, 200 mL MEM (Gibco, Dublin, Ireland), 4 mL 

PenStrep, and 4 mL GlutaMax (Gibco). Days in vitro (DIV) 0 was defined as the day of 

brain extraction and slicing. At DIV1, the media was exchanged with fresh 5% SCM. 

2.2.3. OGD Methodology  

Acute brain slices are incubated in oxygen-glucose deprived media within an 

oxygen-free chamber.67, 69 Since multiple slices can be obtained with one brain, OWH 

slices reduce the number of animals required and allow for higher throughput screening. 

At DIV3 slices were placed in glucose depleted media and a hypoxic chamber for 30 

min before further tissue processing. OGD medium consists of 120 mM NaCl, 5 mM 

KCl, 1.25 M NaH2PO4, 2 mM MgSO4, 2 mM CaCl2, 25 mM NaHCO3 and 20 mM 

HEPES. The solution was passed through a vacuum filter unit 0.2 µm (Nalgene, 

Rochester, NY, USA). Previous work in the rat determined that 30 min incubation time 

under these conditions was sufficient to induce significantly higher cell death compared 

to healthy slices.67 Varying OGD exposure can result in a high degree of cell death and 

depletion of glutathione (GSH), a mediator of intracellular oxidative stress. 

2.2.4. BEV Isolation Using a Combination of Methods 

A modified BEV isolation procedure published by Vella et. al. was used to extract 

and enrich BEVs from whole rat brain.72 Each rat brain was perfused with 10 mL PBS to 

reduce contamination from blood and serum-derived EVs. For every extraction, four 

PBS perfused P10 brains were used from the same litter and sex to limit biological 



 18 

variability and flash frozen prior to processing. Whole brains extracted from P10 rats 

were finely chopped in a solution and incubated for 20 min in a water bath with protease 

inhibitors to allow for complete dissociation of extracellular matrix proteins. 

Subsequently, tissue samples were ultracentrifuged under increasing speeds at 4 °C to 

remove large proteins and cellular debris from the supernatant. The homogenate was 

initially spun at 300× g for 5 min, transferred to a new tube to spin at 2000× g for 10 

min, and finally transferred to new tubes and ultracentrifuged for 10,000× g for 35 min. 

After ultracentrifugation, the collected supernatant was run through an Amicon 

ultrafiltration column (100 kDa molecular weight cutoff) and spun at 3214× g for 90–120 

min, or until the final volume reached 500 μL. A size exclusion chromatography column 

(iZon Science, Portland, OR, USA) was then used to further purify BEVs, and fractions 

containing high concentrations of BEVs were ultracentrifuged in an Amicon ultrafiltration 

column (50 kDa) at 3214× g for 60–90 min at 4 °C to concentrate isolated BEVs. The 

concentrate was collected, and flash frozen at −80 °C in 1X PBS until use. 

2.2.5. BEV Characterization 

The total protein concentration of the isolated BEV solution was quantified using 

a bicinchoninic acid assay (BCA, Pierce BCA Protein Kit). Nanoparticle tracking 

analysis (NTA) using a NanoSight was used to quantify particle size (nm) at a dilution of 

1:1000 in 1X PBS. The purity of BEVs was calculated as the number of particles 

measured by NTA/protein concentration measured by BCA [51]. The zeta potential of 

BEVs suspended in 1X PBS was measured using a Zetasizer (Malvern Panalytical, 

Malvern, UK).  
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The identity of isolated EVs was verified using dot blot immunodetection. The dot 

blots were labeled for positive and negative surface markers. Positive EV markers 

included: tetraspanins CD9 (1:500, BD Biosciences, Franklin Lakes, NJ, USA) and 

CD63 (1:500, BioRad, Hercules, CA, USA). The negative EV protein marker used is a 

membrane protein of the Golgi Apparatus GM130 (1:500, BD Biosciences, Franklin 

Lakes, NJ, USA). A housekeeping marker GAPDH (1:500, Thermofisher, Waltham, MA, 

USA) was also used as a positive control for the tissue lysates, while 1X PBS was used 

as the negative control. BEVs and P10 brain tissue were lysed using 1X RIPA buffer 

with a 1X protease inhibitor cocktail on ice (100x, Thermofisher, Waltham, MA, USA). 

Lysates were incu-bated on ice for 20–30 min following the addition of 1X RIPA. The 

brain tissue lysates were ultracentrifuged at 15,000× g for 30 min at 4 °C to pellet cell 

debris, which was then removed for dot blotting. BEV lysates were concentrated using a 

3 kDa molecular weight cutoff ultrafilter (Thermofisher, Waltham, MA, USA) and 

ultracentrifuged at 15,000× g. A BCA quantification was used immediately prior to dot 

blotting to determine the protein mass loaded onto each membrane. Strips of wetted 

polyvinylidene fluoride (PVDF) transfer membranes were prepared (Thermofisher, 

Waltham, MA, USA), and a hydrophobic pen was used to draw rings for each sample 

protein. Proteins from BEV and brain tissue lysate were aliquoted at a volume of 15 μL 

into each ring. Following an initial blocking with 5% skim milk in TBST buffer at room 

temperature, the membranes were blocked with primary antibodies diluted with 5% skim 

milk TBST buffer on a shaker overnight at 4 °C. The following morning, the membranes 

were blocked with secondary antibody (IR800 goat anti-mouse, 1:4000) for 1.5 h in the 

dark at room temperature. After staining with secondary antibody, the membranes were 
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washed with 5% skim milk and TBST buffers several times before imaging (Azure 

Biosystems, Dublin, CA, USA). 

Dot immunoblots were analyzed using ImageJ and the integral signal density 

(total fluorescent signal) of each sample was quantified within a region of interest of the 

same area for each sample. All sample fluorescent intensities were normalized with the 

blank solution (PBS) prior to quantification. 

2.2.6. Transmission Electron Microscopy (TEM) Imaging 
 

TEM Imaging was performed using a FEI (Thermoscientific) TF20 TEM at the 

UW Molecular Analysis Facility at 200 kV with an Eagle CCD Camera. To prepare BEV 

samples on a carbon grid, aliquots of BEVs were thawed and mixed with an equal 

volume of 1.5% glutaraldehyde buffered with 0.1 sodium cacodylate buffer for fixing. 

Then, 200 mesh TEM grids were glow-discharged, and 10 μL of BEV suspension was 

placed onto the grid and left to dry for 5 min in ambient temperature. The grids were 

then exposed to 5% uranyl acetate for 5 min and washed three times with a droplet of 

distilled water. Grids were air-dried before storage. 

2.2.7. BEV Administration on Ex Vivo Slices 

Frozen BEV fractions were thawed and gently resuspended with a pipette. BEV 

solution was then diluted with sterile 1X PBS to achieve experimental dosages (5 μg, 

12.5 μg, 25 μg, 50 μg) suspended in a total volume of 100 μL per slice. The BEV 

solution was topically applied onto the tissue slices at various application timepoints 

(−24, 0, 4, and 24 h post-OGD conditioning), aligned with previous therapeutic efficacy 

studies performed in OWH slices.67, 69 After various BEV exposure timepoints of interest 
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(4, 24, and 48 h), slices were stained with propidium iodide (PI) to quantify cell viability 

and fixed with 4% formalin. Formalin fixed slices were subsequently co-stained with 

DAPI and Iba-1 (Wako), a standard marker of microglia. 

2.2.8. Confocal Imaging 

A Nikon A1R confocal microscope was used for blinded quantification of cell 

viability (PI-stained cell count/ total cell count). Three to five images were captured of 

the cortical region of every slice at 40× magnification and each image was blinded to 

participants involved in cell counting with ImageJ. Confocal images of cells were taken 

at 40× magnification and further processed computationally. 

2.2.9. Cell Morphology Analysis 

All images of interest from each treatment and control group of Iba-1-stained 

slices were converted from .nd2 file format to .tiff file format using the Nikon’s Confocal 

NIS-Elements software. The saved .tiff files of all images were segmented by multiple 

thresholding methods using scikit-image’s try_all_threshold functionality which includes 

the isodata, li, mean, minimum, otsu, triangle, and yen thresholds.73 An image showing 

the original cell image compared with the other seven thresholding methods was saved 

as a .tiff for qualitative comparison. The Li threshold method for segmentation was 

determined to be most accurate when comparing to manual segmentation with the Fiji 

implementation of ImageJ.74 For further quantification, the images were individually 

segmented using scikit-images threshold_li function followed by removing small objects 

smaller than 71 pixels2 and filling all holes. To determine the size of the small object to 

remove, we accounted for the average size of microglia (1600 μm2).75 The microglia 

size was converted to a pixel cut off by (1) converting from pixels to μm with the 
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confocal metadata 1 pixel = 3.4527 um conversion (2) ensuring no potential microglia 

were cut off by selecting a lower boundary at half the average microglia size. 

After segmentation, cells were quantified with two methods: regionprops analysis 

through Sci-kit image and with Visually Aided Morpho-Phenotyping Image Recognition 

(VAMIRE).76 With the regionprops functionality, cells were individually measured for 

geometric parameters including area, perimeter, major axis length, and minor axis 

length. The aspect ratio of cells was calculated as the ratio of the major axis length to 

the minor axis length and cellular circularity was calculated with the following equation: 

Circularity=  (4π * Area)/(Perimeter^2 ) 

Heat maps of the fold change of individual geometric features from regionprops 

analysis were created using Excel conditional formatting with a custom 2-scale color 

map with white as the highest value and a unique color as the lowest value—perimeter: 

green, area: yellow, circularity: blue, and aspect ratio: purple. 

For VAMPIRE analysis, the NumPy files of the cell images after threshold-based 

segmentation were split into four equal quadrants. For each quadrant, any cell touching 

the edge of the image was removed to avoid noise created by artificial straight edges. 

All the quadrants were split into groups for building and applying a VAMPIRE model via 

an 80:20 train: test split. Models were built and applied according to previously 

published VAMPIRE methodology.76 Five shape modes (SM) where chosen to capture 

biological variation while remaining computationally efficient. The VAMPIRE method 

also produced results of the aspect ratio, circularity, perimeter, and area of every cell 

and correlated shape mode. Qualitative visualizations of the segmented cells were 
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created with Python by assigning each shape mode a color with the Matplotlib twilight 

color map. Heat maps of shape mode frequencies were created in Microsoft Excel with 

conditional formatting and a red-yellow-green color scale. All code can be found on the 

Nance Lab GitHub repository.77 

2.2.10. Reverse Transcriptase Quantitative Polymerase Chain Reaction (RT-qPCR) 

Changes in pro-inflammatory, anti-inflammatory, cell death, glial activation, and 

oxidative stress gene expression profiles following BEV treatment was quantified using 

RT-qPCR. For each condition, three brain slices were cultured together on the same 

membrane. Slices were preserved in RNALater (Thermofisher, Waltham, MA, USA) and 

kept at 4 °C prior to processing to prevent RNA degradation. The RNA from 

homogenized brain slices were extracted with TRIzol reagent, pelleted at 15,000× g, 

washed several times with ultrapure DEPC water (Thermofisher, Waltham, MA, USA) 

and 70% ethanol, and the RNA final concentration was measured using a NanoDrop. 

cDNA was diluted to 20 ng/μL with ultrapure RNA-free water. RNA was transcribed into 

cDNA using Thermofisher (Waltham, MA, USA) Reverse Transcription RNA to cDNA 

kit. qPCR was run using the transcribed cDNA and BioRad (Hercules, CA, USA) SYBR 

Green Master Mix that binds to double-stranded DNA to quantitatively track the 

progress of DNA amplification in real-time. Primers used were: Inflammatory (IL-4, IL-6, 

IL-9, IL-10, IL-11, Nκβ), oxidative stress (iNOS), cell death (Casp-3), and cellular 

activation markers (Ki67, CD68, GFAP, Synapsin, CD11b, Vim), and a housekeeping 

gene (GAPDH) (Table 2.1). The qPCR runs at 95 °C for 30 s, 95 °C for 5 s, and then 60 

°C for 30 s for 40 cycles. The gene expression changes in OGD-conditioned and BEV 
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treatment groups were normalized to the healthy controls to quantify fold-expression 

change. Results were statistically analyzed with one-way ANOVA (Kruskal–Wallis  

multiple comparison tests) and normalized by the median Ct value for all samples. 

Table 2.1. Sprague-Dawley Rat mRNA Primer Design for qPCR. 

2.2.11. Statistical Analysis 

Statistical analysis was performed in GraphPad Prism version 9.2.0 (GraphPad 

Software, San Diego, CA, USA). Graphs for the cell features compared to the control 

and treatment groups and compared to shape modes are displayed as the median with 

interquartile range and all data points are shown. Morphology features were compared 

across all groups using a nonparametric One-Way ANOVA utilizing the Kruskal–Wallis 

Gene 
NCBI Reference 

Sequence 
Forward Primer Reverse Primer 

GAPDH NM_017008.4 ACTCCCATTCTTCCACCTTTG  ACTCCCATTCTTCCACCTTTG 

IL-4 NM_201270.1 GTCACTGACTGTAGAGAGCTATTG CTGTCGTTACATCCGTGGATAC 

IL-6 NM_012589.2 GAAGTTAGAGTCACAGAAGGAGTG GTTTGCCGAGTAGACCTCATAG 

IL-9 NM_001105747.1 GAAGGACGACCCATCATCAAA ACGGTGTGGTACAATCATCAG 

IL-10 NM_012854.2 AGTGGAGCAGGTGAAGAATG GAGTGTCACGTAGGCTTCTATG 

IL-11 NM_133519.5 CTAGCACTTCAAAGGTCCTCAA ACACCTTGAACCTTGCTATCTC 

Ki67 NM_001271366.1 CACACACAAAGAGCCCATAGA GATTCCTCCTGCCGGTTAAA 

Nκβ NM_001276711.1 GGTTACGGGAGATGTGAAGATG GTGGATGATGGCTAAGTGTAGG 

CD68 NM_001031638.1 CTTGGCTCTCTCATTCCCTTAC TGTATTCCACTGCCATGTAGTT 

Vimentin NM_031140.1 CTTCCCTGAACCTGAGAGAAAC GTCTCTGGTTTCAACCGTCTTA 

GFAP NM_017009.2 AAAGACACTGAAACAGGAGAGAG GGACTGAGCAACCAGGAATAG 

Synapsin NM_001110782.2 GGACGGAAGGGATCACATTATT ACCACAAGTTCCACGATGAG 

CD11b NM_012711.1 GAGCACCATCTGGGACATAAA GGCATCAGAGTCCACATCAA 

iNOS NM_012611.3 TGGAGCGAGTTGTGGATTG CCTCTTGTCTTTGACCCAGTAG 

Casp-3 NM_012922.2 GAGCTTGGAACGCTAAGA CTGACTTGCTCCCATGTAT 
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test and Dunn’s post hoc correction for multiple comparisons. All p-values < 0.05 were 

considered statistically significant. 

2.3. Results 

2.3.1. Isolating BEVs from Whole Neonatal Brain Tissue 

Recent papers suggest that while several different techniques exist for EV 

sequestration, such as ultracentrifugation (UC), size exclusion chromatography (SEC), 

and density gradient (DG), a combination of two or more of these methods improve EV 

throughput.78, 79 For this project BEVs from saline-perfused P10 male rat brains were 

isolated using a combination of UC, SEC, and ultrafiltration (UF). The size and number 

of BEVs were characterized using nanoparticle tracking analysis (NTA). NTA results for 

BEVs showed a mean size distribution of 100–300 nm (Figure 2.1 A-B)—representative 

of the size regime of exosomes and small microvesicles—and a concentration that 

averaged 3.2 × 1011 particles/mL among formulations. To put this value into 

perspective, blood has an estimated concentration of about 5–15 × 108 particles/mL. 

NTA results reported a purity similar to published tissue-derived EV values, confirming 

that our methods were appropriate for BEV purification78. The zeta potential of BEVs 

was on average measured to be −14.1 mV.  

2.3.2. Characterization and Validation of BEVs 

Characterization and validation of BEVs was performed following successful 

isolation methodology. We visualized the geometry of isolated BEVs using transmission 

electron microscopy (TEM) through negative and positive staining (Figure 2.1C). The 

negative stain coats the background with heavy metal, allowing electrons to travel more 

easily through the vesicle. This created high contrast between the background and 
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clearly delineated the lipid bilayer of the BEVs. Meanwhile the positive stain coats 

organic material lining the surface of BEVs, which revealed surface texture likely due to 

membrane biomolecules such as lipids and proteins, in addition to the lipid bilayer. 

Together, these images provided information about the vesicular geometry and topology 

of BEVs. 

 

 

 

 

 

 

 

 
 
 
 
Figure 2.1. Characterization of BEVs.  
Average A) diameter and B) concentrations (#particle/mL) across all BEV extracts as measured 
by NTA and BCA. Each point represents one unique sample (N=10). The mean diameter and 
concentration across all isolates are 213.9 nm and 3.2 x 1011 particles/mL, respectively. C) 
Transmission electron microscopy (TEM) closeup of isolated BEVs using negative staining (top) 
and positive staining (bottom) with visible lipid membrane structure. BEVs ranged from 30-
200nm, supporting NTA data.  Scale bars = 20nm (top), 50nm (bottom).   
 

Following visual confirmation of EVs using TEM, the identity of isolated BEVs 

was quantitatively validated using dot blot immunodetection on BEV and brain tissue 

lysates after lysis with 1X radioimmunoprecipitation buffer (RIPA).  The presence of 

target proteins CD9, CD63, and GM130, and housekeeping protein GAPDH were tested 

among the samples. It is expected that BEV fractions would contain positive EV 
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markers CD9 and CD63, while lacking EV negative marker GM130. Brain tissue lysate 

was used as a positive control and is expected to express all proteins tested. 

Conversely, 1X PBS served as a negative control and was not expected to express any 

signal. 

As expected, the 1X PBS control produced no fluorescence, while the brain 

tissue lysates (for all dilution factors) showed strong fluorescent signals for all targeted 

proteins (Figure 2.2). Using the image processing platform ImageJ, we quantified the 

total detected fluorescent signal and computed the integral signal density values within 

a selected region of interest to serve as a proxy for the total amount of protein assessed 

in the sample. Detection of EV positive markers, tetraspanins CD9 and CD63, were 

confirmed in all blots containing BEV and brain lysate. As expected, the BEV lysate 

showed negligible signal for negative EV biomarker GM130 (0.004 signal density), 

confirming that BEV samples were free of cellular contaminants otherwise found in brain 

tissue.80  

 

 

 

 

 

 

 

Figure 2.2. Dot blot immunodetection of EV proteins. 
Immunoblot panel of BEV lysates compared to brain tissue (BT) lysate and a negative control. 
Samples (top to bottom) are BEV lysate, BT lysate, BT lysate (1:2 dilution in PBS), and PBS 
(negative control). Each PVDF membrane strip was probed with a different primary antibody for 
a specific target protein (left to right): CD9, CD63, GM130, and GAPDH. Each spot contained 
110µg (or 55µg) of sample protein in a volume of 15µL as measured by BCA.  The total 
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fluorescent signal density of each dot was normalized by the negative control (PBS), quantified 
in ImageJ, and labeled in the corresponding dot. 
 

From integral signal density quantification of the BEV lysates, we determined that 

CD9 had the greatest abundance of all measured proteins (0.339), followed by CD63 

(0.302) and GAPDH (0.044). A signal density ratio quantifies the abundance of target 

proteins extracted in the BEV lysate compared to brain tissue lysate (signal density ratio 

= signal density of BEV/signal density of brain tissue lysate). The signal density ratios 

for CD9, CD63, GM130, and GAPDH are 69.5%, 64%, 2.12%, and 12.19%, 

respectively. Based on these immunoblotting results, we validated the identity of EV 

isolates used for these studies, with CD9 being the most abundant target tetraspanin.  

2.3.3. BEV-Mediated Therapeutic Effects on an Ex Vivo Ischemic Slice Model 

Having successfully isolated and characterized BEVs, we sought to address the 

overarching question of whether BEVs confer therapeutic effects within an HI model. To 

study EV therapeutic activity and its impact on cellular behavior, we performed OGD on 

organotypic whole hemisphere OWH slices from the P10 rat brain to model HI in term-

equivalent neonates.11, 67 Following OGD conditioning, we topically applied 5 μg, 12.5 

μg, 25 μg, and 50 μg BEV dosages on slices at various timepoints (Figure 2.3 A). 

Healthy and OGD control slices did not receive any BEV treatment. Comparing cellular 

cytotoxicity values among ex vivo slices revealed several important trends. First, the 

percent cytotoxicity expectedly decreased over time in both the healthy and OGD 

control conditions as tissues recovered from acute slicing (Figure 2.3 B). 67 Second, 25 

μg is the observed minimum therapeutic dosage beginning at 24h exposure. At this 

exposure time, the percent cytotoxicity was not statistically significant from the healthy 

control but was statistically significant from the OGD (0 µg BEV) control (p < 0.0001). 
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This reveals that 24h is the observed minimum exposure time necessary to elicit a 

therapeutic response at the minimum therapeutic dosage. Third, the percent cytotoxicity 

across 5–50 µg dosages were statistically insignificant from the healthy control at 48h 

exposure time (p > 0.999), which is regarded as the therapeutic exposure time.  

Though it was determined that 25 μg and 48h were the therapeutic dose and 

exposure time for our model, another important clinical parameter to investigate is the 

therapeutic window for BEV treatment. Defining a treatment window during which BEVs 

retain their therapeutic efficacy is especially critical in neonates given that subtle 

symptom presentation during HIE onset usually results in delayed medical treatment. To 

test for the therapeutic window, BEV treatment was administered to OGD conditioned 

slices at various application timepoints before and after OGD onset (−24, 4, 24h). 

Noticeably, there were extended time periods when all 5–50 µg dosage groups elicited 

therapeutic effects resulting in cell viability at similar levels to the healthy control (Figure 

2.3C). This result occurred in BEV application as early as 4h post-OGD and as late as 

24h post-OGD and indicates that the therapeutic window of administration can extend 

up to a day post-injury. The results from this experiment suggest that BEV application is 

therapeutically effective even when administered several hours after injury onset.  
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Figure 2.3. Cytotoxicity in Hypoxic-Ischemic Brain Slices Following BEV Treatment. 
A) Timeline of ex vivo OWH slicing, OGD conditioning, and BEV treatment prior to outcome 
assessment to determine the therapeutic efficacy of BEVs. On DIV1 ex vivo slices are placed 
into a permeable PTFE membrane submerged in 5% SCM and incubated at 37°C and 5% CO2 
for recovery post-acute slicing for 2 days. OGD conditioning for 30 minutes is performed on 
DIV4, followed by application of BEVs at various dosages (5µg, 12.5µg, 25µg, and 50µg) and 
application timepoints (-24h, 4h, 24h). B) Slices were immediately treated with BEVs following 
OGD conditioning for varying exposure times of 4, 24, and 48h. 25µg and 50µg dosages led in 
significant decreases in cell death compared to 0µg control across all timepoints with at least 
24h of exposure. C) Slices were treated with BEVs at varying application timepoints: 24h pre-
OGD (-24h), and 4 and 24h post- OGD for 24h. BEVs retained therapeutic viability when applied 
up to 24h post-injury. Percent cytotoxicity was determined using PI cell viability assay and 
cytotoxicity was normalized by cell number (N=3 slices per group, 4-6 cortical images per slice). 
Significance was determined by multiple group Kruskal-Wallis testing (ns=not significant, *p< 
0.05, **p<0.01, ***p<0.001, ***p<0.0001). Modified from Nguyen et. al. 
 

2.3.4.  mRNA Expression Changes in Response to BEV Treatment 

Though brain slices exposed to BEVs demonstrated therapeutic effects within 

our ex vivo model, it remains unclear what cytokines and regulatory factors are 

involved. In addition to assessing cell viability via confocal imaging, RT-qPCR was used 
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to further quantify BEV therapeutic activity on ex vivo OGD slices by measuring 

changes in gene expression levels following treatment. RT-qPCR was run on a 

subgroup of slices to evaluate temporal changes in the gene expression profiles of 

inflammatory (IL-4, IL-6, IL-9, IL-10, IL-11, N κβ), oxidative stress (iNOS), cell death 

(Casp-3), and cellular activation markers (Ki67, CD68, GFAP, Synapsin, CD11b, Vim) 

(Table 2.1) following BEV treatment at 25 μg for 24h (Figure 2.4). At 24h, slices with 

BEV treatment showed a significant increase (p = 0.037) in the expression of anti-

inflammatory cytokine IL-10 compared to the OGD control (Figure 2.4). After 24h, there 

were no significant changes in expression of cell activation and cell death markers 

profiled in this study. 

 

Figure 2.4. RNA quantification in ex vivo slices. 
Fold-changes of inflammation mRNA markers in healthy, OGD-conditioned, and BEV treated ex 
vivo slices following 24hexposure (N = 7–15 RNA samples (3 replicates per sample)); median ± 
95% confidence interval; ns: not significant, * = p < 0.05).**mRNA markers tested, but showed 
no significance after statistical analysis: 1) cell death and stress: iNOS & Casp-3, 2) cell 
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proliferation: Ki67, Synapsin, CD68, 3) cell activation: GFAP (astrocytic), CD11b (microglial), 
Vim (neuronal). Modified from Nguyen et.al. 
 

2.3.5. Morphological Response of Glial Cells to BEV Treatment 

Microglia are glial cells whose phenotypes provide ample information about the 

biological state of the brain.81 Due to their extensive involvement in injury response 

within the brain, microglia morphology is used as a proxy through which inflammation 

and injury progression can be measured within the OGD model. Several shape features 

of microglia were compared across healthy control, OGD control, and BEV treated 

slices at varying exposure times—4 h, 24h, and 48 h.   

Qualitative differences in cellular density and morphology were observed in 

representative images of microglia stained with Iba-1 across the healthy, OGD, and 

BEV-treated slices at 24h (Figure 2.5). The healthy control slices showed the highest 

microglia density, followed by BEV-treated slices, and finally OGD control slices with the 

lowest density. Microglia from healthy and BEV-treated slices also displayed greater 

extent of ramification than microglia from OGD control slices.  

 

Figure 2.5. Representative confocal imaging examples of microglia (stained with anti-Iba-1) at 
40x magnification. 
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These images were taken from the cortical region of ex vivo healthy control, OGD control, and 
25µg BEV-treated slices at an exposure time of 24h. Scale bars: 100 μm. 
 

Quantitative analysis of microglia shape features was completed with Python-

based image processing (Figure 2.6). While fluctuations in morphology during the first 

24hmay be due to natural microglial heterogeneity, changes in perimeter, area, 

circularity, and aspect ratio were observed in BEV-treated slices between the 24h and 

48h exposure times. After 24h the microglia from BEV-treated slices showed no 

significant difference from the OGD control slices in perimeter, area, circularity, and 

aspect ratio. However, this trend changes at the 48h time point as the microglia from 

BEV-treated groups become statistically differentiable to the healthy and OGD controls 

in every feature except perimeter (area: p < 0.0001 for both healthy and OGD controls; 

circularity: p < 0.0001 for both healthy and OGD controls; aspect ratio: p = 0.0002 for 

healthy control, p = 0.0097 for OGD control). Specifically, the median area and 

circularity of the BEV-treated microglial cells decreased while the median aspect ratio 

and perimeter increased. Meanwhile, the OGD control slices observed increases in the 

median value of circularity, area, perimeter and observed relatively no change in 

median aspect ratio. The healthy control slices observed an increase in median value 

for circularity and a decrease in the median value for area, perimeter, and aspect ratio.   
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Figure 2.6. Cell morphology analysis across treatment groups and exposure time. 
Quantification of microglial geometric parameters: A) Circularity, B) Area Coverage, C) 
Perimeter, D) Aspect Ratio. Graphs display median with interquartile range. * (p<0.05), ** 
(p<0.01), *** (p<0.001), and **** (p< 0.0001) indicate significant difference with Kruskal-Wallace 
test adjusted for multiple comparisons. Modified from Nguyen et.al. 
 

Using the VAMPIRE image analysis package to categorize cell shapes, microglia 

were split into five distinct shape modes (SM) and graphed for perimeter, area, 
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circularity, and aspect ratio (Figure 2.7A). Representative images of the original Iba-1 

stain, segmented microglia, and color-coded SMs are displayed alongside a 

representative dendrogram of the PCA and SMs determined by k-means clustering 

(Figure 2.7B). SM3 represents a circular microglial shape with the highest circularity yet 

smallest perimeter, area, and aspect ratio. SM1 and SM5 were statistically 

indifferentiable amongst the four geometric features analyzed and correlated with 

branched microglia with little to no swelling, as these SMs have the highest perimeter 

and area and the lowest circularity. SM2 and SM4 were also nearly indifferentiable from 

each other, but SM4 has a significantly higher aspect ratio. The aspect ratio differences 

between SM2 and SM4 may indicate that SM4 has increased process extension or 

unidirectional branching in comparison to SM2.  

 

 

Figure 2.7. Comparison of VAMPIRE generated cell shape modes by geometric parameters. 
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A) Morphology parameters for the five VAMPIRE SMs. Graphs depict median with interquartile 
range. * (p<0.05), ** (p<0.01), ***(p<0.001), and **** (p<0.0001) indicate significant difference 
with Kruskal-Wallace test adjusted for multiple comparisons. B) Segmentation procedure shown 
with the original cell image, Li Threshold image, and labeled by color to represent each of the 
shape modes (colored according to dendrogram on right) after VAMPIRE method. 
 

To demonstrate morphological heterogeneity frequencies of all SMs were 

visualized as a heat map across every exposure time—0, 4, 24, and 48 h—and for all 

three experimental groups—healthy control, OGD control, and BEV treatment  (Figure 

2.7). SM3 and SM4 exhibited the highest overall frequency with the peak of SM3 

occurring at 24hand the peak of SM4 occurring at 0 and 4 h. SM 1 and 5 exhibited the 

lowest frequencies with the lowest overall frequencies occurring in SM 5 at 24h. The 

BEV-treated slices showed the lowest microglial heterogeneity at 24hwhen SM3 

dominated at 37% and both SM1 and SM5 were at 12%. However, at 48hthe BEV-

treated slices showed the highest microglial heterogeneity with the most evenly 

dispersed frequencies across all groups and exposure times.  

 

Figure 2.8. Global heatmaps of percent shape mode by exposure time and treatment condition. 
Adapted from Nguyen et. al. 

2.4. Discussion  

EVs initiate and promote a therapeutic injury response in adult stroke models by 

releasing neuroprotective, neurogenic, and anti-inflammatory factors and have high 
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potential to be translated into the neonatal therapeutic space. However, most studies 

and all ongoing clinical trials evaluating EV therapeutic potential are performed on adult 

models using stem cell-culture derived EVs, which do not recapitulate EV activity in their 

endogenous environment. Here, we investigated the therapeutic potential of BEV 

administration on an OWH slice culture model of neonatal HI. We showed that BEVs 

can be successfully isolated from whole brain tissues by using a combination of UC, 

SEC, and UF techniques. Independently, these are standard techniques in EV research 

but using them in combination allowed for increased EV yield and purity as quantified by 

NTA and BCA. We validated the identity of BEV using dot blots targeting positive 

(tetraspanins CD9, CD63) and negative (GM130-a membrane protein of the Golgi 

Apparatus) EV markers compared to brain tissue lysate. Positive markers were 

detected in both the BEV and brain tissue lysates, while negative EV markers were only 

present in brain tissue lysate confirming the identity of isolated BEVs. Both the negative 

control (1X PBS) and negative EV marker GM130 had negligible signal density values 

in BEV lysate, which is indicative of BEV purity. It is difficult to address the purity of the 

BEV samples, as quantitative standards have not been set due to inconsistent methods 

utilized between research groups for EV isolations.28 This problem is compounded by 

the diverse sources from which EVs are extracted. The wide range of EV sequestration 

methods result in highly heterogenous distributions of EV size across the literature. 

Here I report data from the BEV isolates used for this project, including size distribution, 

and concentration to provide comprehensive characterization of our BEV isolates (Table 
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2.2). 

 

Table 2.2. Characterization data from BEV extracts used in dose- and time- dependency 
studies.  

We performed dose- and time-dependency experiments to evaluate the 

therapeutic potential of BEVs in an HI brain slice model. We observed a decrease in the 

percent cellular cytotoxicity over time in the healthy and OGD control conditions as the 

slices naturally recover from acute slicing, aligning with previous outcomes in our OGD 

slice model in rats.67 Results from these therapeutic efficacy studies suggest that 25 μg 

of BEVs is the minimum therapeutic dosage after 24h exposure time. At this dosage 

and exposure time, BEV-treated slices and the healthy control display comparable 

cytotoxicity values. Notably, at 4h of exposure time all BEV dosages elicited an 

increased cytotoxicity compared to the OGD control. However, this increase was not 

observed at 24h. We hypothesize this may be due to a delayed activation of immune 

response following injury onset that occurs between 4 and 24h.82 Additionally, 48h is 

considered as the therapeutic exposure time for which cellular cytotoxicity significantly 

decreased following BEV treatment across all tested dosages. 

EV extract 
#

Mean Diameter (nm) Mode Diameter 
(nm)

Particle # Purity (Particle/mL)

1 279.3 227.5 2.73E+11 5.76E+08
2 155.8 132.3 2.82E+11 4.35E+08
3 197.3 144.2 3.63E+11 9.65E+08
4 208.4 138 2.52E+11 4.00E+08
5 197.8 139.2 2.14E+11 5.46E+08
6 216.6 129.5 6.17E+11 1.43E+09
7 210.2 140 2.77E+11 4.09E+08
8 189.3 145 4.42E+11 4.11E+08
9 281.7 180 6.42E+10 7.14E+07
10 146.1 202.5 3.96E+11 6.91E+08
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We sought to determine the therapeutic application window of BEV treatment 

following OGD conditioning. Cellular cytotoxicity values for tissues treated with BEVs 

were similar to the healthy control at all dosages when applied between 4 and 24h post-

OGD conditioning. This indicates that the application window of BEVs spans at least 

24h following injury onset. In our interpretation, this heightened therapeutic activity 

suggests that BEV treatment may directly interact with important cells regulating injury 

response during peak immune activation period within 24h post-injury.82 Unexpectedly, 

24h BEV priming of the ex vivo slices before OGD (−24h) in our time-dependent 

experiments (Figure 2.3 C) did not demonstrate increased therapeutic response. It may 

be that priming will be more efficient closer to the period of injury onset, or that priming 

requires cell-specific BEVs to trigger neuroprotective factors that will lead to a decrease 

in cell cytotoxicity. To reduce the number of animals used, we did not run 50 μg dosage 

experiments for all timepoints because 25 μg was previously determined as the 

therapeutic dosage. Dosages greater than 25 μg could continue to elicit observed 

therapeutic trends, but this may not be necessary as 25 μg drove cytotoxicity values 

down to levels comparable to the healthy control after 24h (Figure 2.3). 

Furthermore, all slice studies were sex-controlled using only male pups because 

males often have worse outcomes in neurological injury than females.71 While 25 μg 

BEV is presented as the minimum therapeutic dosage for ischemic male rat pups, this 

dose may be lower for a pup with a lesser injury severity regardless of sex. Future 

studies investigating the role of sex-dependent BEV injury attenuation will provide 

insight into the biological conditions affecting BEV therapeutic efficacy. 
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While our cytotoxicity evaluations did indeed demonstrate reduced cytotoxicity in 

the BEV-treated slices, we evaluated qPCR on two cell death markers: iNOS and Casp-

3. qPCR results indicated no difference in these specific cell death markers. Therefore, 

it is likely to be the case that BEVs impact another pathway not explored in this paper. 

Other studies have found that EVs influence other apoptotic markers such as BCL2 

Associated X (Bax),54 superoxide dismutase 1 (SOD-1),32 Bcl-2 and nineteen kilodalton-

interacting protein 2 (BNIPS),56 and osteopontin (OPN).49 It is also possible that rather 

than influencing cell death pathways directly, BEVs impact the expression of cell 

survival pathways such as extracellular signal-regulated kinase 1 (Erk1) and Erk232 or 

prion protein (PrP)49. These mechanisms of effect can be explored in future studies. 

Results from whole slice qPCR analysis also demonstrated a significant increase 

in anti-inflammatory gene expression for IL-10 in BEV-treated slices compared to the 

OGD control group after 24hexposure. In particular, IL-10 expression after BEV 

treatment is comparable to the healthy control, pointing to the role that BEVs play in 

regulating injury attenuation back to healthy levels. IL-10 is a critical anti-inflammatory 

cytokine, and the upregulation of IL-10 mRNA expression suggests that BEVs play a 

role in alleviating inflammation in injured tissues through elevating IL-10 anti-

inflammatory expression. 

Gene expression analysis was paired with the phenotypic profiling of microglia 

that provided information about inflammation, disease onset and progression, and 

stimuli from the local environment. Classically, a swollen and amoeboid-like phenotype 

is connected to a pro-inflammatory active microglia, while a ramified and branched 

phenotype is connected to a less-inflammatory, resting state.81 Microglial differentiation 
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between BEV treatment, OGD controls, and healthy controls was quantified over 

several key morphologic features on both an individual and population-based level. On 

the individual level, microglia in BEV-treated groups demonstrated unique 

morphological changes between 4–48hof BEV exposure. At 4 h, microglia in both the 

BEV treated slices and OGD slices show significant increases in circularity from the 

healthy control slices, suggesting swelling of microglia. Swollen, thicker microglia are 

correlated with a pro-inflammatory state, which is confirmed by increased cytotoxicity 

and pro-inflammatory marker expression at 4hof BEV exposure. Microglia from BEV-

treated slices start to exhibit significant morphological changes from OGD controls at 48 

h. The microglia from BEV exposure at 48hdisplayed decreased median area and 

circularity with an increased aspect ratio, which suggests that the microglia are entering 

more elongated shapes. Elongation with decreased area also indicates a decrease in 

swelling associated with a less inflammatory microglial state. This microglial shift 

between 24–48htowards an anti-inflammatory state confirms the therapeutic effects 

demonstrated via cytotoxicity and qPCR results at this critical timepoint. 

This morphological shift between 24–48h is also observed at the population-level 

in microglia exposed to BEV treatment. Using the SMs obtained via VAMPIRE, overall 

morphological changes in the microglial population were compared across treatment 

groups and exposure times. Microglia across all conditions displayed increased 

homogeneity of microglial phenotypes at 4h and 24h, which is to be expected during 

initial injury response period. However, at 48h, while the OGD and healthy control 

homogeneity increases, microglia from BEV-treated slices become more heterogeneous 

and transition into a branched and less swollen SM. Strikingly, the increase in 
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heterogeneity and increased IL-10 marker from qPCR analysis in BEV-treated slices 

suggests that the microglia not only transition out of a pro-inflammatory state between 

24 and 48 h, but also enter into a different morphology that might be a more restorative 

phenotype compared to the resting state characteristic of the healthy control. Changes 

in microglial morphology reveal that BEV administration has dose- and time-dependent 

impacts upon immune cell activation in a neonatal HI model. Though no significant 

changes in cell activation or cell death marker expression were observed at 24hof 

exposure, it is hypothesized that these changes will occur at 48hto reflect the time-

dependent shift observed in microglia morphology. Future studies evaluating 

chronologic changes in gene expression will be valuable in bridging changes in 

microglial morphology with cellular response in an HI model following BEV 

administration. 

Multiple P10 rat brains are required for each BEV extraction sample, so tissues 

from pups of the same litter and sex were pooled together to reduce biological variability 

amongst samples. Despite our efforts to reduce biological variability, there may still be 

discrepancies between pups from different litters that affect our results. For example, 

pups that are malnourished are likely to have under-developed brains that may impact 

the severity of immune response to injury. The small mass of neonatal brains in animal 

models poses a limitation in the scalability of BEV research. It should be noted that 

when considering the translation of this work into a clinical setting, it is not the intention 

that BEVs will be derived from the neonatal brain and administered into patients. 

Rather, the goal of this research is to first establish the therapeutic efficacy of BEVs in 

ischemic attenuation, so that future directions of our work can focus on teasing apart 
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specific aspects of protection against injury. Clinical translation of this work will involve 

comparing the protective mechanisms and payloads imparted by BEVs to conventional 

forms of cell culture-derived EVs, such as mesenchymal stem cells. Understanding 

endogenous BEV activity in a neonatal ischemic model will inform the design of EV 

therapeutics from the bench into clinical use. While we demonstrated that BEVs elicit 

dose- and time-dependent therapeutic effects when applied to OGD conditioned slices, 

endogenous EVs exist in a heterogeneous population within the brain. Therefore, all 

results reported in this paper are indicative of treatment from the BEV population 

represented by EVs derived from different cell types.  

2.5. Conclusion  

EVs have gained much interest due to their emergence as important players in 

injury response, neuronal development, and proliferation within the adult brain. We 

investigated the dose- and time-dependency of BEV treatment on an ex vivo slice 

model of HI. In contrast to existing studies, we performed experiments using whole 

brain tissue derived EVs to recapitulate the therapeutic potential of endogenous EVs on 

neonatal is- chemic models. In summary, we showed that BEVs can be successfully 

derived from whole neonatal rat brain tissue through a combination of EV isolation and 

purification techniques. BEV treatment of ex vivo HI slice models decreased cellular 

cytotoxicity at a minimum therapeutic dose of 25μg and a therapeutic exposure time of 

48h, and has an application time window up to 24h post-injury. We observed a shift in 

microglial morphology from pro-inflammatory amoebic to anti-inflammatory and 

restorative shape modes following BEV administration. Analysis of changes in gene 

expression profiles indicated that BEVs significantly increased anti-inflammatory IL-10 
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cytokine expression. Collectively, our results reflect the promising therapeutic role that 

BEVs play in attenuating inflammation and cell death in HIE neonatal models. Future 

research in BEVs can inform the design and administration of therapies for improving 

outcomes for neonatal HIE patients. 
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CHAPTER 3. DESIGNING NOVEL OLIGONUCLEOTIDE BIOBARCODE TAGS TO 

TRACK EXTRACELLULAR VESICLE FATE 

Nam Phuong Nguyen, Michelle Asencio, Shahrokh Paktinat, Elizabeth Nance, Lucia 

Vojtech 

This chapter is in preparation to be submitted in 2024 under the title “Novel 

Oligonucleotide Biobarcodes for Labeling Extracellular Vesicles." 

3.1. Abstract 
 

Current methods for visualizing the trafficking of extracellular vesicles (EVs) rely 

on fluorescent labeling and microscopy to reveal their location. However, these methods 

are not fully quantitative and suffer from false-positive signals and unfavorable signal-to-

noise background when analyzing tissue samples. Furthermore, they require 

specialized microscopes and instrumentation which are expensive, not accessible in 

many locations, and necessitate extensive user training. Here, we sought to develop a 

method to label EVs with short oligonucleotide “biobarcodes”, enabling detection in 

tissues using standard quantitative PCR techniques. We engineered a short (22 base) 

DNA oligonucleotide based on the C. elegans microRNA cel-miR-39 that was modified 

with a 5-prime amine group for click chemistry conjugation to the EV surface. Additional 

phosphorothioate bonds increased stability against exonucleases when applied in vitro, 

ex vivo, and in vivo. We successfully conjugated the oligonucleotide barcodes 

(oligobarcodes) to EVs isolated from human semen (SEVs) and from whole neonatal rat 

brains (BEVs) and administered to in vitro cell or ex vivo tissue cultures to examine the 

fate of SEVs and BEVs with different cell populations. To detect the oligobarcoded 

SEVs (oligo-SEVs) we utilized a three-step PCR protocol using stem-loop primer and 
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pre-amplification, followed by quantitative PCR with an assay utilizing a locked-nucleic 

acid fluorescent probe. Compared to unconjugated oligonucleotide (blank oligo), we 

detected significantly more signal in cells treated with oligo-SEV, suggesting that SEVs 

drive cell interaction and uptake. Similar to results from literature using fluorescent 

imaging studies, oligo-SEVs were preferentially located with antigen-presenting cells 

(APCs) in digested vaginal tissue samples as well as in in vivo murine genital tracts. 

Our oligonucleotide barcoding methodology offers a novel method for labeling EVs from 

any source and provides quantitative, translatable, and microscope-free analysis of 

cellular EV uptake that can be used in in vitro, ex vivo, and in vivo.  

3.2. Introduction  

Extracellular vesicles (EVs) are lipid-bound nanoparticles that are released by 

every cell type in the body and contain a wide repertoire of biomolecules involved in 

critical physiological pathways.83-85 Though the mechanisms of EV biodistribution and 

cell-specific uptake remain unclear, EV cargo can be transferred to neighboring or 

distant cells, acting as an important mode of intercellular communication.26, 86  EVs are 

an attractive alternative to traditional synthetic nanoparticles for drug delivery due to 

their critical roles in cell communication, therapeutic potential, and ability to carry cargo 

and be trafficked to recipient cells with low immunogenicity.24, 63, 87-89 For effective 

translation of EVs into the therapeutic space there is a need to monitor the uptake and 

localization of EVs within cells and tissue to quantify EV biodistribution and behavior in 

physiological environments. However, monitoring EV localization within cells, tissues, 

and biofluids is challenging due to their small size, heterogeneity and lack of current 

labeling techniques that offer quantitative results.90, 91 Additionally, for purposes of 
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tracking the distribution of administered EVs within a biological model, it is difficult to 

distinguish endogenous EVs from those that are externally applied.    

In recent years, various methods have emerged for imaging EVs to study their 

cellular targeting.91-94 The most common labeling strategies are the use of lipophilic 

dyes, radiolabeling, and genetic engineering. However, these labeling techniques have 

significant disadvantages. The gold standard labeling technique for EVs is the use of 

lipophilic dyes, such as DiI and PKH67, that anchor to the lipid membrane of EVs.94, 95 

Though these dyes are commercially available and are applied using a relatively 

straightforward protocol, they can aggregate or leak out of membranes to produce 

background signal and have a low penetration depth within tissues.95, 96  

In radioisotope labeling of EVs, a transmembrane protein is labeled with a 

radioisotope and either loaded into the EV lumen or tagged to their surface and imaged 

with special cameras.92, 94 Though this technique allows for imaging within deep tissue 

and is highly sensitive and specific, handling the radioactive material required for this 

technique is highly regulated. In addition, special equipment is required to image 

radiolabeled EVs, which is expensive and necessitates specialized training of personnel 

to operate. EVs can also be genetically engineered to express recombinant proteins 

with fluorescent tags.97, 98 However, genetic engineering can be time consuming, the 

fluorescent tags can be degraded by proteases within the cells, and there is limited 

physiological relevance of this technique. It is important to note that all labeling 

techniques described above are semi-quantitative and mainly provide qualitative visual 

output of EV localization rather than numerical output. To address these concerns, we 
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report on the use of oligonucleotide barcodes (oligobarcodes) as a novel technique for 

labeling EVs. 

Oligobarcoding is an advantageous EV labeling technique due to its use of fast 

and efficient click chemistry to conjugate DNA-based biobarcodes to the surface of EVs. 

Importantly, oligobarcodes can be readily quantified using standard analytical methods 

such as polymerase chain reaction (PCR) to amplify the barcode sequence(s) with high 

sensitivity. We previously used 4-formylbenzoate (4FB) linked to 6-hydrazinonicotinate 

acetone hydrazone (HyNic) click chemistry to label EVs and virions with fluorescent 

quantum dots and demonstrated stable, highly tailorable constructs with preservation of 

EV function.99 Here, we utilize the same chemistry to conjugate a synthetic 5’ amine-

containing small oligonucleotide to EVs derived from human semen and from whole rat 

brain tissue. Our small oligonucleotide barcode is based on the sequence of C. elegans 

microRNA 39 to enable use of commercial stem-loop PCR assays and is modified with 

phosphothioate bonds to increase stability during culture with cells and tissues.  

We demonstrated a proof of concept that this oligobarcoding method can be 

used to track EV fate from two different EV sources—semen (SEVs) and brain tissue 

(BEVs)—within two different models: in vitro digested vaginal tissue and ex vivo brain 

slices. Semen carries a high concentration of EVs (an average of 1 x 1013 per ejaculate) 

containing immunosuppressive biomolecules that can act to regulate the female 

immune system upon delivery favoring a healthy pregnancy. 100-102 It has been shown 

that SEVs efficiently bind to and enter antigen-presenting cells (APCs), markedly 

reducing antigen-specific cytokine production.103 EVs also maintain therapeutic 

functionality in the brain, as BEVs have been found to improve cell viability, increase 
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anti-inflammatory cytokine expression, and shift microglia towards a restorative 

phenotype following ex vivo hypoxic ischemic injury.104, 105 Though this oligobarcode 

method was tested with EVs from semen and brain tissue, this conjugation technique 

can be applied to EVs derived from any source and can be used in vitro, ex vivo, and in 

vivo.  The oligobarcoding method establishes a robust, accessible tool for quantifying 

EV association with specific cell types in cell culture and in-vivo conditions, enabling a 

greater understanding of EV fate and function. 

3.3. Materials & Methods 

3.3.1. Animal care and ethics  

This study was performed in accordance with the guide for the care and use of 

laboratory animals of the National Institutes of Health (NIH). All animals were handled 

according to an approved Institutional Animal Care and Use Committee (IACUC) 

protocol (#4383-02) of the University of Washington (UW), Seattle, WA. The UW has an 

approved Animal Welfare Assurance (#A3464-01) on file with the NIH Office of 

Laboratory Animal Welfare, is registered with the United States Department of 

Agriculture (certificate #91-R-0001), and is accredited by AAALAC International. Time-

mated pregnant female Sprague–Dawley rats (virus antibody-free CD® (SD) IGS, 

Charles River Laboratories, Raleigh, NC, USA) were purchased and arrived on 

postnatal day 5 with a litter of 10, sex-balanced pups. Dams were housed individually 

with their litter and allowed to acclimate to their environment. Before and after the 

experiment, each dam and her pups were housed under standard conditions with an 

automatic 12h light/dark cycle, a temperature range of 20–26°C, and access to standard 

chow and autoclaved tap water ad libitum. The pups were checked for health daily. 
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3.3.2. Isolation of semen-derived extracellular vesicles (SEVs)  

SEV were purified from diluted semen by ultracentrifugation at 100,000xg over 

25% sucrose cushions for 12h, then washed with PBS and concentrated in 100 kDa 

spin filters. SEV were characterized by nanoparticle tracking, electron microscopy, and 

western blotting.  

3.3.3. Isolation of brain-derived extracellular vesicles (BEVs) 

BEVs were isolated from whole, perfused neonatal rat brains extracted from male 

postnatal day 10 (P10) rats. Brain tissue was finely chopped in a solution and incubated 

for 20 minutes in a water bath with protease inhibitors to allow for complete dissociation 

of extracellular matrix proteins. Subsequently, the homogenate was initially spun at 

300xg for 5 minutes, transferred to a new tube to spin at 2000xg for 10 minutes, and 

finally transferred to new tubes and ultracentrifuged for 10,000xg for 35 minutes. After 

ultracentrifugation the collected supernatant was run through an Amicon ultrafiltration 

column (100kDa molecular weight cutoff) and spun at 3214xg for 90-120 minutes, or 

until the final volume reached 500µL. A size exclusion chromatography column (iZon) 

was used to further purify BEVs, and fractions containing high concentrations of BEVs 

were ultracentrifuged in an Amicon ultrafiltration column (50kDa) at 3214xg for 60-100 

minutes at 4°C to concentrate isolated BEVs.104  

3.3.4. Conjugation of oligobarcodes to extracellular vesicles (Oligo-EV)  

Working dilutions of HyNic, 4FB, and oligos were prepared in 1X PBS. 

Concentrated SEV and BEV stocks were added to the HyNic working solution (SEV-

HyNic), while oligobarcodes were added to 4FB working solution (oligo-4FB). EV-HyNic 

and oligo-4FB solutions were incubated in the dark at room temperature on a rotating 
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stand for 2 hours. After incubation, oligo-4FB was purified with a NAP-5 column (GE 

Healthcare) to remove excess unconjugated Sulfo-S-4FB. After 2 hours, EV-HyNic was 

purified using an ultrafiltration unit with a 100kDa molecular weight cut-off (Amicon). The 

unit was ultracentrifuged at 3214xg to remove excess unconjugated Sulfo-S-HyNic for 

30 minutes.  

Purified oligo-4FB and EV-HyNic were combined at an 80:1 oligo:EV ratio and 

diluted to a total volume of 1mL in 1xPBS. This sample was left in the dark on a rotating 

stand for 2 hours to ensure reaction between oligo-4FB and EV-HyNic. A size exclusion 

chromatography (SEC) column was used to separate fully conjugated oligo-SEVs from 

unconjugated oligo-4FB and fractions 7-9 (2.5mL total) were collected. A control sample 

containing unconjugated oligo-4FB (oligo alone) with 1XPBS was also purified at the 

same time to ensure that the conjugation procedure did not introduce any artifacts. A 

final oligo-SEV concentration was performed using an Amicon 50kDa molecular weight 

cut-off ultrafiltration unit, with centrifugation at 3215xg for 45 minutes.  

3.3.5. In vitro oligo-SEV exposure experiments to vaginal cells and tissues  

Human vaginal tissues were trimmed to remove excess stroma, then cut into 

small (~30-50 mm squares) using sterile razor blades. Pieces were dissociated in 

freshly made collagenase (700 collagen units/mL) digestion media containing DNase 

(50Units/µL) in a 37°C orbital incubator at 200rpm for 45 minutes. Tissue homogenate 

was passed through a 70µm cell strainer to remove undigested chunks and large 

terminally differentiated epithelial cells, and flow through cells enriched for leukocytes 

were collected in a 50mL conical tube. The isolated cells were the centrifuged at 300xg 

for 12 minutes at 4°C. After centrifugation, the supernatant was removed and replaced 
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with fresh R10 media to resuspend the cell pellet. This process was repeated multiple 

times until all biopsy fractions were dissociated and strained. Following the last 

centrifugation step, isolated cells were put in R10 media and plated at a desired cell 

concentration in a flask or 6 well cell culture plate.  

Oligo-SEVs were then administered directly to isolated cells and incubated at 

37°C for 6 and 24h Following exposure, APCs were separated with magnetic bead 

isolation (EasySep Cell Separation) against CD11c, and both CD11c+ cells and non-

APC remaining cell fractions (flow through) were collected to be analyzed.  

3.3.6. Preparation of ex vivo organotypic whole hemisphere brain slices 

Following intraperitoneal euthanasia with pentobarbitol, fresh brain tissue was 

rapidly extracted from P10 male rats, placed in ice cold dissection media, and sectioned 

into 300 µm thick slices using a Mcllwain tissue chopper (Ted Pella). These slices were 

plated onto 30 mm cell culture inserts (CellTreat) and incubated at 37°C in 1mL of 25% 

slice culture medium (SCM) and 5% CO2 to recover from acute slicing. After 24h, oligo-

BEVs were topically applied to the brain slices (10!	 molecules of oligo-BEVs per slice), 

which were then returned to 25% SCM for another 24h before processing.  

Brain slices were collected and digested in a Hibernate-E buffer containing collagenase 

and protease and phosphotase inhibitors. Following digestion, samples were spun down 

at 450g for 10 minutes to pellet cells prior to Direct PCR and stemloop conversion. 

3.3.7. Stemloop conversion reaction 

Cell pellets were lysed in DNAse free H2O and immediately heated at 95°C for 5 

minutes. Stemloop conversion samples contained 0.2µL DNA polymerase (Amplitaq), 

3µL 4X stemloop primer, 1.5µL 10X PCR Buffer I mix, 0.5µL 10mM dNTPs, 1µL DNAse 
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free H2O, and 9µL of each sample. Samples were run with the following thermocycler 

settings: 1) 95°C for 5 minutes, 2) 16°C for 30 minutes, 3) 65°C for 5 minutes, 4) 72°C 

for 5 minutes, 5) 95°C for 2 minutes, 6) 16°C for 5 minutes, 7) 65°C for 5 minutes, and  

8) 72°C for 5 minutes.   

3.3.8. Direct PCR for oligo amplification 

Following stemloop extension, samples oligos and gDNA targets were pre-

amplified using a preamplification reagent (Thermofisher Taqman PreAmp Master Mix). 

20X oligobarcode primer-probe mix (FAM) and late RPP30 genomic control (HEX/Cy5) 

were diluted in TE buffer to a final concentration of 0.2X. 1.25µL of first-step PCR 

product was combined with 6.25µL  preamp master mix, 1.875µL of each diluted primer-

probe mix, and 1.25µL of DNAse free H2O. Thermocycler conditions used were: 1) 95°C 

for 10 minutes, 2) 55°C for 2 minutes, 3) 72°C for 2 minutes, 4) 12 cycles of 95°C for 15 

seconds and 60°C for 4 minutes, and 5) 99.9°C for 10 minutes. 

3.3.9. qPCR for oligo-EV target quantification 

The pre-amplification products were diluted 1:10 in TE buffer to be run with 

qPCR. For a 20µL total reaction volume per well, 10µL of Taqman Proamp Master Mix 

was combined with 1µL of each 20X primer-probe mix, 8µL DNAse free H2O and 1µL of 

diluted pre-amplification sample. Thermocycler conditions used were: 1) denaturing at 

95°C for 20 seconds, followed by 2) annealing/extension for 45 cycles of 95°C for 1 

second and 65°C for 25 seconds. Samples were run with a multi-channel setting to 

collect fluorescent signals concurrently from the oligobarcode (FAM) and genomic DNA 

(HEX) probes. Captured oligobarcode fluorescence signals were normalized by 

genomic DNA signals prior to calculating fold changes between conditions. 
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3.3.10. Cell viability experiments with alamarBlue Assay  

The viability and proliferation of THP cells following oligo-SEV exposure was 

quantified using an alamarBlue cell viability assay (Thermofisher). This assay uses a 

reagent that produces a highly fluorescent compound following its reduction by living 

cells. This fluorescence can be quantified to measure cell viability and proliferation, with 

positive absorbance unit values corresponding to positive cell viability and proliferation. 

15,000 THP cells were exposed to various dilutions of oligo-SEV in a 96-well tissue 

treated plate. Cells were suspended with R10 media to a final volume of 100µL and 

10µL of alamarBlue reagent was added to the cell suspension. Cells were incubated 

with the alamarBlue reagent at 37°C for 6 and 24h. At the 6h timepoint, a plate reader 

was used to measure absorbance at 570nm wavelength prior to media change. Fresh 

R10 media was added at 100µL per well and 10µL of alamarBlue reagent was added 

and incubated with cells until the 24h timepoint. A maximum cell death sample and a 

media only sample were used as controls.  

3.3.11. In vivo murine application of oligobarcode-SEVs 

Female C57BL/6J mice were used for intravaginal application of oligo-SEVs. All 

mice were 12-16 weeks old, and injected with Depo-Provera 7 days prior to oligo-SEV 

application. For every litter of 12 mice, 6 mice were administered oligo-SEVs, 3 mice 

were administered with blank unconjugated oligobarcodes, and 3 were used as saline 

controls. Prior to administration of oligo-SEVs, mice vaginal canals are swabbed to 

open up the cavity and remove mucus. One dose of oligo-SEVs (1.3 - 3.3 x 1010 

molecules of oligo-SEV) in a 20 µL volume were administered per mouse. Vaginal 

administration of oligo-SEVs, blank oligobarcode, and saline was performed 24h 
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following Depo-Provera injection, and the mice were left for an additional 24h following 

the procedure for oligo-SEV uptake. Following the 24h oligo-SEV incubation period, the 

mice were sacrificed and the upper and lower genital tracts as well as the iliac, 

mesenteric, and inguinal lymph nodes were extracted. For every condition (oligo-SEV, 

blank oligo, saline control) organs from 3 mice were pooled together to improve 

oligobarcode detection. These harvested tissues were immediately digested, 

immunoseparated into APC and flow through cell populations, and Direct PCR was 

performed for each sample.  

3.3.12. Institutional review board statement  

This study was performed in accordance with the guide for the care and use of 

laboratory animals of the National Institutes of Health (NIH). All animals were handled 

according to an approved Institutional Animal Care and Use Committee (IACUC) 

protocols (#4383-02) of the University of Washington (UW), Seattle, WA. The UW has 

an approved Animal Welfare Assurance (#A3464-01) on file with the NIH Office of 

Laboratory Animal Welfare, is registered with the United States Department of 

Agriculture (certificate #91-R-0001), and is accredited by AAALAC International. 

3.4. Results 

3.4.1. Design of Oligonucleotide barcode and PCR amplification methodology 

Oligobarcodes used for conjugation studies must be short enough for cellular 

uptake but also stable enough for Direct PCR amplification. Oligobarcoding of EVs 

occurred in a stepwise procedure: 1) EVs and oligobarcodes are separately 

functionalized to linker molecules, followed by 2) immediate incubation of newly 

functionalized EVs and oligobarcodes. We designed oligobarcodes with 5’ amine 
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groups to enable conjugation to sulfo-S-4FB linker molecules. Simultaneously, EVs 

were conjugated to sulfo-S-HyNic linker molecules as previously described, before 

covalent conjugation of both EVs and oligonucleotides using click chemistry. 106 

We initially tested a barcode design that was 100-nucleotides long for use in 

quantitative PCR (qPCR) reactions, but found that long oligobarcodes resulted in high 

levels of background following qPCR amplification in our control samples, suggesting 

primer dimerization or nonspecific binding of the primer probes. Based on these results, 

we tested a shorter 22-nucleotide barcode based on the sequence of C. elegans 

microRNA cel-miR-39, of which commercial reagents using a stem-loop primer and 

PCR primer-probe sets are available. Our short cel-miR-39 mimic barcode was further 

modified with phosphorthioate bonds to increase resistance to exonucleases (Figure 3.9 

A). For detection of the microRNA, a stem-loop conversion reaction is required using a 

stem-loop primer, which is analogous to reverse-transcription.107, 108 This stem-loop 

extended our short oligobarcodes with extra nucleotides to allow for the docking of 

primers to the target sequence for qPCR detection (Figure 3.9B). Finally for qPCR, we 

used commercial cel-miR-39 primer-probe sets (Taqman miRNA assay) which consist 

of two primers and a fluorescent fluorescein-based (FAM) probe to detect the target 

oligobarcode. We performed serial dilution experiments comparing expression level of 

oligobarcode detected with different amounts of stem-loop primer used in the reaction 

compared to a condition wherein no stem-loop primer is used at two different annealing 

temperatures. As expected, we found that using the stem-loop primer enabled 

oligobarcode detection by up to 104-fold greater than PBS controls and was robust 

across both dilutions of input stem-loop primer (Appendix B.1). 
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Figure 3.9. Oligobarcode design and application.  
A) Oligobarcode design with amino and phosphorothiate bond modifications to improve the 
stability against exonucleases in physiological conditions. (B) Schema of experimental design 
for oligobarcode exposure studies and PCR strategy, created in BioRender. 

We prepared oligo-EV conjugations using SEV and BEV, characterized oligo-EV 

conjugates using nanoparticle tracking analysis, then did stem-loop conversion and 

qPCR to detect the oligobarcode sequence on a dilution series of oligo-EV inputs. As 

little as 10 and as high as 107 molecules of oligo-SEVs and oligo-BEVs were detected, 

demonstrating that this method can quantify the amount of barcode on a wide range of 

oligo-EV inputs (Figure 3.10 A). We also ran digital PCR for absolute oligobarcode 

detection in oligo-SEV dilutions (Figure 3.10 B), which allowed us to estimate the ratio 
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of oligobarcode to EV and a detection limit for input number of oligo-EVs. We detected 

around 2 copies of oligobarcode per EV as quantified by digital PCR.  

 
 

 
Figure 3.10. Oligobarcoded EV limit of detection evaluations. 
Comparison of dilution series of oligobarcoded SEVs (oligo-SEVs) and BEVs (oligo-BEVs) to 
determine the limit of detection for qPCR. B) Direct digital PCR results quantifying copies of 
oligobarcode detected per input number of SEV. Oligo-SEVs tested were from the same batch 
and any value below log3 of input SEV was undetected by digital PCR. Results are averaged 
from two technical replicates. 
 

3.4.2. Application of oligobarcode-SEV in in vivo cell culture and ex vivo vaginal 

tissue culture  

A serial dilution series was tested for oligo-SEV and oligo-BEV samples without 

cells to determine the proof-of-concept limit of detection using qPCR. Though 

commercial DNA columns are typically used to isolate DNA from samples, there may be 

significant DNA oligobarcode loss that can occur due to the short length of our 

oligobarcodes (22 base pairs) combined with several column extraction steps required 

for the assay. To address this challenge, a Direct PCR approach was implemented to 

detect oligobarcodes in a one-step process, bypassing DNA columns. We first tested 

this approach without the use of cells (Figure 3.11 A).109 Rather than relying on DNA 

columns, Direct PCR used heat lysis to release the oligobarcodes into solution, which 
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was then directly inputted into PCR for stem-loop extension. In this way, lengthy DNA 

extraction using separate columns was not required, but instead DNA can be directly 

extruded from EVs and cells in one heat lysis step. The signal of oligo-SEV detected in 

our samples had up to a 10,000-fold increase when we used Direct PCR compared to 

DNA extraction columns to detect oligobarcode (Figure 3.11 A).Oligo-SEV and oligo-

BEV trends were similar, suggesting uniform oligobarcode conjugation between both EV 

types and translatability of this technique.  

Oligo-SEV conjugates were then applied to THP cells in vitro to test the detection 

limit and feasibility of oligobarcode detection in physiological environments. When 

applied to THP cell culture, we found that oligobarcodes were detected in treated cells 

in a dose-dependent manner, notably for dosages greater than 100 molecules of oligo-

SEV (Figure 3.11 B). Additionally, to investigate the relationship between cell number 

and detection of oligobarcode, seral dilutions of THP cells were exposed to a spike-in of 

107 molecules of oligo-SEVs for 24h (Figure 3.11 C). 

From this experiment, oligobarcodes were detected in samples with as little as 

1000 THP cells and in samples with up to 50,000 cells. There is a consistent inverse 

trend of decreased oligobarcode detection with increasing initial cell seeding density for 

the study. We detected no oligobarcode signal in samples containing 100,000 and 

250,000 cells. 
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Figure 3.11. Determining the detection limit of oligo-EVs. 
A) Comparison of the detection levels of oligobarcode using different DNA extraction 
techniques. Dilutions of oligo-SEV and oligo-BEVs were exposed to either commercial Qiagen 
DNA extraction columns (‘Extracted DNA’) or Direct PCR using heat lysis without extraction 
columns. To apply this technique in vitro, the qPCR detection limits of oligobarcode were 
compared when B) different dilutions of oligo-SEV spike-in were exposed to 25,000 human THP 
cells and when C) different dilutions of THP cells were exposed to 107 molecules of oligo-SEVs. 
Cells were incubated with oligo-SEVs for 24h before processing. 

Following successful oligo-SEV detection in in vitro THP cells, oligo-SEVs were 

then administered to digested ex vivo human vaginal tissue. Oligo-SEVs and 

unconjugated oligobarcodes (blank oligo) were applied to digested vaginal tissue 

cultures at 106 molecules of oligo-SEV per cell for 6 and 24 hours. At each timepoint, 

cells were collected and washed to remove free oligo-SEVs. We then used magnetic 

cell separation based on positive selection of CD11c+ expressing cells to isolate the 

APCs from the remaining cells in the bulk sample (flow through). Oligobarcode uptake 

was measured and compared between the APCs and flow through cell populations 

using Direct and pre-amplified qPCR. Oligobarcode was detected in all samples 
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exposed to oligo-SEVs for both 6 and 24h timepoints. At these timepoints, oligo-SEV 

signal was detected in vaginal tissue up to 30,000-fold greater than unconjugated 

oligobarcodes, suggesting that SEVs enhance the oligobarcode uptake within cells 

(Figure 3.12 A). We also found that at both 6 and 24h timepoints oligo-SEVs were 

significantly localized with APCs compared to other cell types (flow through) by up to 

100-fold, supporting their role as a first-responder to foreign entities within the body 

(Figure 3.12 A).110-112 This result is similar to previous data which used fluorescence-

based tracking of SEV uptake to demonstrate that antigen-presenting cells (APCs) 

preferentially uptake SEV.113 This result served as a proof of concept that our 

oligobarcodes can be detected when exposed to physiological conditions for up to 24h 

post-EV exposure.  

One limitation of using a stem-loop primer-based assay in more complex 

systems with cells is that the stem-loop can cause background amplification in samples 

when the initial stem-loop primer is not diluted enough in the subsequent PCR. 

However, dilution of the initial stem-loop product also reduced detection of oligobarcode 

in samples with low oligobarcode inputs and cellular DNA background. To reduce the 

background and improve the sensitivity for signal detection of oligobarcodes in vitro, a 

Taqman preamplification assay (Thermofisher) was used prior to qPCR. Taqmman 

preamplification (preamp) is 13-cycle PCR step that increased the amount of amplified 

target oligobarcode in the sample sufficiently above background noise. Ex vivo digested 

vaginal cells were treated with oligo-SEV for 6h, then processed with Direct PCR 

followed by the preamp step and qPCR. Results indicated that priming samples with 
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preamp increased oligo-SEV detection by 103-104-fold compared to control samples 

without preamp (Figure 3.12 B).  

To address potential concerns that the addition of engineered oligobarcodes with 

increased phosphorothioate bonds may cause toxicity to cells when exposed over long 

periods of time, we performed cell viability assays with ex vivo vaginal cells exposed to 

oligo-SEV. Our cell viability assays showed no cytotoxicity following 6h and 24h of 

exposure to oligo-SEV, and cells remained viable and proliferative for up to 24h of 

exposure to oligo-SEVs (Figure 3.12 C). Interestingly, cells demonstrated increased 

metabolic activity after 24h compared to 6h, suggesting proliferation even after oligo-

SEV application.   
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Figure 3.12. Oligo-SEV exposure to ex vivo vaginal tissue. 
A) Ex vivo human vaginal cells from digested tissue were exposed to oligo-SEVs and 
unconjugated oligo for 6 & 24h. At the completion of the exposure period, antigen presenting 
cells (APCs) were isolated from non-APCs (flow through) using magnetic beads. Oligo 
expression (FAM) was measured with qPCR and normalized against a housekeeper gene (Late 
RPP30--HEX). All conditions were normalized against the level of blank oligo expression 
detected in APCs (negative control).  N=5, bars plot median with standard deviation. B) 
Comparing efficacy of using preamp solution vs. without using preamp solution following 6h of 
oligo-SEV exposure to ex vivo vaginal tissue. Fold changes in oligo-SEV amplification 
compared to non-treated (cell only) control. N=3 biological replicates. C) Evaluating cell viability 
of vaginal cells exposed to oligo-SEVs over 6 and 24h using AlamarBlue metabolic assay. 
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3.4.3. Application of oligobarcode-BEVs in ex vivo organotypic whole hemisphere 

brain slices   

One key aspect of this innovative oligobarcoding technique using fast and 

efficient click chemistry conjugation is that it can be applied using EVs derived from any 

source. In addition to SEVs, oligobarcodes were conjugated to brain-tissue derived EVs 

(BEVs) and topically applied onto organotypic whole hemisphere brain slices. 

Leveraging a previously established isolation technique,104 BEVs were derived from 

male whole neonatal rat brain tissue for this study. Different dilutions of oligobarcoded 

BEVs (oligo-BEVs) and blank oligo were topically applied to brain slices to demonstrate 

detection of oligobarcode in ex vivo brain tissue culture. Following 24h exposure of 

brain slices to oligo-BEVs, the brain tissue was collected, digested, and oligobarcode 

signals were detected using Direct and qPCR analyses. Oligobarcode signal was 

detected in brain slices exposed to oligo-BEVs in a dose-dependent manner, with 

noticeably more amplification detected after 108 molecules of EV administered to the 

sample (Figure 3.13 A). Oligobarcode signal was successfully detected in tissue slices 

at 215-217	fold greater than blank oligobarcodes when normalized by the housekeeper 

gene GAPDH (Glyceraldehyde 3-phosphate dehydrogenase) (Figure 3.13 B).114 115 This 

suggested that oligo-BEVs are being actively taken up by brain cells and are detectable 

following 24h in tissue culture at physiological conditions. Furthermore, blank oligos 

were not detected in any sample regardless of the dilution factor used.  These results 

demonstrate that oligobarcodes can be successfully conjugated to EVs from different 

sources and can be detected in cells both in vitro and ex vivo.  
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Figure 3.13. Oligo-BEV exposure to ex vivo brain tissue. 
A) Dilution series of oligobarcode-BEV exposure to ex vivo organotypic whole hemisphere brain 
slices for 24h. Oligobarcode signal was measured with fluorescent probe-based qPCR and 
normalized against a housekeeper gene (GAPDH). B) Representative probe-based qPCR 
amplification results comparing oligobarcode-BEV signal (blue) to blank unconjugated 
oligobarcode signal (pink) in one sample. Samples with oligobarcoded BEVs demonstrated 
about 2!" − 2!#	fold more signal (threshold cycle ~30-35) compared to blank oligobarcodes 
(threshold cycle ~47) when administered to brain slices. N=9 biological replicates, with each 
data point representing an average of 3 technical replicates. 
 

3.4.5. In vivo administration and qPCR detection of oligobarcode-SEVs in murine 

models  

Following the successful detection of oligobarcodes within both in vitro and ex 

vivo cultures, oligo-SEVs were applied to in vivo murine models. To test for the 

translatability of the oligobarcode technique for in vivo studies, one dose of oligo-SEVs 

were administered to female C57BL/6J mice. Genital tract and lymph node tissues were 
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harvested 24h after administration and immediately processed for analysis of 

oligobarcode signal in tissues with administered oligo-SEVs, blank unconjugated 

oligobarcodes, and saline controls (Figure 3.14). The tissues were digested, sorted, and 

Direct PCR and a probe-based qPCR were run on APCs and flow through cells as 

described for the in vitro studies. Overall, oligo-SEV detection levels were higher among 

APCs (Figure 3.14 A,C) compared to non-APC flow through cells (Figure 3.14 B,D) 

across all samples tested, indicating that oligo-SEVs may preferentially localize to APC 

cells. In the lower genital tract APCs expressed 133% greater oligo-SEV signal 

compared to flow through cells, and in the upper genital tract no oligo-SEVs were 

detected in the flow through at all. Blank oligobarcode was undetectable in almost every 

collected sample besides one APC sample from the lower genital tract, demonstrating 

that the SEVs are responsible for oligo-SEV uptake in cells compared to unconjugated 

oligobarcode (Figure 3.14 C-D).  
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Figure 3.14. In vivo murine administration of oligo-SEVs and blank oligo for 24h.  
Oligo-SEVs and blank oligo were vaginally administered. Oligo-BEV and blank oligobarcode 
expression were quantified in A,C) APCs and B,D) non-APC cells. Oligobarcode signal was 
normalized against the housekeeping gene RPP30 expression, and then compared against a 
blank PBS control. N=4-6 biological replicates for oligo-SEV and 2 biological replicates for blank 
oligo. Oligobarcode detection levels were compared to a blank saline control.  
 

Of all APC fractions, those derived from the lower genital tract demonstrated the 

greatest oligobarcode expression change compared to a saline control followed by the 

upper genital tract and lymph nodes. In contrast, in the non-APC flow through cell 

fractions cells derived from the lymph nodes demonstrated greatest oligobarcode 

expression levels, though there is high variability in the samples analyzed for the lymph 

nodes.    
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3.5. Discussion 

Existing labeling methods for EVs are non-specific, semi-quantitative, and often 

require expensive equipment and training which reduces our ability to quantify EV 

localization within the body. Our novel oligobarcoding technique addresses challenges 

posed by current labeling methods by providing a highly translatable, accessible, and 

quantitative method that can be used to label EVs from any source and can be used in 

vitro, ex vivo, and in vivo. Detection of oligobarcodes require accessible PCR 

instrumentation, which provides quantitative information about the degree of 

oligobarcode uptake within cells. We have shown that this oligobarcoding method is 

detectable across multiple biological models (in vitro, ex vivo, in vivo) using our 

developed a multi-step PCR protocol, with a lower detection limit of 10 molecules of 

oligo-SEVs and a higher limit of 107 molecules of oligo-SEVs. In addition to testing 

oligo-SEVs, oligo-BEVs were also successfully detected using this proposed 

methodology. The oligo-EVs were detected in both vaginal and brain tissues using 

standard PCR techniques, which allow for greater translatability of this technology 

across different research spaces. Though the studies presented in this dissertation 

pertain to only one oligobarcode design, we are currently working with a different 

biobarcode design to demonstrate the flexibility of our oligobarcoding technology to be 

compatible with various barcode designs. Ideally, unique oligobarcode designs can be 

conjugated to EVs and detected in a single sample to uniquely identify different EVs.    

The oligobarcoding method we developed is stable in physiological conditions up 

to 24h in different tissues. Oligobarcoding also did not induce cell cytotoxicity over this 

period of time, but rather, cells experienced increased metabolic activity likely due to 
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proliferation between 6-24h of oligo-SEV exposure. When applied in vitro, the upper 

limit of cells collected wherein oligo-SEVs signal remained detectable was 50,000. 

There was a noticeable decrease in oligo-SEV expression and number of cells seeded 

with the oligo-SEVs. Beyond the upper limit of 50,000 cells, Direct PCR may not work 

as well due to PCR inhibitors present in heat lysed cell samples. These PCR inhibitors 

increased as the number of initial cells seeded increased, resulting in decreased oligo-

SEV signal expression. Oligo-SEVs were detected in vitro following 24h of exposure to 

THP cells at various dilutions ranging from 1-107 molecules of oligo-SEV in a generally 

dose-dependent manner. However, a slight decrease in oligo-SEV expression was 

observed after a dose of 107 oligo-SEV molecules. This suggests that 107 molecules of 

oligo-SEVs may be the upper limit of detection when applied to 10,000 THP cells. This 

dose of oligo-SEVs may be too high, given the recommended low cell count used for 

these in vitro studies. At this low cell seeding density, the cells may experience an 

upper limit of oligo-SEV uptake, resulting in a reduction of oligobarcode signal 

amplification between 106 and 107 oligo-SEVs.  

Successful oligobarcode detection in vitro prompted further studies in more 

complex ex vivo physiological environments. To demonstrate the translatability of this 

technology, oligo-SEVs were applied to ex vivo human vaginal culture and oligo-BEVs 

were applied to ex vivo rat brain slices. When exposed to ex vivo vaginal tissues, oligo-

SEV signals had significantly greater detection levels compared to blank unconjugated 

oligobarcodes, suggesting that SEVs are involved in driving specific cellular uptake and 

without the SEVs blank oligobarcodes are not effectively trafficked by vaginal cells. 



 70 

Similarly, oligo-BEVs were also successfully detected following 24h of exposure to ex 

vivo brain slices, whereas there was no signal from blank oligo.  

To evaluate oligo-SEV uptake within specific cell populations, oligo-SEVs were 

applied to ex vivo vaginal cells for 24h and APCS were immunoseparated from other 

cell populations (flow through). Oligo-SEVs are preferentially taken up by APCs in ex 

vivo vaginal cell culture compared to blank oligo, especially after 6h. Furthermore, APCs 

demonstrated greater uptake of oligo-SEVs compared to flow through cells at both 6 

and 24h timepoints. This suggests that not only are oligo-SEVs detectable after 24h but 

they are also preferentially taken up by APCs compared to the flow through cells in 

vaginal tissue. As APCs are responsible for initiating immune response mechanisms 

against foreign microbes and pathogens, our results confirm that APCs uptake oligo-

SEVs, which may be one proposed route of the conferral of tolerogenic factors from the 

SEV to APCs.110, 112  

Following the successful detection of oligobarcodes in two different ex vivo tissue 

models, oligo-SEVs were applied to in vivo murine models and cells were analyzed for 

the presence of oligobarcode signal. Oligo-SEV levels were detected in both APC and 

flow through cell populations, while blank unconjugated oligobarcodes were only 

detectable in one APC sample in the lower genital tract. These results suggest that 

APCs preferentially uptake oligo-SEVs compared to blank oligo across all organs 

analyzed. Furthermore, oligo-SEV signal was detected in APCs across all regions 

(lower genital tract, upper genital tract, lymph nodes) while the signal was unreliable in 

other flow through cell types. Specifically, the lower genital tract revealed the highest 

levels of oligo-SEV signal, followed by the lymph nodes and upper genital tract. This 
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trend is not observed when evaluating oligo-SEV expression in non-APC flow through 

cells. As oligo-SEV intravaginal application occurred in the vagina, it is likely that oligo-

SEVs that were not completely trafficked to other organs after 24h remained in the 

lower vaginal tract and interacted non-specifically to the cells in that region. From these 

results it is hypothesized that following 24h of exposure to the vaginal canal, oligo-SEVs 

are trafficked upwards from the lower genital tract towards the lymph nodes and upper 

genital tract by APCs. In comparison, flow through cells exhibited the greatest level of 

oligo-SEV expression in the lower genital tract, but inconsistent levels of oligo-SEV 

expression in the lymph nodes and upper genital tract. This suggests that the population 

of oligo-SEVs that remained in the lower genital tract did not get trafficked to other 

organs by non-APC flow through cells. Together, these results demonstrate that APCs 

may favor SEVs to uptake compared to other non-APC cells. It is important to note that 

unusually high levels of background signal were detected across all organs collected in 

saline controls. This level of background in qPCR was not observed in the in vitro or ex 

vivo human samples, nor the ex vivo rat samples. We hypothesize that the PCR 

background is a result of non-specific binding of the oligobarcode probe to a mouse-

specific molecular target. Future studies using either optimized oligobarcode primer-

probe sequences that are species-specific will reduce non-specific oligobarcode signals 

in the model organism. Alternatively, another form of EV detection and quantification 

such as using a molecular beacon rather than PCR can also improve sensitivity and 

reduce background noise.116   We are currently working on a complementary detection 

methodology utilizing molecular beacons that fluoresce upon hybridization to the 

biobarcode targets. Molecular beacons are specific to the target sequence can be easily 
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detected using with a UV plate reader. Our preliminary results indicated that molecular 

beacons were detected within in vitro THP cell somas and were able to specifically bind 

to our target biobarcodes. 

3.6. Conclusion 

The ability to track EV uptake within cells is crucial to advancing the EV research 

and therapeutics spaces. We developed and deployed a novel oligonucleotide barcode 

tagging methodology for EVs using click chemistry. To demonstrate the translatability of 

this technology across fields, oligobarcodes were conjugated to EVs from brain tissue 

and semen and has been tested in vitro, ex vivo, and in vivo. Our results collectively 

show the translatability of our oligobarcoding technique to be detected from EVs across 

species and quantified with PCR to determine EV uptake within different cellular 

populations. Oligobarcodes address several concerns from existing EV labeling 

techniques by providing an accessible, low cost, sensitive, and quantitative detection 

methodology that can be readily applied to EVs from any source.  
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CHAPTER 4. DUAL QUANTUM DOT AND OLIGOBARCODE LABELING TO TRACK 

EV BEHAVIOR AND CELLULAR FATE 

Nam Phuong Nguyen, Nels Schimek, Eleanor Wu, Olivia Colwell, Lucia Vojtech, 

Elizabeth Nance 

This chapter is in preparation for submission under the title “Dual Quantum Dot and 

Oligobarcode Labeling to Probe Tissue Uptake and Transport of Brain Tissue-Derived 

Extracellular Vesicles."  

4.1. Abstract 

Extracellular vesicles (EVs) have emerged as promising therapeutic agents in 

various neurological conditions due to their ability to modulate injury response, tissue 

repair, and inflammation. However, there is a lack of detailed knowledge of EV 

movement within tissue, EV localization, and fate, which can limit the translation of EV-

based therapeutics or diagnostics. To qualitatively and quantitatively assess EV 

behavior, we employed a novel click chemistry approach to label and track brain tissue-

derived EVs (BEVs) with quantum dots (QDs) and oligobarcodes in brain tissue. Studies 

performed using EVs isolated from tissue rather than cell culture are more 

representative of the physiological behavior of endogenous EVs, especially within 

complex tissue environments.  We used a combination of confocal microscopy, multiple 

particle tracking, and quantitative PCR to track BEVs on short- and long- timescales. 

Our findings confirmed that BEVs associate with microglia in an ex vivo brain tissue 

model, with increased cellular association observed following oxygen-glucose 

deprivation (OGD) injury, particularly in the striatum. Trends in BEV effective diffusion 

coefficients suggested regional changes in extracellular matrix integrity and cellular 
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viability post-injury. Additionally, novel oligobarcode tagging allowed us to quantify the 

uptake of BEVs in brain tissue up to 48h post-application and identify significant BEV 

uptake by microglia. Our results demonstrate the importance of considering the regional 

and pathological states of tissue in evaluating BEV localization and transport. Further 

mechanistic studies on pathways governing BEV cellular uptake in the brain is 

necessary for advancing EV-based therapeutics for neurological disorders. 

4.2. Introduction 

Extracellular vesicles (EVs) are biological nanoparticles that have garnered much 

interest in the therapeutic space due to their emergence as important players in injury 

response, tissue repair and regeneration, and mitigating inflammation in the body.85, 117, 

118 There are currently multiple registered clinical trials involving the use of EVs to 

address a variety of neurological conditions including ischemic stroke, Huntington’s 

Disease, Parkinson’s Disease, and dementia.64 In particular, research focused on 

traumatic brain injury and brain disease has increasingly supported the critical role that 

EVs play in in the regulation of glial and neuronal communication, neuronal 

development, inflammatory cascades, tissue repair, and cellular proliferation within the 

adult brain.25, 105, 119, 120 In a healthy brain model, EVs support critical crosstalk between 

neurons and glial cells. However, in injury or disease conditions, EVs can contribute to 

the spreading of inflammatory, antigenic, and cell death signals throughout the body.  

Tissue repair in the brain following trauma relies on effective and robust 

exchanges of information between complex and diverse networks of brain cells via brain 

tissue-derived EVs (BEVs).25, 31-33 Both in vitro and in vivo studies confirmed that 

treatment with cell culture-derived EVs led to increased neuronal recovery in adult 
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stroke and traumatic brain injury models.52-54 Xin et. al. demonstrated that intravenous 

application of mesenchymal stem cell (MSC)-derived EVs in a perinatal rat model 

improved neurological outcomes, angiogenesis, and neurogenesis following hypoxia-

ischemia injury (HI) in adult murine models.55   We have also investigated the dose- and 

time-dependency of brain tissue-derived EV (BEV) treatment on an ex vivo brain slice 

model of neonatal HI.104 BEV treatment decreased cellular cytotoxicity following 

ischemic injury, increased anti-inflammatory interleukin (IL)-10 cytokine levels, and a 

corresponding shift was detected in microglial morphology from pro-inflammatory 

amoebic to anti-inflammatory and restorative shape modes. Collectively, these results 

reflect the promising therapeutic role that BEVs play in attenuating inflammation and cell 

death following HI brain injury, which is the leading cause of morbidity and mortality in 

neonates.4  

Though BEVs demonstrate promising results for improving the outcomes of 

neurological conditions, there exists a lack in understanding BEV behavior that remains 

a challenge for translational BEV research. The rate and specificity of BEV uptake has 

been hypothesized to depend on both the EV characteristics and the targeting moieties 

on the recipient cell, though all known studies on EV-cell interactions have been 

performed in vitro.40, 47, 121, 122 The EVs derived from in vitro cell culture and applied to 

2D platforms do not recapitulate the characteristics of native EVs found in a 3D tissue 

environment.59, 60, 65, 66  It is unknown what cells EVs localize to in native brain tissue or 

how different brain pathologies affect EV movement within the tissue. For 

advancements in EV research to have the greatest potential for therapeutic use, 

understanding the regional distribution of BEVs, cellular localization, and their transport 
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properties through tissue is necessary to characterize their role in the brain and can 

inform the design of future BEV therapeutics. 

Changes in brain microstructure, transport properties, and cellular viability during 

injury may affect BEV behaviors and cellular associations in tissue that aren’t observed 

in an in vitro 2D environment.69 Current EV tracking methods have important limitations 

when applied in 3D, ex vivo, or in vivo environments, including high costs of operation, 

limited tissue penetration depths, and semi-qualitative data outputs that make them less 

applicable and accessible.92, 123, 124 For example, direct labeling of the lipid membrane 

using lipophilic dyes is considered the gold standard EV-labeling technique due to its 

wide accessibility.123 However, these dyes can leak from the EV membrane leading to 

non-specific labeling of other lipid contaminants, are prone to photobleaching, have low 

tissue penetration, and provide only semi-qualitative output in the form of fluorescence 

intensity across images.92, 95 To overcome these limitations, we utilize a click chemistry 

approach to both label and track BEVs with either quantum dots (QDs) or 

oligonucleotide biobarcodes (oligobarcodes).106, 125 This approach uses a fast and 

efficient coupling reaction to allow for both qualitative and quantitative data output, is 

translatable across all EV platforms, and is also accessible as it only requires 

universally standard PCR techniques.  

Qualitatively, QD conjugation to BEVs allows us to track BEV behavior within 

brain tissue models using multiple particle tracking (MPT) and confocal imaging. MPT is 

a technique that can be used in biological environments, including brain slices, under 

different conditions to evaluate particle deviation from random Brownian motion where 

individual particle displacement is microscopically tracked and subject to changes in the 
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local extracellular microenvironments of the tissues.67, 69, 126 To our knowledge, there 

are no published studies that track multiple BEVs real-time in tissue, and BEV transport 

behavior in tissue microenvironments is still unknown. In addition, since MPT only 

captures short-time scale (millisecond) EV behavior, confocal microscopy of QD-BEVs 

can provide information on the cellular association of BEVs over longer periods of 

exposure time. While QDs tagged to BEVs provide the opportunity to semi-qualitatively 

assess BEV uptake in cells, oligobarcodes allow direct quantification of BEV uptake in 

cells. Oligobarcoded EVs (oligo-EVs) are detectable in vitro, ex vivo, and in vivo and 

their expression quantified using accessible PCR techniques to provide insight into the 

localization of semen-derived and brain-derived EVs within the genital tract and brain, 

respectively. Through this dual approach for labeling BEVs, we can observe BEV 

regional distribution and cellular associations in the brain, as well as real-time transport 

behavior in living tissue in both healthy and injury models.  

4.3. Methods 

4.3.1. Animal Care and Ethics 

This study was performed in accordance with the guide for the care and use of 

laboratory animals of the National Institutes of Health (NIH). All animals were handled 

according to an approved Institutional Animal Care and Use Committee (IACUC) 

protocol (#4383-02) of the University of Washington (UW), Seattle, WA. The UW has an 

approved Animal Welfare Assurance (#A3464-01) on file with the NIH Office of 

Laboratory Animal Welfare, is registered with the United States Department of 

Agriculture (certificate #91-R-0001) and is accredited by AAALAC International. Time-

mated pregnant female Sprague–Dawley rats (virus antibody-free CD® (SD) IGS, 
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Charles River Laboratories, Raleigh, NC, USA) were purchased and arrived on 

postnatal day 5 with a litter of 10, sex-balanced pups. Dams were housed individually 

with their litter and allowed to acclimate to their environment. Before and after the 

experiment, each dam and her pups were housed under standard conditions with an 

automatic 12 h light/dark cycle, a temperature range of 20–26 °C, and access to 

standard chow and autoclaved tap water.  

4.3.2. Organotypic Whole Hemisphere (OWH) Brain Slicing 
 

Following euthanasia with intraperitoneal pentobarbitol overdose, fresh brain 

tissue was rapidly extracted from P10 male rats, placed in ice cold dissection media, 

and sectioned into 300 µm organotypic whole hemisphere (OWH) slices using a 

Mcllwain tissue chopper (Ted Pella, Redding, CA).69 OWH slices were plated onto 6-

well plates with permeable cell culture inserts (CellTreat, Pepperell, MA; cat #230601). 

One OWH slice per insert was plated for QD-BEV studies, while oligo-BEV exposure 

studies required three OWH slices per insert for improved oligobarcode detection. OWH 

slices were incubated at 37 °C in 1 mL of 25% slice culture medium (SCM) and 5% CO2 

to recover from acute slicing. After 24h, the media was exchanged with fresh 25% SCM.  

4.3.3. Oxygen Glucose Deprivation (OGD) exposure of slices 

At 4 days in vitro (DIV4), OWH slices were incubated in oxygen-glucose deprived 

(OGD) media within a hypoxic chamber that was purged with nitrogen gas for 0.5h.69 

Previous work determined that 30 min incubation time under these conditions was 

sufficient to induce significantly higher cell death compared to healthy slices.67 Following 

OGD exposure, slices were removed from the hypoxic chamber and fresh pre-warmed 

25% slice culture media replaced the OGD media. QD-BEVs (1.3 x 1010 particles/mL 
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dosage of QD-BEVs) and oligo-BEVs (1.0 x 109 molecules of oligo-BEVs) were topically 

added onto the slice immediately following oxygen glucose deprivation conditioning 

(OGD). For oligo-BEV studies, 5-7 biological replicates were performed, with each 

biological replicate consisting of 3 slices. For QD-BEV localization studies, 5 biological 

replicates per condition per region were analyzed, with 3-4 images taken per region. 

4.3.4. Isolation of Brain-Derived Extracellular vesicles (BEVs) 

BEVs were isolated from whole, perfused neonatal male rat brains extracted from 

P10 rats.104, 106 Brain tissue was prepared using a combination of ultracentrifugation, 

ultrafiltration, and size exclusion chromatography (SEC),104 and BEV fractions were 

collected and stored at -80°C until studies were performed. 

4.3.5. Conjugation of quantum dots (QD) to brain-derived extracellular vesicles 

(QD-BEV) 

A modified method from Zhang et.al. was used to conjugate quantum dots (QD) 

to BEVs for confocal imaging and multiple particle tracking studies.106 QDs 

functionalized with PEG-NH2 (Invitrogen, Waltham, WA; cat #Q21511MP) were added 

to a PBS solution containing Sulfo-S-4FB (4FB) (VectorLabs, Newark, CA; cat #S-1008-

010). This mixture of QD-PEG-NH2 and 4FB was vortexed vigorously and left on ice to 

create a QD functionalized conjugate (QD-4FB). BEVs were added to Sulfo-S-HyNic 

(HyNic) (VectorLabs, Newark, CA; cat #S-1011-010) and vortexed to conjugate BEVs to 

HyNic molecules (BEV-HyNic).  Both QD-4FB and BEV-HyNic solutions were incubated 

in the dark at room temperature for 2 hours on a rotating stand to ensure linker binding 

onto the QD and BEV. After incubation, QD-4FB was purified by a NAP-5 column (GE 

Healthcare, Chicago, IL; cat #GE17-0853-01), and BEV-HyNic was purified using an 
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ultrafiltration unit with a 100kDa molecular weight cut-off (Milipore Sigma, Burlington, 

MA; cat #UFC910024). The sample was ultracentrifuged at 3214 x g for 30 minutes to 

remove unbound, excess Sulfo-S-HyNic.  

Purified QD-4FB and BEV-HyNic were combined and left in the dark on a rotating 

stand for 2 hours to ensure successful click chemistry reaction between QD-4FB and 

BEV-HyNic. A SEC column was used to separate fully conjugated QD-BEVs from 

unconjugated QD-4FB and fractions 7-9 (2.5mL total) were collected. A control sample 

containing unconjugated QD-4FB (fQD) was also purified to ensure that no artifacts 

were introduced during the BEV conjugation procedure. A final QD-BEV concentration 

was performed using an Amicon 50kDa molecular weight cut-off ultrafiltration unit 

ultracentrifuged at 3214x g. QD-BEV conjugates are stored at 4°C for a maximum of 3 

days. QD-BEVs at a concentration of 1.3x1010 P/mL were applied topically to brain 

slices immediately after OGD.  

4.3.6. QD-BEV regional localization studies on ex vivo brain slices 

QD-BEVs were immediately applied to OWH slices on DIV4 (1.3 x 1010 P/mL 

dose) following OGD conditioning and incubated at 37°C for 24h. At the 24h timepoint, 

slices were formalin fixed and stained with Iba-1 (1:250 dilution) (VWR, Radnor, PA: cat 

#100369-764) and TOPRO (1:1000 dilution) (Thermofisher, Waltham, MA; cat #T3605) 

to label microglia and cellular nuclei, respectively. A Nikon A1R confocal microscope 

was used to image OWH brain slices. Three to five images were captured of the cortex 

and striatum at 40X, 60X, and 100X magnification. Confocal images were processed 

with ImageJ and the QD channel (555nm) was thresholded to reduce background 

autofluorescence (Error! Reference source not found.). ImageJ was used to quantify 
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the overall QD fluorescence signal intensity across the entire image. For microglial 

density and QD-BEV association counts, confocal images taken at a Z-stack of 25um 

thickness. The Z-stack tool in ImageJ was used to compress each channel into one 

image with maximum intensity that was used to manually count microglial density.  

4.3.7. Multiple Particle Tracking (MPT) of QD-BEVs in ex vivo brain slices 

On DIV5, slice culture media was exchanged for 1 mL of pre-warmed 25% slice 

culture media containing Hoechst (8 drops/mL, Thermo Fisher Scientific, Waltham, MA, 

cat #R37605). Slices were incubated for 1 h at standard culture conditions, then washed 

twice with 1 mL warm (37 °C) slice culture media for 3 min each. Following the second 

wash, a dose of 1.3x1010 P/mL of QD-BEVs or fQDs were topically added to each brain 

slice for 5, 30, or 60 minutes prior to imaging, though all reported videos were from 30-

minute incubation times as longer timepoints showed severely decreased particle 

mobility (Supplemental Fig. 2).  Slices were transferred to a glass imaging dish (VWR, 

Radnor, PA; cat #75856-742) and kept in a temperature-controlled incubation chamber 

maintained at 37 °C, 5% CO2, and 80% humidity during the imaging session. Videos 

were collected at 67 frames-per-second and 100x magnification (oil immersion, 1.45 

numerical aperture, Nikon Corporation) for 651 frames via fluorescent microscopy using 

a cMOS camera (Hamamatsu Photonics, Hamamatsu City, Japan) mounted on a 

confocal microscope. QD-BEV trajectories are computationally detected and tracked 

using the ImageJ plugin TrackMate. For MPT studies, 5-7 biological replicates were 

tracked per condition with 3 videos taken per sample.  
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4.3.8. Multiple Particle Tracking (MPT) analysis 

Nanoparticle trajectories, trajectory mean square displacements (MSDs), and 

effective diffusive coefficients (Deff) were extracted from confocal microscopy videos via 

a lab-developed Python package diff_classifier for parallelized and reproducible MPT 

workflows.127, 128 The TrackMate plugin generates segmented trajectories for each video 

that provide particle positions in the x- and y-dimension at each frame of the video 

(Supplemental Fig. 3). From this, geometric ensemble averaged precision-weighted 

trajectory MSDs (<MSD>) were calculated for each trajectory and timestep. Each 

captured video was inspected and QD-BEV trajectories that were deemed not 

appropriate for analysis due to blinking or light diffraction rings were manually removed 

from the data files. In addition to Deff distributions, the anomalous diffusion exponent for 

each trajectory, a , was calculated using diff_classifier.127 Trajectories were categorized 

as either subdiffusive (a <0.9), normally diffusive (0.9≤ a ≤1.1), or superdiffusive (1.1< 

a) based on values reported in literature.129, 130 

4.3.9. Conjugation of oligobarcodes to brain-derived extracellular vesicles (Oligo-

BEV)  

Oligobarcode click chemistry conjugation with BEVs has been described in 

Nguyen et.al. to conjugate short oligonucleotide barcodes (oligos) (Thermofisher, 

Waltham, MA; cat #4427975) to BEVs. Briefly, BEVs were added to a HyNic working 

solution (VectorLabs, Newark, CA; cat #S-1011-010) to create BEV-HyNic conjugates, 

while oligobarcodes were added to a 4FB working solution (VectorLabs, Newark, CA; 

cat #S-1008-010 to be used as a blank control without BEV conjugation (oligo-4FB). 

BEV-HyNic and oligo-4FB solutions were incubated in the dark at room temperature on 
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a rotating stand for 2 hours. After incubation, oligo-4FB was purified by a NAP-5 column 

(GE Healthcare, Chicago, IL; cat #GE17-0853-01) and BEV-HyNic was purified using 

an ultrafiltration unit with a 100kDa molecular weight cut-off (Milipore Sigma, Burlington, 

MA; cat #UFC910024). The unit was ultracentrifuged at 3214 x g to remove excess, 

unconjugated Sulfo-S-HyNic for 30 minutes.  

Purified oligo-4FB and BEV-HyNic were combined and left in the dark on a 

rotating stand for 2 hours to ensure successful click chemistry reaction between oligo-

4FB and BEV-HyNic. A SEC column was used to separate fully conjugated oligo-BEVs 

from unconjugated oligo-4FB and fractions 7-9 (2.5mL total) were collected. A control 

sample containing unconjugated oligo-4FB (blank oligobarcode) was also purified to 

ensure that no artifacts were introduced during the BEV conjugation procedure. A final 

oligo-BEV concentration was performed using an Amicon 50kDa molecular weight cut-

off ultrafiltration unit ultracentrifuged at 3214 x g. Oligo-BEV conjugates are stored at 

4°C, and the hydrodynamic diameter ranged from 140-250nm and concentration was 

measured to be between 1-4x1010 P/mL by nanoparticle tracking analysis. 

4.3.10. Oligo-BEV exposure in ex vivo brain slices 

Oligo-BEVs (109 oligo-BEV molecules) were topically administered to ex vivo 

brain slices following OGD on DIV4. After 24 and 48h brain slices were collected and 

chemically and manually digested in a Hibernate-E buffer containing collagenase and 

protease and phosphotase inhibitors. Following digestion, samples are spun down at 

450g for 10 minutes to pellet cells and resuspended in 25µL of DNAse free H2O. 

Samples were immediately heated at 95°C for 8 minutes to release oligobarcodes and 

gDNA into solution. Oligobarcodes are amplified using stemloop conversion followed by 
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a preamplification PCR reaction prior to oligobarcode detection via qPCR. Pre-

amplification products were diluted 1:4 in TE buffer to be run with quantitative PCR 

(qPCR). For a 20µL total reaction volume per well, 10µL of Taqman Proamp Master Mix 

is combined with 1µL of each 20X primer-probe mix, 7µL DNAse free H2O and 1µL of 

diluted pre-amplification sample. Thermocycler conditions used were: 1) denaturing at 

95°C for 20 seconds, followed by 2) annealing/extension for 45 cycles of 95°C for 1 

second and 65°C for 25 seconds. Samples were run with a multi-channel setting to 

collect fluorescent signals concurrently from the oligobarcode (FAM) and genomic 

GAPDH DNA (HEX) probes. Captured oligobarcode fluorescence signals were 

normalized by genomic DNA signals prior to calculating fold changes between 

conditions. 

4.3.11. Fluorescence Activated Cell Sorting (FACS) of microglia from brain slices 

OWH slices (6 slices per condition) were collected and digested on ice with 

accutase (Millipore Sigma, Newark, CA; cat #SCR005) solution. Following accutase 

digestion, the cell suspension was manually titrated using a pipette, filtered through 

70µm cell strainers, and washed with dissociation buffer consisting of 1X HBSS 

(Thermofisher, Waltham, MA; cat #14025076) and 1M HEPES (Thermofisher, Waltham, 

MA; cat #15630080) to collect a single cell suspension. Collected cells were pelleted 

and resuspended with Percoll density gradient media (Cytiva #17089101) to a total of 

33% Percoll solution. FACS media consisting of 1X HBSS, FBS (Milipore Sigma, 

Newark, CA; cat #12306C), and 1M HEPES was slowly overlaid with the Percoll 

solution, and the cell suspension was ultracentrifuged at 800xg for 15 minutes using the 

lowest brake setting. There were 3 resulting layers: a thin layer of myelin film at the 
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interface, the supernatant, and the pellet. Everything but the pellet was discarded, and 

the pellet was resuspended in FACS media. Anti-rat Fc block (BD Pharmingen, Franklin 

Lakes, NJ; cat # 550270) was added to the cell suspension at a 1:100 dilution for 5 

minutes on ice. Cell suspensions were stained with the following antibody panel for 45 

minutes:  DAPI nuclear stain (1:10000 dilution, Thermofisher, Waltham, MA; cat # 

D1306), FITC anti-rat CD11b (1:50 dilution, BioLegend, San Diego, CA; cat #	201805), 

and PE-Cy7 anti-rat CD45 (1:50 dilution, BioLegend, San Diego, CA; cat #	202213). 

Isotype control antibodies were used (FITC Mouse IgG2a k Isotype Ctrl Antibody 

(Biolegend, San Diego, CA; cat #	400207), PE/Cy7 Mouse IgG2a k Isotype Ctrl 

Antibody, Biolegend, San Diego, CA; cat #400126). Following incubation, stained cells 

were pelleted and washed 3 times with FACS media to reduce background signal. Cells 

were sorted using a BD FACS Aria III and both CD11b+/CD45+ (microglia) and CD11b-

/CD45- fractions were collected for analysis (Appendix C. 4).  

4.3.12. Statistical analysis 

Statistical analyses were performed in GraphPad Prism version 10.1.1 

(GraphPad Software, San Diego, CA, USA). All statistical significance determinations 

between groups were performed using nonparametric unpaired Mann-Whitney testing. 

All p-values < 0.05 were considered statistically significant, with p*<0.05, p**<0.005, 

p***<0.0005, p****<0.00005. 
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4.4. Results 
 
4.4.1. QD-BEVs exhibited microglial association in both healthy and OGD ex vivo 

slices 

QD-BEVs were applied to ex vivo slices to determine regional localization. The 

hydrodynamic diameter of the QD-BEV complexes was measured by nanoparticle 

tracking analysis (NTA) to range from 170-300 nm, and the average zeta potential was 

measured to be -11.4 mV. Though BEV treatment on HI brain slices have been shown 

to actively decrease cell death and alter microglial morphology, it is unclear whether 

BEV localization patterns are altered by brain injury compared to healthy conditions and 

if administered BEVs directly localize to microglia.104 In addition, QD-BEVs associate to 

in vitro glial BV2 cell cultures, but whether they associate with microglia in brain tissue 

remains unknown.106 Since BEV regional and cellular fate within ex vivo brain slices 

have not yet been confirmed, we tracked QD-BEVs in real-time to characterize short-

term BEV localization patterns in OWH brain slices. In addition, we evaluated the long-

term QD-BEV localization in tissues following 24h of QD-BEV exposure. When applied 

to healthy OWH brain slices, we showed that QD-BEVs associated with microglial soma 

within 24 hours of application in both the cortex and striatum (Figure 4.15 A-B). In 

contrast, fQDs that have not been conjugated to BEVs demonstrated high amounts of 

aggregation in healthy OWH brain slices at the same concentration as QD-BEVs 

(Figure 4.15 C). Aggregates were not seen in samples exposed to QD-BEVs.  
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Figure 4.15. QD-BEV association with ex vivo microglia. 
Representative confocal images of QD-BEV (red) association with microglia (green) and nuclei 
(magenta) in A) the striatum and B) the cortex of healthy ex vivo brain slices at 40X and 240X 
magnification. Colocalization of quantum dots and microglia is represented in yellow. C) 
Functionalized QDS that have not been conjugated with BEVs form large aggregates when 
applied to ex vivo healthy brain slices (images taken at 40X). Scale bars: A) top=100 µm, 
bottom=10 µm, B) top=100 µm, bottom=10 µm, C) 100 µm. 

Following the confirmation of QD-BEV microglial association in brain slices, we 

sought to evaluate macroscale changes in regional distribution of QD-BEVs between 

the cortex, striatum, and corpus callosum and whether changes in BEV regional 

distribution is observed following injury. From prior work in this ex vivo model, these 

three regions were used to represent different physiological compositions—the cortex 

for grey matter, corpus callosum for white matter, and striatum for deep brain regions.69, 

99 We exposed OWH brain slices to OGD to model hypoxia ischemia in a neonatal 

brain.69 Of particular interest after 24h of direct QD-BEV treatment is the association of 

A
. 

B. C. 
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QD-BEVs to microglia distributed between the three regions, since association was 

confirmed in single cells in vitro and ex vivo. Representative confocal images of QD-

BEVs (red) and labeled microglia (green) showed the presence of QD-BEVs in the 

cortex, striatum, and corpus callosum (Figure 4.16 A). To quantify the concentration of 

QD-BEV, signal intensity is calculated in ImageJ from representative confocal images of 

each region of interest (Figure 4.16 B). Following OGD exposure, the striatum showed a 

significant ten-fold increase (p<0.05) in QD-BEV signal compared to the cortex for both 

healthy and OGD conditions.    

Trends indicated that OGD conditioning in the brain increased QD-BEV signal 

intensity across almost all regions investigated, except for the cortex, where the signal 

intensity is slightly decreased following injury. In contrast, QD-BEV signal intensity is 

similar between the cortex and striatum in healthy conditions with median values 

between 3.1-3.8x104 fluorescence units, with slightly higher values in the corpus 

callosum (6.4x104 fluorescence units). Taking into consideration differences in cell 

density across different images that may affect overall signal intensity results, all 

microglia in each image were manually counted. Microglia were classified into two 

groups based on whether QD-BEVs were associated with the microglia. An evaluation 

of the percentage of microglia that are visually associated with QD-BEVs showed that 

about 40% of microglia in the OGD exposed striatum associated with QD-BEVs, a 

significant increase (p<0.005) to the 20% of BEV-associated microglia in the healthy 

control (Figure 4.16 C). OGD exposure increased microglial association with QD-BEVs 

by 6% in the cortex, 20% in the striatum, and 15% in the corpus callosum.  
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Figure 4.16. QD-BEV association with microglial cells in ex vivo brain tissue. 
A) Representative confocal images of QD-BEV (red) association with microglia (green) between 
healthy and OGD conditioned ex vivo brain slices across the cortex, striatum, and corpus 
callosum. The first two rows exhibit the overlay of the microglial and QD-BEV channels, while 
the bottom two rows display only signal from the QD-BEV channel of the same images. B) QD-
BEV localization in the cortex, striatum, and corpus callosum in ex vivo brain slices categorized 
by signal intensity and C) percentage of microglia associated with QD signal. All signal 
intensities of QD-BEVs are thresholded against the same negative control slice containing no 
QD-BEVs prior to analysis to reduce background autofluorescence. N=6 biological replicates 
per condition. Error bars represent B) median with 95% confidence interval and C) mean with 
95% confidence interval. A nonparametric Kruskal-Wallis test with multiple comparisons was run 
for statistical significance testing *p<0.05 

4.4.2. MPT revealed that overall QD-BEV diffusivity is regionally dependent, with 

shifts in the anomalous diffusion exponent. 

In addition to quantifying BEV association with microglia following 24h exposure, 

QDs were also used to quantify the diffusion patterns of BEVs in brain tissue on shorter 

timescales and compare them to random, Brownian movement. We analyzed QD-BEV 
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trajectories acquired from the cortex and striatum of healthy and OGD-exposed brain 

slices. The cortex is comprised largely of grey matter while the striatum is comprised of 

both grey and white matter, so comparing QD-BEV diffusivity between both types of 

matter provides insights to endogenous BEV movement in physiologically different 

microenvironments.131, 132  

Our MPT analysis of Deff revealed that the median QD-BEV diffusivity is 

significantly hindered (p<0.05) in the cortex (0.863µm2/s) compared to the striatum 

(1.085µm2/s) in healthy brain slices, but this observed statistical significance does not 

propagate following OGD exposure (OGD cortex: 0.787µm2/s, OGD striatum: 

1.037µm2/s) (Figure 4.17 A, Table 4.3. Median diffusion coefficients from multiple 

particle tracking of QD-BEVs in brain tissue.). Interestingly, the Deff of QD-BEVs was not 

injury dependent as there were no statistically significant differences between healthy 

and OGD conditions between regions. QD-BEVs from all regions and conditions had 

significantly greater diffusivity compared to control 4FB-functionalized QDs (p<0.00005) 

that were not conjugated to BEVs. fQDs had a median Deff of 0.155 in the OGD exposed 

tissues and 0.164 in healthy tissues (Figure 4.17. Multiple particle tracking of QD-BEVs 

in ex vivo brain tissue. A , Table 4.3. Median diffusion coefficients from multiple particle 

tracking of QD-BEVs in brain tissue. ). This was likely due to exposed functional 

hydrazine groups on the surface of QDs reacting nonspecifically with the tissue 

environment, leading to increased incidents of nanoparticle aggregation supported in 

confocal images (Figure 4.15 C). The theoretical Deff of QD-BEVs of the same 

hydrodynamic size (154.9nm diameter) is 4.25µm2/s in artificial cerebral spinal fluid 

(viscosity of 6.913 x 10-4 Pa/s) at 37°C. QD-BEVs experienced more hindrance when 
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applied to brain tissues compared to movement in a free media. In comparison to 40nm 

have polystyrene (PS-PEG) nanoparticles, which are well-characterized particles that 

has been applied to this same ex vivo brain slice platform,69 QD-BEVs experienced less 

hindrance in healthy brain tissue.  The median Deff of QD-BEVs in the cortex of healthy 

brain slices was calculated to be 0.864 µm2/s. In contrast, the median Deff of PS-PEG 

nanoparticles in the cortex of age-matched healthy brain slices was plotted as 0.630 

µm2/s.69 

 

 

 
 
 
Figure 4.17. Multiple particle tracking of QD-BEVs in ex vivo brain tissue. 
A) Diffusion coefficients (Deff) of QD-BEVs and functionalized QDs topically applied to ex vivo 
brain slices, calculated at 1 second. Diffusion coefficients were measured in the cortex and 

A. B. 
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striatum, and compared between healthy and oxygen glucose derived (OGD) tissue conditions. 
Functionalized QDs were tracked in the striatum. The theoretical Deff. of QD-BEVs in water at 
37°C as calculated by Stokes Einstein is indicated by y=2.28 µm2/s and the median Deff. of 40nm 
PS-PEG nanoparticles in female age-matched brain slices is indicated by y=0.630 µm2/s 
[McKenna et.al., DOI: 10.1186/s13036-022-00293-w].  Error bars represent the median with 
interquartile range. Mann-Whitney non-parametric t-tests were performed for statistical 
significance: *p<0.05, ****p<0.00005.  B) Anomalous diffusion exponent (a value) of the 
diffusive trajectories of the QD-BEVs between the cortex and striatum in healthy and OGD 
exposed brain slices. 

 
Condition 

 
Healthy OGD 

Cortex 0.864 0.787 

Striatum 1.085 1.037 

Functionalized QDs 0.164 0.156 

 

Table 4.3. Median diffusion coefficients from multiple particle tracking of QD-BEVs in brain 
tissue.  
Median diffusion coefficient (Deff (µm2/s)) values for the cortex and striatum in the healthy and 
OGD controls. Median Deff values for functionalized QDs were also measured. 
 

Though bulk QD-BEV measurements of the Deff suggested that there were no 

significant differences to BEV diffusivity between healthy and OGD tissues, evaluating 

individual Deff  values revealed more detail about the types of diffusion that QD-BEVs 

individually experience. The anomalous diffusion exponent (a value) of the trajectories 

were computationally calculated to classify nanoparticle diffusion into sub-diffusive, 

Brownian, or super-diffusive transport modes.129, 130 Plots of the a value of QD-BEVs 

between different brain regions showed that each condition and region had diffusion 

profiles that changed following OGD (Figure 4.17 B). QD-BEVs in the cortex in healthy 

conditions had the greatest percentage of subdiffusive particles (60%) compared to all 

other conditions, with 5% of particles following Brownian diffusion, and 35% 
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experiencing superdiffusive diffusion. Following OGD exposure, the subdiffusive fraction 

of particles in the cortex decreased to 46%, while particles that were undergoing 

Brownian diffusion increased to 12% and superdiffusive particles increased to 42%. 

The reverse trends were observed in the striatum between the healthy and OGD 

controls. In the striatum of healthy brain tissues, only 50% of QD-BEVs experienced 

subdiffusive diffusion compared to the healthy cortex where 60% of particles were 

subdiffusive. In the OGD cortex where there was a significant decrease in subdiffusive 

QD-BEVs following injury from 60% to 46% (p=0.025), in the striatum there was a slight 

increase in the percentage of subdiffusive QD-BEVs from 50% to 54% (p=0.27). With 

this increase in subdiffusive particles in the OGD striatum there was a corresponding 

decrease in superdiffusive particles from 41% to 37%. In the striatum the fraction of 

Brownian particles remained similar between healthy and OGD controls at 9%. This 

hindrance of BEVs in the striatum following injury may be caused by increased cellular 

debris or extracellular matrix breakdown.  

  An evaluation of overall cell density between regions showed that the striatum 

had significantly increased both cell density (p<0.0001) and cell death (p<0.0001)) 

compared to the cortex following OGD (Figure 4.18). The average DAPI cell count for 

the OGD cortex was 133 nuclei, whereas in the striatum the average was 255 nuclei. 

OGD injury led to increased cell density in the striatum, as well as an increase in cell 

cytotoxicity of 57% compared to just 3% in healthy slices. These significant differences 

only occurred following OGD injury, as the cortex and striatum cell count and 

cytotoxicity levels were statistically insignificant in healthy slices. These results suggest 

that though our MPT data only revealed significant changes in QD-BEV transport 
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behavior between brain regions, the tissue microenvironment experienced both regional 

and injury-dependent changes following injury. These regional and injury dependent 

changes in the tissue microenvironment in the brain were not captured through bulk Deff 

analysis alone, emphasizing the need to supplement MPT data with other forms of 

analysis. 

         

      

Figure 4.18. Total cell density and cytotoxicity counts in ex vivo brain slices.  
Plots comparing the A) number of DAPI-stained nuclei, B) number of propidium iodide-stained 
nuclei, and C) percent cytotoxicity (PI count/DAPI count) in the cortex and striatum between 
healthy and OGD ex vivo brain slices. Error bars represent mean with standard deviation. 
Significance determined with nonparametric Mann-Whitney test.  N=6-10 slices, ****=p<0.00005 

 
4.4.3. Oligobarcoded-BEVs were detected in OWH brain slices up to 48h.  

Though the results from QD-BEV studies demonstrated that BEVs associate with 

cells in vitro and ex vivo, it is unclear from confocal imaging alone whether they are 

surface associated or internalized. We hypothesized that there was uptake of BEVs by 

cells following injury, as BEVs have been shown to improve the cytotoxic outcomes of 

A. B. C.  
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OGD-exposed brain slices in a dose- and time-dependent manner.104 To determine 

whether tissue slices uptake BEVs, oligo-BEVs and unconjugated oligobarcodes (blank 

oligobarcode) were topically applied onto healthy and OGD-exposed OWH brain slices. 

Oligobarcode signals were successfully detected with qPCR in brain slices in both 

healthy and OGD conditions (Figure 4.19 A). Interestingly, there were no significant 

changes to oligo-BEV uptake between 24 and 48h. There was a significant 104-fold 

increase (p=0.0442) in oligo-BEV signal compared to blank unconjugated oligobarcode 

signal at both 24 and 48h, which demonstrates that brain slices are preferentially taking 

up the oligobarcode-BEVs over the blank oligobarcodes (Figure 4.19 A). Oligobarcode 

signals were consistently detected to be between 103 – 104-fold-greater than blank 

oligobarcodes. Specifically, oligo-BEVs had significantly greater uptake than blank 

oligobarcodes in almost all conditions excluding when applied for 24h on OGD slices, 

indicating that there may be a time-dependent component to oligo-BEV uptake in tissue 

following injury. Though these experiments evaluated tissue-scale uptake of oligo-

BEVs, we sought to further investigate the cellular level uptake of BEVs. 

 



 96 

 
Figure 4.19. Oligobarcoded BEV (oligo-BEV) exposure on ex vivo brain tissue for 24 and 48h. 
A) Healthy and OGD-conditioned brain slices were compared for oligobarcode detection. 
Oligobarcode signal was measured with fluorescent probe-based qPCR and normalized against 
a housekeeper gene (GAPDH). were normalized against the level of blank oligo expression 
detected (negative control). There is a 10$ − 10" fold increase in oligobarcode-BEV signal 
compared to blank oligobarcode signal in both timepoints and tissue conditions. N=3-4, bars 
plot mean with standard deviation. B) Fluorescence-Activated Cell Sorting of microglia from ex 
vivo brain slices treated with oligo-BEVs for 24h. CD11b+/CD45+ microglia are isolated. Oligo-
BEV and blank oligobarcode signal is compared to a non-treated control between healthy and 
OGD conditions. Oligo-BEV and blank oligobarcode uptake is quantified within FACS separated 
microglial and non-microglial cell populations. Fold changes in oligobarcode detection are 
normalized against non-treated control slices. Statistics on data were performed using a non-
parametric Kruskal-Wallace multiple comparisons test *p<0.05, **p<0.005 

4.4.4 BEVs interact with both microglia and non-microglial cell populations 

following FACS analysis. 

Oligo-BEV uptake results in ex vivo tissues demonstrated that there was 

significant BEV uptake by brain tissue compared to blank oligobarcode following 

administration. However, as brain slices are comprised of a heterogenous population of 

cells, it is unknown which cell types oligo-BEVs localize to, and whether cell-specific 

uptake of oligo-BEVs is injury dependent. BEV treatment on OGD exposed slices have 

been shown to encourage microglia to shift from an inflammatory phenotype to a 

restorative phenotype, indicating therapeutic potential.104 Microglia are highly dynamic 



 97 

cells that are considered to be the resident immune cells of the brain responsible for 

initiating immune response to injury, including in response to hypoxia ischemia.15, 133 

Therefore, we sought to investigate microglia-specific uptake of oligo-BEVs within our 

ex vivo slice models.  

After oligo-BEV exposure, FACS was performed on washed and digested brain 

slice tissues to sort CD11b+/CD45+ expressing microglia followed by qPCR on 

microglial (+microglia) and non-microglial (-microglia) fractions to detect oligo-BEV 

signal in both populations. As the OWH slices are removed from the blood supply and 

are cultured for several days on semi-permeable membranes, there were no infiltrating 

macrophages from the circulatory system to separate from the microglia.  When 

evaluating cell-specific uptake of oligo-BEVs, there was a significant increase in oligo-

BEV uptake compared to blank oligo in microglia from healthy tissues (p=0.0317) 

(Figure 4.19 B). There is a noticeable trend that oligo-BEV uptake in +microglia fractions 

is greater compared to -microglia fractions. Microglia in healthy controls exhibited about 

a 40-fold increase (8007.8 units of relative oligo signal in +microglia vs. 496.46 relative 

oligo signal in -microglia) in oligo-BEV uptake over -microglia. This trend is heightened 

following OGD injury, where there is about a 6000-fold increase in oligobarcode signal 

in microglia compared to -microglia.  

Overall, there were also no overall significant changes in uptake of blank oligo 

between +microglia and -microglia between healthy and OGD conditions. However, the 

non-microglial population maintained consistent oligobarcode signal for both oligo-BEV 

and blank oligobarcode controls. The -microglia fraction exhibited between 23-52 units 

of relative signal across all groups besides in the healthy condition, where oligo-BEV 
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detection was 496 units of signal. In addition, -microglia fractions consistently exhibited 

lower oligobarcode signal compared to +microglia and had similar relative signals of 

oligobarcode across all samples. Promising trends in this FACS data indicated that 

+microglial fractions in healthy and OGD tissues uptake more oligo-BEVs. 

 
4.5. Discussion 

We utilized a fast and efficient click chemistry conjugation to tag BEVs with either 

QDs or oligobarcodes to allow for both qualitative and quantitative probing of BEVs in 

brain tissue. We demonstrated that QD-BEV complexes associated with microglia in ex 

vivo brain tissues in a region-dependent manner. There was a significant ten-fold 

increase in QD-BEV signal in the striatum compared to the cortex following OGD 

exposure that was supported by microglial association analyses when normalizing the 

signal intensity of QDs by microglia count. This result highlights the importance of 

considering the regional dependence of EV localization in the brain when designing 

future therapeutics. It is important to note that we did not perform a control using a blank 

nanoparticle with a similar geometry to an EV, such as a liposome, to test whether the 

regional dependence of EVs might be a result of the EV size or geometry, rather than 

targeting moieties on the EV surface. Though it is known that proteins on the surface of 

EVs are crucial to cell uptake, and even cell-specific uptake, further studies comparing 

the localization of blank liposomes to EVs will inform scientists of the impact that 

nanoparticle geometry and size play in determining localization.  

In combination with QD conjugations that aided in probing regional BEV 

localization and confirmed microglial BEV association, novel oligobarcode conjugations 

were used to evaluate BEV cellular uptake. Oligo-BEVs exhibited significantly greater 
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uptake in bulk ex vivo brain tissues compared to unconjugated blank oligobarcodes. 

This result was supported with FACS separation of microglia, where the results also 

indicated a significant increase of oligo-BEV uptake in microglia compared to blank 

oligobarcodes. Even among non-microglial populations (-microglia) the levels of oligo-

BEV uptake were generally increased compared to blank oligobarcode following OGD. 

Together these results indicate that BEVs are not only experiencing region-dependent 

association with microglia, but microglial populations also preferentially uptake BEVs 

over blank oligobarcodes. These findings are consistent with the responsive role 

microglia play in the brain, especially following OGD. Tissue damage invokes the acute 

release of damage associated molecular patterns (DAMPs) such as reactive oxygen 

species, necrotic cells, and damaged mitochondria.134, 135 Microglia, as the primary 

immune cell responders to injury, respond to DAMPS by increasing their phagocytotic 

activity and producing an influx of inflammatory and anti-inflammatory cytokines and 

chemokines within 24h.14  Microglia are well documented to become increasingly 

phagocytotic, proliferative, and active in response to ischemic brain injury, which may 

explain the trends of increased QD-BEV association with cells observed in our confocal 

and FACS data.135-137 It has also been shown that microglia produce a strong response 

to EVs during injury repair mechanisms.138, 139 It is important to note that even among 

the microglial population there are high levels of heterogeneity in autofluorescence and 

surface markers as microglia are biologically dynamic, with subsets that are 

differentially impacted by genetic variations and pathologies.140, 141 Due to this 

heterogeneity, it is possible that CD11b+/CD45+ FACS gating only captured a subset of 

activated microglia and the oligo-BEV uptake is underestimated in our results.  
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Our MPT analysis of QD-BEV behavior provided new insights that QD-BEV 

diffusion was regionally dependent. BEVs experienced more hindrance in brain tissue 

compared to a hypothetical situation where BEVs are freely diffusing in artificial cerebral 

spinal fluid. This hindrance is attributed to interactions of the BEVs with the tortuous 

extracellular environment and cells.69, 142 When compared to 40nm PS-PEG 

nanoparticles in the same ex vivo rat slice models, QD-BEVs experienced greater 

overall diffusivity. PS-PEG nanoparticles are inert with a near-neutral surface charge 

and are thus unlikely to interact electrostatically or chemically to the surrounding tissue 

environment. 69 In contrast, as BEVs present various surface moieties involved in 

cellular signaling, QD-BEVs are expected to experience facilitated interactions with cells 

in the environment.143, 144 It has been previously reported that EVs exhibit greater 

intracellular diffusivity compared to synthetic nanoparticles due to increased interactions 

with motor proteins in the cytoskeleton.145, 146  BEV membranes also contain a high 

concentration of phospholipids, cholesterol, and aquaporins that decrease hydrocarbon 

chain packing, allowing EVs to be more deformable and have greater membrane fluidity 

and water permeability.147, 148,47, 148  Due to the flexible and permeable membrane of 

EVs, there are reports of rapid in vivo internalization and degradation of injected and 

endogenous EVs by macrophages and monocytes.124  

In light of the regionally dependent behavior of BEV localization and transport in 

brain tissue, we determined that that there were notable regional changes in the brain 

following injury that is supported by previous research.67, 69  There is a significant 

increase in the overall cell density, number of dead cells, and cytotoxicity in the striatum 

compared to the cortex. This rise in striatal cell density and debris in addition to the 
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breakdown of extracellular matrix can hinder BEV diffusion as seen in our results. 

Alternatively, the hindered diffusion of QD-BEVs following OGD may also be attributed 

to overall EV destabilization. The OGD model restricts available oxygen supply in the 

tissue, leading to acidosis of the extracellular milieu.12, 149, 150 This acidification can 

destabilize EV associated proteins and result in decreased diffusivity of EVs in 

tissue.151, 152 

Though QD-BEV conjugations pose several advantages over other forms of EV 

labels, there may be concerns that QD conjugation affects BEV localization. 99, 153  

Notably, Zhang et.al. found QDs with different surface functionalities can associate with 

microglia ex vivo and in vivo in rats, with strong dependence on the brain region and 

some dependence on the QD surface functionalization.99 Our findings align with this 

regionally dependent microglial interaction. However, QD-BEVs demonstrated different 

localization patterns, as the striatum had significantly high accumulation of QD-BEVs 

compared to other regions. Microglia in the striatum were observed to experience 

significant QD-BEV uptake after 24h of exposure, the extent of which was increased 

following OGD. In contrast, fQDs formed aggregates that were not observed in any QD-

BEV samples that may be due to altering EV endocytosis and exocytosis pathways.153 

This lack of aggregative behavior following BEV conjugation to QDs suggests that BEVs 

that are inherently functionalized with molecular moieties that interact with cells and are 

likely responsible for driving regional distribution. Though EVs strongly associate with 

microglia, the distribution of EVs to other cell types would be of interest to study. In 

future studies, different cell types such as neurons and oligodendrocytes can be co-
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stained with microglia to reveal the distribution of QD-BEVs in specific cellular 

populations of the brain.     

4.6. Conclusion 
 

Though BEVs demonstrated promising therapeutic effects in mitigating HI brain 

injury and are critically involved in regulating tissue repair, a lack of clarity on the 

localization and transport of BEVs in brain tissue restricts translational research in this 

area. We utilized a quick and efficient click chemistry to tag BEVs with QDs and 

oligobarcodes to probe BEV behavior qualitatively and quantitatively in endogenous 

brain tissue. We demonstrated that BEVs associated with microglia on ex vivo brain 

tissues and that cellular association with BEVs increased following OGD injury, 

particularly in the striatum. Regional differences were also seen in our MPT analyses of 

regional diffusion coefficients between healthy and injured conditions, which may be 

due to extracellular matrix breakdown and increased cell death. Novel oligobarcoding 

was also deployed to track BEV cellular uptake in ex vivo brain slices. Our results 

demonstrated that oligo-BEVs were preferentially taken up by microglia compared to 

blank oligobarcodes. Through the use of both qualitative image analyses using QD 

probes and quantitative analysis using oligobarcodes, we successfully evaluated the 

region-dependent and cell uptake behaviors of BEVs in endogenous brain tissue. 

Future evaluations of EV localization and transport must consider the importance that 

regional variances and pathological states play in EV behavior.  

4.7. Data Availability Statement 

The data can be provided upon request to the corresponding author. Python 

software is accessible via Nance-Lab/diff_classifier.127 
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Chapter 5. Research Summaries of Published and Ongoing Work 
 

5.1. Brain tissue-derived extracellular vesicle mediated therapy in the neonatal 
ischemic brain 
 

Nguyen, N. P., Helmbrecht, H., Ye, Z., Adebayo, T., Hashi, N., Doan, M. A., & Nance, 
E.* (2022). Brain tissue-derived extracellular vesicle mediated therapy in the neonatal 
ischemic brain. International journal of molecular sciences, 23(2), 620. 

*Corresponding author 

Hypoxic-Ischemic Encephalopathy (HIE) in the brain is the leading cause of 

morbidity and mortality in neonates and can lead to irreparable tissue damage and 

cognition. In developed countries up to 4 out of every 500 live births suffer HIE, and this 

number is tripled to 13/500 in underdeveloped countries.1, 3-5 In addition to high 

incidence rates, about to 1/3 of neonates who survive the initial onset of HIE are at risk 

of developing long-term cognitive disabilities or neurological disorders such as epilepsy 

or cerebral palsy.3, 154 Due to the severity of this condition and the lack of an existing 

cure for HIE, it is important to investigate key mediators of HIE injury response to 

develop future therapeutics. Tissue repair requires highly coordinated cellular 

responses mediated by cell-derived extracellular vesicles (EVs). In contrast to the 

majority of EV studies that utilize EVs derived from in vitro cell culture, we successfully 

isolated and characterized EVs from whole brain rat tissue (BEV) to maintain 

physiological relevance. We showed that BEVs decreased cytotoxicity in an ex vivo 

brain slice model of HI in a dose- and time-dependent manner. The minimum 

therapeutic dosage was determined to be 25 μg BEVs, which corresponded to 

increased anti-inflammatory IL-10 cytokine expression. We also evaluated changes in 

microglia morphology to supplement our therapeutic efficacy studies. Microglia are the 
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resident immune cells of the brain and experience diverse injury-driven phenotypic 

changes.15, 135, 155, 156 We used computational methods to detect microglia in our 

imaging samples and compute their various shape parameters to quantify changes in 

morphology.157  In injured tissues, the morphology of microglia was also observed to 

shift from an amoeboid, inflammatory phenotype to a restorative, anti-inflammatory 

phenotype following BEV exposure. These results demonstrated that BEV 

administration on an ex vivo model of HI can decrease cellular cytotoxicity, increase 

anti-inflammatory signaling, and shift microglial morphology away from an inflammatory 

to an anti-inflammatory phenotype.  These studies outlined the therapeutic potential of 

tissue derived BEVs for treating HI at small doses and a wide application time window. 

These promising results encourage future studies on tissue EVs and their role in 

alleviating inflammation in the brain.  

5.2. Novel Oligonucleotide Biobarcodes for Labeling Extracellular Vesicles 
 

Nguyen, N. P., Asencio, M., Paktinat, S., Nance, E., Vojtech, L.* In preparation, 2024.  

*Corresponding author 

There has been heightened interest in studying extracellular vesicles (EVs) due 

to their therapeutic potential across many models and diseases. To support the 

workflow of detecting and tracking EVs, accessible and sensitive methods for EV 

labeling are needed. Current methods for visualizing the trafficking of extracellular 

vesicles (EVs) rely on fluorescent labeling and microscopy to reveal their location. 

However, these methods are not fully quantitative and suffer from false-positive signals 

and unfavorable signal-to-noise background when analyzing tissue samples.92, 94, 96, 123 

Furthermore, they require specialized microscopes and instrumentation which are 
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expensive, not accessible in many locations, and necessitate extensive user training. 

Here, we sought to develop a method to label EVs with short oligonucleotide 

“biobarcodes”, enabling detection in tissues by standard quantitative PCR techniques. 

We engineered a short (22 base) DNA oligonucleotide based on the C. elegans 

microRNA cel-miR-39 modified with a 5-prime amine group for click chemistry 

compatibility. Additional phosphorothioate bonds increase stability against 

exonucleases when applied in vitro, ex vivo, and in vivo.  

We conjugated the oligonucleotide barcodes (oligobarcodes) to EVs isolated 

from human semen (SEVs) and from whole neonatal rat brains (BEVs) and 

administered to in vitro cell or ex vivo tissue cultures to examine the fate of SEVs and 

BEVs with different cell populations. To detect the oligobarcoded SEVs (oligo-SEVs) we 

utilized a three-step PCR protocol using stem-loop primer and pre-amplification, 

followed by quantitative PCR with an assay utilizing a locked-nucleic acid fluorescent 

probe. Compared to unconjugated oligo, we detected significantly more signal in cells 

treated with oligo-SEV, suggesting that cells actively interact with and uptake oligo-

SEVs. Similar to results from qualitative imaging studies using fluorescently labeled 

SEV, oligo-SEVs were preferentially located with antigen-presenting cells in digested 

vaginal tissue samples. Oligonucleotide-based barcoding of EVs offers a novel method 

for quantitative, translatable, and microscope-free analysis of cellular EV uptake 

regardless of EV source and can be used in in vitro, ex vivo, and in vivo models.  
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5.3. Dual Quantum Dot and Oligobarcode Labeling to Probe Tissue Uptake and 
Transport of Brain Tissue-Derived Extracellular Vesicles  
 

Nguyen, N. P., Schimek, N., Wu, E., Colwell, O., Vojtech, L., Nance, E.* In preparation, 
2024.  

*Corresponding author 

Extracellular vesicles (EVs) have emerged as promising therapeutic agents in 

various neurological conditions due to their ability to modulate injury response, tissue 

repair, and inflammation. However, lack of detailed knowledge of EV tissue movement, 

localization, and fate limits the translation of EV-based therapeutics into the clinic. We 

employed a novel click chemistry approach to label and track brain tissue-derived EVs 

(BEVs) with quantum dots (QDs) and oligobarcodes, enabling qualitative and 

quantitative assessment of BEV behavior in brain tissue. Studies performed using EVs 

derived from tissue rather than cell culture are more representative of the physiological 

behavior of endogenous EVs, especially within complex tissue environments.  We used 

a combination of confocal microscopy, multiple particle tracking (MPT), and quantitative 

PCR to track BEVs on short- and long- timescales. Our findings confirmed that BEVs 

associate with microglia in an ex vivo brain tissue model, with increased cellular 

association observed following oxygen-glucose deprivation (OGD) injury, particularly in 

the striatum. Trends in tracking BEV diffusion coefficients suggested regional changes 

in extracellular matrix integrity and cellular viability post-injury. Additionally, novel 

oligobarcode tagging allowed us to quantify the uptake of BEVs in brain tissue up to 48h 

post-application. Our results demonstrate the importance of considering the regional 

and pathological states of tissue in evaluating BEV localization and transport. Further 
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mechanistic studies on pathways governing BEV cellular uptake in the brain is 

necessary for advancing EV-based therapeutics for neurological disorders.  

5.4. A Cross-Species Analysis of Microglial Morphology  
 

Helmbrecht H., Lin T.J., Nguyen, N.P., Schimek N. Onodera M., Correy K., Wood T., 
Svedin P., Mallard C., Chand K., Wixey J., Sah N., Kannan S., Nance E. “A Cross-
Species Analysis of Microglial Morphology during Neurodevelopment.” In preparation.  

Neurodevelopmental diseases and injury have lasting impacts on neonates and 

their families, as even survivors experience heightened susceptibility for long-term 

cognitive and neurological disabilities.5, 158 Due to the severity of the health outcomes, 

there is high clinical relevance to study the mechanisms of neurodevelopment and 

pathological disease states of the neonatal brain. In particular, microglia are the resident 

immune cells of the brain, and play a critical role in acute injury response, amelioration 

of inflammation, and sustained tissue repair following injury.15, 18 In a healthy brain 

model, microglia regulate neuronal development, prune synapses, and clear debris and 

cell death from accumulating in the extracellular matrix.159 As first-in-line responders to 

brain injury, microglia exhibit highly dynamic morphological shifts in response to 

changes to the environment, proteomics, and metabolomics.81 Though microglia exhibit 

a spectrum of different phenotypes, they are classically categorized into two broad 

groups as “activated” vs. “resting” phenotypes. It is thought that “activated” microglia are 

characterized by an amoeboid and circular shape that is indicative of an inflammatory 

condition, whereas “resting” microglia display increased branching and reduced 

circularity that is indicative of anti-inflammatory processes.  

Though it is known that microglia demonstrate heterogeneity in their shape in 

response to injury, the mechanism of this is still being investigated. It is also unknown 
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whether microglial phenotype changes across species. There are many different animal 

models that have been used to study neurological disease such as mice, rats, ferrets, 

and non-human primates. Due to the broad diversity of samples represented in 

literature it is important to capture the wide variety of microglial morphologies from 

multiple animal models. We are working on building a database of microglial images 

from tissues derived from different animal species (rat, mouse, ferret, pig, rabbit, and 

human) across both sexes. This database will be the largest neurodevelopmental 

microglial morphology database, to our knowledge and will help provide insights into 

biological factors that influence microglia morphology.  

5.5. EXperimentalisT Interactive LEarning (TEXTILE) 
 

Helmbrecht H., Schimek N., Nguyen N.P., Nance E.* “Tutorials in EXperimentalisT 
Interactive LEarning (TEXTILE):  Laboratory Educational Training as an Outreach 
Program for Research Careers.” In preparation. 

 Chemical engineering core curricula involves introducing students to fundamental 

concepts such as thermodynamics and transport phenomena. Though chemical 

engineering courses introduce students to a variety of important concepts, student 

experiences in STEM education are greatly affected by their participation in 

undergraduate research.160, 161 To encourage research accessibility to students and 

promote diversity in STEM, we developed a learning platform called Tutorials in 

EXperimentalisT Interactive LEarning (TEXTILE). TEXTILE consists of both a wetlab 

and drylab component, exposing students not only to data science methods, but also 

the wetlab experiments that were used to obtain the data used for data science 

analysis. TEXTILE is developed with laboratory-based learning and carries students 

through the pipeline of pairing wetlab techniques with data science analysis tools. It is 
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also developed as a module-based learning platform where students can skip modules 

or reorganize modules based on their learning level. When developing the TEXTILE 

modules, we focused on centering the course learning around specific topics explored 

in the Nance lab, such as microglia phenotype characterization and image analysis. In 

this way students can apply materials learned through the modules to real data 

collected from the lab. There were eleven developed modules for TEXTILE, and we 

launched our first TEXTILE learning cohort in summer 2022, and due to popular 

demand, offered the course again in summer 2023. We have also participated in the 

UW CoMotion Innovation workshop in an effort to expand TEXTILE’s reach and 

accessibility.  
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Chapter 6. CURRICULUM VITAE 

 
NAM PHUONG NGUYEN  

Mobile: (503)-804-8142 | Email: npnguyen8@gmail.com  
PROFESSIONAL SUMMARY 

• Ph.D. graduate in Molecular Engineering and NIH translational science fellow 
with 7 years experience in leading, and executing research projects and 
protocols specializing on therapeutic platforms  

• 10 years of experience in pre-clinical wetlab research, mentored 8 junior 
members, and worked on multidisciplinary and cross-functional teams across 6 
departments 

• Track record of active learning with  resource management and scientific 
communication across broad audiences 

 
SKILLS & COMPETANCIES 

10 years of wetlab experience, aseptic technique, primary cell/tissue culturing, tissue 
handling, tissue processing and sectioning, rodent handling, polymerase chain reaction 
(PCR), digital PCR, immunohistochemistry, nanoparticle characterization, confocal 
microscopy, two-photon microscopy, live cell imaging, transmission electron microscopy 
(TEM), flow cytometry, fluorescence activated cell sorting (FACS), nanoparticle tracking 
analysis (NTA), RNA/DNA extraction, therapeutic dose-evaluations, exosome/protein 
extraction and purification, therapeutic controlled release studies, cell-based assays, 
size exclusion chromatography, primer design, quality control, scientific communication, 
good manufacturing practices, GraphPad Prism, data analysis, basic knowledge of 
Python for image analysis, statistical analysis for biomedical research 
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Ph.D. Molecular Engineering and Sciences September 2019-August 2024 
University of Washington, Seattle, WA  
Research Advisor: Prof. Elizabeth Nance (Chemical Engineering) 
Thesis: Brain-Derived Extracellular Vesicles as Therapeutic Vehicles and Molecular 
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Thesis: Designing a platform for control of collagen matrix anisotropy under a magnetic 
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Heilshorn (Materials Science)  
 

II. RESEARCH EXPERIENCE  

Ph.D. Research Assistant, Advisor: Elizabeth Nance    April 2020-August 2024  
University of Washington, Dept. of Chemical Engineering  
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University of Washington, Dept. of Materials Science  
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materials science students and trend recognition in material properties 
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• Nguyen, N.P.; Helmbrecht, H.; Ye, Z.; Adebayo, T.; Hashi, N.; Doan, M.-A.; 
Nance, E. Brain Tissue-Derived Extracellular Vesicle Mediated Therapy in the 
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Nguyen, Nam Phuong, Paktinat, S., Vojtech, L., Nance, E. 2023. Oligomer Barcode 
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Provisional patent. 
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APPENDICES 
Appendix A. Supplemental to Chapter 2 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Appendix A. 1. Nanoparticle Tracking Analysis (NTA) quantification of BEVs. 
Single representative NTA result of the size distribution of a BEV extract with error bars in red 
and peaks in blue (N=1 sample). Sample was diluted to 1:1000 in 1X PBS for NTA analysis on 
the NanoSight. 
 
 
 
 
 
 
 



 132 

Appendix A. 2. Confocal imaging of microglia in ex vivo brain slices. 
Representative confocal imaging examples of Iba-1-stained microglia in ex vivo brain slices at 
40x magnification from the cortex of ex vivo brain slices for healthy, OGD control, and 25µg  
BEV-treated slices at an exposure time of 4 and 48h. Scale bar=100µm 
 

 

 

Appendix A. 3. Global heatmaps of percent shape mode by treatment and then followed by 
exposure time. 
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Appendix B. Supplemental to Chapter 3. 
 

 
 
 

 
 

 
 
 
 

 
 
 

 
 
 
 

 
 
 
 
 
 
 
Appendix B. 1. Stemloop dilution quantification.  
Expression levels of oligobarcode using various dilutions of stem-loop primer compared to a non 
stem-loop control. Annealing temperatures used are 55°C and 60°C. 
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Appendix C. Supplemental to Chapter 4 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Appendix C. 1. Color intensity thresholding values to remove brain tissue autofluorescence.  
Thresholding parameters set on non-treated, healthy ex vivo brain slices to remove tissue 
autofluorescence (red). Images were taken on a confocal microscope at 40x in the cortical 
region and thresholded in ImageJ. 
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Appendix C. 2. Diffusion coefficients of QD-BEVs in brain tissue over time. 
Diffusion coefficient (µm2/s) of QD-BEVs topically applied to healthy ex vivo brain slices and 
exposed for various lengths of time prior to MPT (5, 30, 60 min). Error bars reported represent 
mean with standard deviation.  

 

 

 

 

 

 

 

 

 

 
Appendix C. 3. Depiction of QD-BEV trajectories in ex vivo brain tissue.  
Computationally generated X-Y plots of QD-BEV trajectories with a A) high mean squared 
displacement and B) low mean squared displacement derived from the Trackmate plug-in in 
ImageJ. The color gradient represents increasing time-steps, with blue the earliest time-step 
and red the latest time-step collected. 
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Appendix C. 4. FACS gating strategy for isolating microglia from ex vivo brain tissue.  
A) Cells are identified from cell debris (top) and singlet cells are identified and gated (bottom) 
prior to B) gating by markers of interest: CD11b (top), DAPI (center), and CD45 (bottom). C) 
CD11b+/CD45+ cells were identified as microglia, and were gated and collected (P9 gate), 
while the rest of the cells were identified as non-microglia and were also gated (P5 gate) and 
collected. 
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