
 
 

 

Quantum Dot Probes for Neuroimaging and Visualization of Extracellular Vesicles 

 

Mengying Zhang 

 

A dissertation  

submitted in partial fulfilment of the  

requirements for the degree of  

 

Doctor of Philosophy 

 

University of Washington 

2020 

 

Reading Committee: 

Elizabeth Nance, Chair 

Vincent Holmberg 

Lucia Vojtech 

 

 

Program Authorized to Offer Degree: 

Molecular Engineering and Sciences 

  



 
 

©Copyright 2020 

Mengying Zhang 

 



 
 

University of Washington 

 

Abstract 

 

Quantum Dot Probes for Neuroimaging and Visualization of Extracellular Vesicles 

 

Mengying Zhang 

 

Chair of the Supervisory Committee:  

Elizabeth Nance 

Department of Chemical Engineering 

 

Central nervous system (CNS) diseases have long known hard to treat due to (1) highly restricted 

barriers such as the blood brain barrier (BBB) and the brain parenchyma penetration barrier, and 

(2) the dynamic and heterogeneous neurological disease microenvironment, which is dependent 

on disease etiology and disease progression, and is variable from patient to patient. 

Nanotechnology based imaging probes, such as quantum dots (QDs), are thus of interest to study 

complex changes in the brain and develop cutting-edge imaging tools. QDs have several 

advantages over traditional probes including tailorable excitation and emission spectra, tailorable 

surface functionalities, and high photoluminescence and photostability, which are ideal 

characteristics for in vivo imaging. QDs have been utilized in various applications in the brain; 

however, a systematic evaluation of QD behavior in brain-relevant conditions has not been done. 

Therefore, we first sought to comprehensively investigate QD colloidal stability, toxicity, and 



 
 

cellular uptake in vitro, ex vivo and in vivo in the neonatal brain environment. We found QD 

behavior is highly dependent on surface functionality, and QDs can activate metallothionein 

detoxification pathways in cells in organotypic whole hemisphere slice cultures. QDs are mainly 

internalized in the corpus callosum region in microglia, cells that mediate inflammation in the 

brain. Using multiple biological models in this study also indicated the need for careful 

consideration of barriers that exist in different study platforms, when investigating nanomedicine 

behavior in brain microenvironment. 

We next sought to utilize QDs to label and visualize extracellular vesicles (EVs). EVs are cell-

secreted vesicles that play an important cell-cell communication role and participate in normal and 

pathological processes. Direct visualization and tracking of EVs is essential to broaden the utility 

of EVs as biomarkers of injury, however, current labeling techniques fail due to lack of sensitive, 

specific and robust labeling. We have developed a QD-EV conjugation platform using 4-

formylbenzoate (4FB) to 6-hydrazinonicotinate acetone hydrazone (HyNic) click chemistry. We 

showed this method can be performed under physiological conditions, is universal to EVs coming 

from different sources, such as human semen fluids and rat brain, and has better resistance to 

photobleaching compared to commonly used labeling dye. This QD-EV conjugation method also 

has room for optimization by using catalyst or altering QD:EV ratio. QD-EV conjugates and 

unconjugated QDs can be easily separated by size exclusion chromatography (SEC). We also show 

this QD-EV conjugation platform enables high resolution visualization and real-time study of the 

EV-cell interaction. 

In summary, we investigated both fundamental understanding of QD neuroimaging probes in the 

developing brain and application of QDs for labeling and visualizing EVs. The understanding of 



 
 

QD behavior and impact in the brain, and subsequent use of QDs to label and trace biological 

entities represents a promising advancement in the field of bioimaging for neurological disease.   
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CHAPTER 1: Introduction 

  

1.1 Central nervous system diseases: impact, challenges and needs 

Central nervous system (CNS) diseases, including Alzheimer disease, Parkinson disease, stroke, 

traumatic brain injury (TBI), epilepsy, multiple sclerosis, and autistic spectrum disorder (ASD), 

are a group of neurological disorders that affect the structure or function of the CNS. It is reported 

that CNS diseases ranked highest in overall disease burden and ranked second highest for cause of 

death, comprising 16.8% of global mortality in 2015.1 Economically, the current estimated annual 

cost to American society for only nine common CNS diseases is nearly 800 billion dollars, and is 

expected to increase in the following years due to an aging population with greater susceptibility 

to age-related neurological disorders.2 In addition to the cost for treatment, there is also a financial 

burden of daily care, supervision, assistance, and impact on quality of life from disability, which 

can hurt the family and people around the patient.  

Challenges in treating CNS diseases are also associated with the lowest success rate of drugs to 

market compared to other therapeutic areas.3 Compared to other organs, the percentage of injected 

drug dose found in the brain is often below 0.5%,4 and is attributed to the inability of most drugs 

to overcome the strictly regulated blood-brain barrier (BBB).5 However, even if a drug does cross 

this barrier, it must still navigate the tortuous brain microenvironment to reach the diseased site. 

The drug also needs to specifically uptake into the cell type of interest to achieve the best 

therapeutic effect. Thus, a therapeutic must be designed with an understanding of the brain 

environment, especially many transport barriers present in the brain, as well as the delivery method 

or mechanism itself. Due to the complexity and heterogeneity of the onset and progression of 

neurological diseases processes that leads to variability from patient to patient, selective, sensitive 
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and specific probes which serve as diagnosis tools for CNS diseases, can also improve the design 

of therapeutic interventions. This chapter will outline the use of quantum dots (QDs) as 

neuroimaging probes, and the potential of these probes in labeling and visualizing extracellular 

vesicle (EV) transport to solve complex biological questions in the context of CNS disease. 

 

1.2 Quantum dot imaging probes 

Nanoscale probes are an emerging cutting-edge tool for both disease process detection and 

neurological imaging.6-9 Various engineered nanoparticles have shown advantages over 

conventional contrast agents by providing protection from clearance and demonstrating the ability 

to overcome barriers to drug delivery, such as the BBB.5, 10 

Luminescent semiconductor nanocrystals, or QDs, have especially attracted the interest of 

researchers due to their tunable excitation/emission spectra and tailorable surface functionality, as 

well as their robust photostability and efficient luminescence, which make them amendable for in 

vivo animal imaging.11-13 For biological imaging applications, hydrophobic QDs can be made 

water soluble by exchange with bifunctional ligands or coating with an amphiphilic segment or 

group, and variable biomolecules such as antibodies and peptides can later be attached to the QDs 

to achieve specific labeling and targeting.11 In particular, cadmium selenide (CdSe) QDs are a 

well-understood, model system that has been widely studied and optimized over the past thirty 

years, with tunability across the entire visible spectrum. Moreover, recent developments have led 

to breakthroughs in photostability and QD efficiency, resulting in core-shell QDs with nearly ideal 

luminescence characteristics.14, 15 Because of these advantageous attributes, CdSe QDs have 

become a common material for use in a variety of different biological applications, including 

multi-modal imaging and studies of lymphatic basins16 and live cells.17  
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1.3 Use of QDs in the brain 

In the context of neurological research, QD applications in the brain have been widely explored in 

both fundamental research as well as in clinical investigation.18-27 The small hydrodynamic size 

(10-20 nm) make QDs particularly suitable for neuroscience research, such as in applications of 

neuron and glia cell labeling and tracking.28 Recently, the potential of QDs in monitoring electrical 

signals in neurons opened a new and sophisticated field of application,26 which attracts more 

attention to the use of QDs in the brain. As prospective probes for neurological imaging, however, 

there are potential concerns for clinical translation, including the toxicity of QDs.29 To address that 

and further discover the biomedical potential of QD-based probes, investigation into a combination 

of QD characterization and biological impact is needed, which will be discussed extensively in 

Chapter 3. 

Other than using QDs directly in the brain to gather information based on the interaction between 

QDs and brain microenvironment, QDs have also been used to label brain-related biological 

entities. Tagging QDs on peptide or antibodies can be used to visualize and track single dynamic 

molecular processes of neuronal receptors and transporters over extended periods of time.30, 31 QD 

bioconjugates can also be used to deliver therapeutics to the targeted site in the developing brain,32 

or provide a sensitive diagnostic method to characterize the presence or absence of a specific 

predictive biomarker for CNS diseases.33 Via labeling QDs with larger biological entities such as 

viruses,34, 35 QDs may reveal details of pathogen-host interaction and further explain molecular 

mechanisms of disease development. Exploring more QDs-labeling method to critical biological 

entities to the brain, including EVs, can then provide new tools to advance the understanding of 

neurobiology, which may lead to new therapeutic for CNS diseases. 
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1.4 Extracellular vesicles and their medical potential  

EVs are a variety of small membranous vesicles released from the cells into the extracellular 

environment and serve as a vehicle carrying diverse molecules, including RNA and proteins.36, 37 

Along with direct cell-cell contact or transfer of secreted molecules, intercellular transfer of 

extracellular vesicles has emerged as a third mechanism for critical intercellular communication.36 

Although prior literature shows the release of apoptotic bodies during apoptosis,38 the fact that 

healthy cells also shed vesicles from their plasma membrane was demonstrated recently. EVs from 

healthy cells can be categorized as exosomes and microvesicles (MVEs) according to the 

difference of size, morphology, and molecular composition. However, it is hard to distinguish and 

separate exosomes and MVEs in reality due to their coexistence in biological systems and the 

limitation of current isolation technology.36 Hence it is often encouraged to study EVs (collectively 

measuring 40-1000 nm in diameter39) as an entity.  

Current interest in EVs has dramatically risen with the increasing knowledge of EVs’ ability to 

interact with recipient cells to deliver cargos from the original cell. It has been found that EVs play 

an important role in maintaining normal physiological functions, including factor secretion in 

kidney monitoring and repair,40, 41 immune modulation,42 and tissue homeostasis.43 EVs have also 

been shown to play a role in pathological functions, notably in cancer and neurodegeneration.39, 44 

In the presence of injury, EVs secreted by neurons and reactive glia induce and propagate 

neuroinflammation processes in several neurological diseases,45 including Alzheimer’s,46 TBI,47 

and depression.48 In addition, the feature of intercellular communication of EVs also make EVs 

potential biomarkers and pharmacological targets for various diseases.49 Since EVs protect their 

contents from clearance or degradation, cargos in EVs can be transported remotely, such that 

identification of them could enable a method to monitor of disease progression. According to EVs’ 
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pathological function, it is envisioned to suppress disease progression by interrupting EV-mediated 

crosstalk, including interfering with EV biogenesis and/or release, EV removal from the 

circulation, and inhibition of EV uptake by the target recipient cell.50 Alternatively, injecting stem 

cell-derived EVs are proposed to promote tissue regeneration after injury.51 EVs also have interest 

as drug delivery vehicles as a “natural” carrier with the potential to circulate without detection by 

the immune system.52 Therefore the ability to visualize EVs could provide significant 

improvements in understanding EVs as pathological mediators or as therapeutic interventions. The 

limitations in visualizing EVs, which will be discussed in Chapter 4, necessitate a universal, stable 

and sensitive approach that can allow for imaging of EVs in their native environments (e.g. in 

vivo). QDs provide a unique platform to tag EVs to better visualize their behavior in tissue and in 

mediating cell response. 

 

1.5 Overview of project chapters  

In Chapter 2, we summarize all methods used throughout the thesis. 

In Chapter 3, we systematically evaluate the behavior of QDs, including their toxicity, stability, 

and cellular uptake, in in vitro, ex vivo, and in vivo developing brain models. We demonstrate that 

CdSe/CdS core/shell QD behavior is highly dependent on their surface functionality. We also show 

that PEG coating on QDs is important for the stability of QDs, and PEGylated QDs induce dose- 

and time-dependent toxicity in organotypic whole hemisphere (OWH) slices, while activate 

metallothionein pathways for metal detoxification. We then indicate QDs are dominantly uptaken 

into microglia. By using various models to investigate QD performance in the brain, we emphasize 

the importance of taking consideration of biological barriers absence or presence in the testing 

models, as they are shown to change the behaviors of nanoparticles in the microenvironment. 
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In Chapter 4, we present a click-chemistry based QD bioconjugation method to label and visualize 

EVs. We demonstrate this labeling method can be generally applied to EVs from various resources, 

including human semen-derived EVs (sEVs) and rat brain-derived EVs (bEVs), can be stable in 

biological environments, can be tailored by catalysts or altering QD:EV ratio, and can present 

ability to real-time visualize EV-cell interaction at high resolution. In addition, we demonstrate the 

resulting QD-EV conjugates have better resistance to photobleaching compared to organic dye DiI 

labeled EVs. This QD-EV conjugation may allow further detailed exploration of EV-cell 

interaction or investigation of therapeutic or pathological target of EVs. 

In Chapter 5, we summarize all thesis-related research, including other manuscript contributions.  
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CHAPTER 2: Methods 

 

2.1 Core–shell CdSe/CdS QD synthesis and characterization 

Materials and reagents: Cadmium oxide (CdO, ≥99.99%), selenium (≥99.99%), trioctylphosphine 

oxide (TOPO, 90%), trioctylphosphine (TOP, 97%), hexadecylamine (HDA, 90%), oleic acid 

(OLA, 90%), 1-octadecene (ODE, 90%), 1-octanethiol (≥98%) and 3-mercaptopropionic acid 

(MPA, ≥99%) were purchased from Sigma-Aldrich. PEG5000k-methoxy (PEG-OMe, PLS-604), 

and PEG5000k-hydroxyl (PEG-OH, PBL-8083) were purchased from Creative PEGWorks. 

Hexanes (≥98.5%), toluene (≥99.5%), acetone (≥99.5%), methanol (≥99.8%) and citric acid 

(≥99.5%) were purchased from Fischer Scientific. All reagents were used as received, without 

further purification. 

CdSe core synthesis: CdSe nanocrystal cores were synthesized via a modified version of the 

protocol developed by De Nolf et al.78 In a typical synthesis, 150 mg cadmium oxide (CdO), 12 g 

1-octadecene (ODE), and 1 g oleic acid (OLA) were added to a 100 mL 3-neck flask on a Schlenk 

line, heated to 110 °C under nitrogen, and degassed for 30 min while stirring. The mixture was 

then heated to 280 °C under nitrogen and stirred at 600 rpm until clear and colorless. After lowering 

the temperature to 100 °C, 2 g of hexadecylamine (HDA) and 2 g of trioctylphosphine oxide 

(TOPO) were quickly added and the mixture was degassed for an additional hour. The flask was 

then heated to 280 °C under nitrogen, after which a solution of TOP : Se (190 mg of Se dissolved 

in 4 mL of trioctylphosphine) was rapidly injected. Aliquots were taken as the nanocrystals grew, 

and ultraviolet-visible (UV-vis) absorption spectroscopy was used to monitor nanocrystal diameter 

by tracking the position of the 1S3/21Se excitonic absorption feature.53 Once the desired 

nanocrystal diameter was achieved, the heating mantle was removed, and the mixture was allowed 
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to cool. When the temperature of the flask reached 100 °C, 10 mL of toluene was injected in order 

to facilitate nanocrystal purification. Once cooled to room temperature, the nanocrystal cores were 

purified by adding antisolvent (ethanol) to the reaction mixture until the point of opalescence, 

followed by rapid centrifugation, and dispersion of the resulting nanocrystal precipitate in clean 

toluene – a process which was repeated three times. 

Core–shell CdSe/CdS QD growth: Protective CdS shells were grown onto the CdSe nanocrystal 

cores using a modified version of the protocol developed by Chen et al.14 Prior to shell growth, 

cadmium oleate was prepared using previously established procedures.54 Briefly, 129 mg CdO, 

950 μL OLA, and 10 mL ODE were heated to 110 °C and degassed for 45 minutes using standard 

Schlenk line methods. The mixture was then heated to 280 °C under nitrogen and stirred at 700 

rpm until clear and colorless. The resulting cadmium oleate complex was then cooled to 100 °C 

and degassed for an additional hour prior to being cooled to room temperature and transferred to 

a nitrogen-filled glove box for storage. Core–shell CdSe/CdS QDs were then prepared by adding 

200 nmol of CdSe nanocrystal cores to a mixture of 2.5 g ODE and 2 g HDA in a 100 mL flask 

attached to a Schlenk line. The mixture was heated to 60 °C under nitrogen and degassed for 1 h 

while stirring at 850 rpm, followed by heating under nitrogen to 120 °C and degassing for an 

additional 20 min. A syringe pump was then loaded with two separate syringes: one containing 

cadmium oleate dissolved in ODE, and one containing 1-octanethiol dissolved in ODE. For the 

3.4 nm-diameter CdSe cores used in this study, 8.7 mL of cadmium oleate complex mixed with an 

additional 0.8 mL of ODE were loaded into one syringe, and 300 μL of 1-octanethiol mixed with 

9.2 mL of ODE were loaded into the other syringe. To facilitate shell growth, the dispersion of 

nanocrystal cores was heated under nitrogen to 290 °C at a rate of ∼14 °C min−1, and once the 

solution temperature reached 200 °C, the syringes containing the cadmium and sulfur precursors 
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were slowly injected at a rate of 2.3 mL h−1 using the syringe pump. After completion of the 

injection, the dispersion was held at 290 °C for an additional 30 min. 2 mL of OLA were then 

rapidly injected, and the dispersion was cooled to 200 °C and left to anneal at that temperature for 

1 h. After cooling to room temperature, the core–shell QD dispersion was purified several times 

by the addition of ethanol, followed by centrifugation and dispersion of the precipitated QDs into 

clean toluene. 

Core–shell CdSe/CdS QD surface functionalization: Core–shell CdSe/CdS QDs were 

functionalized via ligand exchange procedures modified from Zhang et al.55 using three different 

target surface chemistries, including 3-mercaptopropionic acid (MPA), PEG5000k-methoxy 

(PEG-OMe), and PEG5000k-hydroxyl (PEG-OH). In a typical synthesis, QD surface 

functionalization and transfer to aqueous media was achieved by dissolving either 70 μL MPA, 

120 mg PEG-OMe, or 120 mg PEG-OH into a mixture of 300 μL deionized water and 1 mL 

methanol. The ligand solution was then adjusted to a pH of ∼12 by the gradual addition of 40% 

NaOH. ∼15 nmols of core–shell CdSe/CdS QDs dispersed in 500 μL chloroform (for MPA 

functionalization) or hexanes (for PEG-OMe and PEG-OH functionalization) were added to the 

1.3 mL ligand solution along with a stir bar. The solution was then stirred at 1000 rpm for 30 min, 

followed by the addition of 1 mL deionized water. The solution was then left to stir for another 20 

min. The organic and aqueous phases were then separated, and the functionalized QDs (now 

dispersed in the aqueous phase) were collected. MPA-functionalized QDs (QD-MPA) were 

purified via the addition of acetone, followed by centrifugation, dispersion of the precipitated QDs 

into deionized water, and filtration through a 0.2 μm nylon filter. For PEG-OMe and PEG-OH 

functionalized QDs (QD-PEG-OMe and QD-PEG-OH), the dispersions were filtered through a 0.2 

μm nylon filter, neutralized with citric acid, and placed under vacuum using a rotary evaporator to 
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remove excess hexanes and methanol. The optimized syntheses outlined in the preceding sections 

were carried out numerous times to produce the large quantities of functionalized QDs necessary 

for the in vitro, ex vivo, and in vivo studies. 

QD Characterization: QD absorption characteristics were determined by collecting UV-vis 

extinction spectra with an Agilent Cary 60 UV-vis spectrophotometer. Care was taken such that 

all absorbance values recorded were below 1.0. Nanocrystal morphology was evaluated via 

transmission electron microscopy (TEM) using a FEI Tecnai G2 F20 Supertwin TEM operating at 

an accelerating voltage of 200 kV. ImageJ software was used to determine nanocrystal size 

distributions. Photoluminescence characteristics were determined for each sample of 

functionalized CdSe/CdS QDs using a PerkinElmer LS-55 fluorescence spectrometer. Absolute 

photoluminescence quantum yield measurements were carried out using a Hamamatsu C9920-12 

integrating sphere and verified using a rhodamine 640 perchlorate reference dye (Exciton, Inc.). 

QD particle concentrations were determined by measuring the position and intensity of the 1S3/21Se 

excitonic absorption feature.54 The hydrodynamic diameter and zeta potential (ζ-potential) of each 

of the functionalized core-shell CdSe/CdS QD samples were obtained by dynamic light scattering 

(DLS) using a Zetasizer Nano DLS system (Malvern Instruments, Malvern, UK). For baseline size 

and ζ-potential measurements, samples were diluted 1:1000 in 10 mM sodium chloride (NaCl), 

pH 7.4. Size and polydispersity (PDI) measurements were performed at 23°C at a scattering angle 

of 173°, and ζ-potential was determined by laser Doppler anemometry (LDA). The measured 

hydrodynamic diameter and QD surface charge from different batches were then combined to 

determine average values for each surface functionality. FTIR spectra for MPA, PEG-OMe, and 

PEG-OH-functionalized CdSe/CdS QDs were obtained using a Bruker Alpha IR spectrometer 

equipped with a platinum attenuated total reflectance (ATR) accessory and a diamond crystal 
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sampling module. Prior to FTIR analysis, the QD-PEG-OMe and QD-PEG-OH samples were 

placed under vacuum in a rotary evaporator until completely dry, and then were re-dispersed into 

chloroform. The MPA-functionalized QDs were purified via the addition of acetone, followed by 

centrifugation and dispersion of the precipitated QDs into methanol. Spectra were recorded under 

a nitrogen atmosphere after forming thin films of material on the diamond ATR crystal. QD thin 

films were formed by drop-casting the chloroform or methanol particle dispersions directly onto 

the surface of the ATR crystal and allowing the solvents to evaporate completely. 

 

2.2 Animal work and ethics statement 

The animal studies were performed in strict accordance with the NIH guidelines for the care and 

use of laboratory animals (NIH Publication No. 85-23 Rev. 1985). All animal procedures were 

approved by the Institutional Animal Care and Use Committee of the University of Washington, 

Seattle, Washington. For healthy newborn pups, time-mated pregnant female Sprague-Dawley rats 

(virus antibody free CD® (SD) IGS, Charles River Laboratories) were purchased and arrived on 

estrous day 17 (E17). For pups with neuroinflammation, we used a transgenic rat model generated 

by Sigma Advanced Genetic Engineering (SAGE) labs through knocking out of the metabotropic 

glutamate receptor (mglur5) on a SD background. mglur5 knockout (KO), wild-type (WT), and 

heterozygous (HET) pups were bred by HET x HET crosses. All dams used in these studies were 

housed individually and allowed to acclimate to their environment for a minimum of five days 

prior to delivering (E22). Day of birth was defined as postnatal day (P) 0 (P0). Litters containing 

both sexes were cross-fostered and culled to 12 animals on P4, and genotypes for mglur5 pups 

were determined by real-time PCR (Bio-Rad) on P4. Each litter was housed under standard 

conditions with an automatic 12-h light/dark cycle, temperature range of 23-26°C, and access to 
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standard chow and autoclaved tap water ad libitum. Pups were checked daily for health. Both 

genders were used for all studies. 

 

2.3 OWH slice culture preparation  

OWH slices were prepared based on modification to a previously published paper to maintain in 

vivo-like conditions.56 OWH slices were prepared from healthy P14 newborn SD rats. Neonatal 

rats were decapitated under aseptic conditions after euthanasia by a pentobarbital overdose > 100 

mg/kg. The brain was quickly removed under sterile conditions, dissected into two hemispheres, 

and sectioned immediately into 300-µm-thick brain slices using a McIlwain tissue chopper (Ted 

Pella, Inc., USA). For each hemisphere, six consecutive slices at the level of bregma were 

separated in dissection medium (3.2 g glucose/500 mL HBSS, 1% of penicillin). The separated 

brain slices were transferred onto sterile 30-mm-diameter, 0.4-µm-pore-size cell culture membrane 

inserts (Millipore, Billerica, MA) in six-well tissue culture plates. To evaluate slice viability 

throughout the experimental window, supernatant aliquots were obtained to measure lactate 

dehydrogenase (LDH), as described below. For the LDH assay, cellular uptake, and time-lapse 

imaging studies, one OWH slice was placed on each membrane insert; for the quantitative reverse 

transcription polymerase chain reaction (RT-qPCR) study, three OWH slices were placed on each 

membrane insert and the volume of media was adjusted accordingly. Each well was pre-filled with 

1 mL of slice culture medium (200 mL MEM, 200 mL HBSS, 4 mL Glutamax, and 1% penicillin) 

pre-warmed to 37°C. The slices were maintained in a sterile incubator (ThermoFisher) at 37°C 

with constant humidity, 95% air, and 5% CO2 overnight and randomized to treatment groups prior 

to each study. 
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2.4 QD dose selection  

We estimated the dose used in in vitro and ex vivo studies based on the dose of nanoparticles that 

would be directly exposed to the brain after intravenous (i.v.) injection in vivo. There is limited 

published data on QD biodistribution in the neonatal rat brain. Based on previous research with 

other sub-40-nm diameter nanoparticles,57-59 brain uptake corresponds to a nanomaterial dose 

ranging from ~0.2 µg to 30 µg, depending on the material and method of quantification. The 

selection of QD dose of 0.01 – 1 µM corresponds to ~0.12 – 12 µg, which is in this range. 

Therefore, the doses used in this study represent an in vivo exposure level for investigation in in 

vitro and ex vivo environments. 

 

2.5 Characterization of QD stability in brain-related biological fluid as a function of surface 

functionality 

Time-dependent stability: QD-MPA, QD-PEG-OH and QD-PEG-OMe were diluted by 1x 

phosphate buffered saline (PBS) or artificial cerebrospinal fluid (aCSF) (119 mM NaCl, 26.2 mM 

NaHCO3, 2.5 mM KCl, 1 mM NaH2PO4, 1.3 mM MgCl2, 10 mM glucose, 2.5 mM CaCl2, bubbled 

with CO2) to form a 0.1 µM suspension. The aCSF was adjusted to pH 7.4 before adding the QDs. 

The suspended particles were incubated at 23°C or 37°C for up to 24 h. 1 mL samples of 

suspension were measured by DLS at 0, 4, and 24 h to obtain particle hydrodynamic diameter 

(n=3) and assess time-dependent aggregation. 

pH-dependent stability:  0.1x aCSF (aCSF:DI water = 1:9) was adjusted to pH 2, 4, 7, and 9 by 

titrating with 0.2M HCl. QD-PEG-OMe particles were diluted into 0.1x aCSF with different pH 

values to a final concentration of 0.1 µM. The suspended particles were incubated at 37°C for up 

to 24 h. 1-mL samples of suspension were measured by DLS at 0 and 24 h to obtain particle 
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hydrodynamic diameters (n=3). The pH of each QD suspension was measured at 0 h and 24 h to 

validate no change in pH during the study. 

QD aggregation kinetics: We explored the role that Ca2+ ions play on the initial QD aggregation 

kinetics in aCSF at 37°C, based on previously published work that shows Ca2+ as a key factor in 

colloidal stability of polystyrene particles.60 QD-MPA, QD-PEG-OH and QD-PEG-OMe were 

diluted to 0.1 mM by 0.5 mM, 1 mM, and 4 mM CaCl2, respectively. The hydrodynamic diameter 

of the suspended particles was tested in triplicate by DLS at 23°C or 37°C with 200 ten-second 

measurements over the course of 33 min. Briefly, aCSF was brought to 37°C inside the DLS 

instrument and allowed to equilibrate for 3 min. QDs were then quickly added and mixed by pipette 

to achieve a concentration of 0.1 µM. Hydrodynamic diameter measurements were taken every 10 

s over a period of 8 min 20 s (50 total measurements). 1 M CaCl2 solution was then quickly added 

to achieve a 0.5 mM CaCl2 concentration, followed by an additional 50 measurements. This 

process was repeated for successive CaCl2 concentrations of 1, 2, 3, 4, 5, 6, 8, and 10 mM. 

QD photoluminescence stability: QD-MPA, QD-PEG-OH and QD-PEG-OMe particles were 

diluted by aCSF to form 0.1 µM suspensions and incubated at 37°C for up to 24 h. The aCSF was 

adjusted to pH 7.4-7.6 before adding the QDs. Photoluminescence spectra of QD suspensions were 

measured at 0 h, 1 h, 4 h and 24 h using a SpectraMax M5 Microplate Reader (Molecular Devices) 

with a 450 nm excitation wavelength, and the photoluminescence intensity was then plotted as a 

function of time. 

QD dissolution stability: QD-MPA, QD-PEG-OH and QD-PEG-OMe particles were diluted by 

aCSF to form 0.1 µM suspensions and incubated at 37°C for up to 24 h. The aCSF was adjusted 

to pH 7.4-7.6 before adding the QDs. At 0 h and 24 h, 1 mL of QD suspension was transferred to 

an Amicon Ultra-2 Centrifugal Filter Unit (50 kD) and centrifuged at 3,000 xg for 10 min in order 
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to filter out the QDs. The fluid that passed through the filter was then collected for inductively 

coupled plasma mass spectroscopy (ICP-MS) analysis using a NexION 2000 ICP Mass 

Spectrometer (PerkinElmer) to measure the quantity of Cd2+ ions released into the suspension.  

 

2.6 Evaluation of QD toxicity in OWH slices as a function of surface functionality and dose 

by LDH Assay 

QDs were added to brain slices in a dose-dependent manner (0.01, 0.1 and 1 µM) for 24 h, and 

viability of each whole brain slice was evaluated. Media beneath pre-cut, 300-µm-thick OWH 

slices on membrane inserts was changed to fresh, pre-warmed slice culture medium. The QD-

MPA, QD-PEG-OH and QD-PEG-OMe were diluted to 1, 0.1, and 0.01 µM by 1xPBS, and 100 

µL of suspended particles were carefully dropped onto each slice. Slices without QD treatment 

served as the non-treated control group (NT), and slices receiving 1% Triton X-100 were 

considered as the 100%-cell-death, maximum-release group (Tx). The slices were then incubated 

at 37°C with constant humidity, 95% air, and 5% CO2 for 24 h. At the end of the exposure time, 

fresh medium was replaced, and supernatant aliquots were taken at 0, 1, 2, 4, 8, and 24 h 

timepoints. NT and Tx groups were run for each QD-treated study. Supernatants at each time point 

were utilized to determine cell death with an LDH assay kit, according to manufacturer instructions 

(Cayman, USA). The percentage of LDH released in each whole-hemisphere brain slice was 

quantified by measuring the absorbance intensity of the formazan reactive product, subtracting the 

intensity of NT groups, and normalizing by the intensity of Tx groups. (n=3) 

%Cytotoxicity = %LDH release = !"#$%&'$()*+	%$+$*-$
.*"&'/'	%$+$*-$	(1")

× 100%  
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2.7 Evaluation of QD-induced oxidative stress, inflammation, and metal detoxification in 

OWH slices by RT-qPCR 

Brain slices were treated with 0.1 µM QDs for 1 h, 6 h, and 24 h, and evaluated by RT-qPCR for 

mRNA expression of inflammatory cytokines, oxidative stress, and metal detoxification. Each 

experiment was done on three to six 300-µm-thick OWH slices in order to obtain enough RNA 

(>250 ng/µL) post-extraction. P14 brains were sliced as described above, and three OWH slices 

containing hippocampal regions were placed on each membrane insert. The media beneath brain 

slices and membrane inserts was changed to fresh, pre-warmed slice culture medium prior to 

addition of QDs. The QD-MPA, QD-PEG-OH and QD-PEG-OMe were diluted to 0.1 µM by 

1xPBS and 300 µL of suspended particles were carefully dropped on top of each slice. The NT 

control group was prepared using 300 µL of 1xPBS in place of colloidal QD particles. At the end 

of the exposure time, slices were washed with 300 µL of 1xPBS, removed from the culture dish, 

collected in RNAlater (Invitrogen) and stored at -80°C. The RNA extraction, cDNA reverse 

transcription, qPCR assay and analysis were done following MIQE guidelines.61 RNA extraction 

was performed using TRIzol (Invitrogen) and chloroform (Sigma). After thawing the slices, the 

RNAlater was removed and 1 mL TRIzol was added to the slices. The slices were homogenized 

using a Pasteur pipet, and 0.2 mL chloroform was added per 1 mL TRIzol to separate RNA, DNA, 

and proteins. The RNA phase was collected, mixed with isopropyl alcohol (Honeywell) and 

centrifuged for precipitation, and washed with 75% ethanol. The RNA concentration was 

measured by using a NanoDrop instrument (ThermoFisher), and only RNA samples with A260/A280 

ratio above 1.8 and A260/A230 ratio above 1.9 were used for the next step. Single-stranded 

complementary DNA (cDNA) was reverse-transcribed from 2 µg total-RNA-per-sample with the 

High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems) according to manufacturer 
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instruction. Thermal cycling conditions were as follows: 60 min at 37°C and 5 min at 95°C. The 

cDNA samples were stored at 4°C temporarily after the thermal cycling and transferred to -20°C 

before qPCR. Prior to qPCR assay, multiple reference genes were tested on a custom 96-well plate 

(Bio-Rad) and GAPDH was selected as the stable reference gene in rat brain tissue for the qPCR 

study. RNA quality assay was performed to ensure that RNA degradation was minimal, and a 

positive PCR control assay was done to ensure the sample did not contain reaction-inhibiting 

factors. 25 nmol primers were ordered from Integrated DNA Technologies (sequences provided in 

Table 1) and diluted in DEPC-treated water (Invitrogen) to 3 µM. qPCR was performed with iTaq 

Universal SYBR Green Supermix (Bio-Rad) based on manufacturer instruction. Briefly, DNA 

samples, primers, and iTaq Universal SYBR Green Supermix were mixed in wells in a Hard Shell 

96-Well PCR Plate (Bio-Rad) and sealed by Microseal ‘B’ PCR Plate Sealing Film (Bio-Rad). 

Thermal cycling conditions for qPCR were as follows: 30 s at 95°C, 40 cycles at 95°C for 5 s, and 

60°C for 30 s. Gene expression was quantified with the ∆∆Ct method (threshold cycle, amount of 

target = 2−∆∆Ct), and normalized to the reference gene GAPDH.  

Table 1. Primer sequences for RT-qPCR.  

Primers were designed to be 18 – 22 bp with melting temperatures in the range of 52 – 58°C. The 

primer name, abbreviation used in our study, accession number, and forward and reverse 

sequences are provided. 

Gene Abbreviation 

Accession 

number Forward primer  Reverse Primer 

glyceraldehyde-

3-phosphate 

dehydrogenase GAPDH NM_017008.4 

GTC GGT GTG AAC GGA 

TTT 

TGT AGT TGA GGT CAA 

TGA AGG 
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tumor necrosis 

factor TNF-α NM_012675.3 

CCT CAG CCT CTT CTC 

ATT C 

GGA ACT TCT CCT CCT 

TGT T 

interleukin 6 IL-6 NM_012589.2 

GGA GAC TTC ACA GAG 

GAT AC 

GCC ATT GCA CAA CTC 

TTT 

transforming 

growth factor, 

beta 1 TGF-β1 NM_021578.2 

GAA CCA AGG AGA CGG 

AAT AC 

GGG ACT GAT CCC ATT 

GAT TT 

caspase 3 Casp-3 NM_012922.2 

CGC ACC CGG TTA CTA 

TTC 

GCA TGA ATT CCA GCT 

TGT G 

BCL2 associated 

X BAX NM_017059.2 

GCT ACA GGG TTT CAT 

CCA 

CCA TGT TGT TGT CCA 

GTT C 

interleukin 10 IL-10 NM_012854.2 

ACG CTG TCA TCG ATT 

TCT 

GGC CTT GTA GAC ACC 

TTT 

interleukin 1 beta IL-1β NM_031512.2 

TTC GAC AGT GAG GAG 

AAT G 

GAT GCT GCT GTG AGA 

TTT G 

metallothionein 1 Mt1 NM_138826.4 CACCGTTGCTCCAGATT AGCAGCAGCTCTTCTTG 

metallothionein 

2A Mt2A NM_001137564.1 CAGCGATCTCTCGTTGAT GAGCAGGATCCATCTGTG 

metallothionein 3 Mt3 NM_053968.3 TCCTACTGGTGGTTCCT GCACACTTCTCACATCCT 

 

2.8 QD penetration and cellular uptake in OWH slices 

Antibody stains were utilized to evaluate co-localization of QDs in neurons, microglia, and 

oligodendrocytes in OWH brain slices. Media beneath pre-cut 300-µm-thick brain slices on 
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membrane inserts was changed to fresh, pre-warmed slice culture medium prior to QD addition. 

To study QD penetration into OWH slices, QDs were diluted to 1 µM by 1xPBS, and 100 µL of 

suspended particles were carefully dropped on top of each slice. To evaluate cellular uptake, QD-

MPA, QD-PEG-OH and QD-PEG were diluted to 0.1 µM by 1xPBS, and 100 µL of suspended 

particles were carefully dropped on top of each slice. After incubating the slices with QDs at 37°C 

with constant humidity, 95% air, and 5% CO2 for 24 h, the slices were fixed by 4% PFA or formalin 

for 1 h. Slices were then washed with 1xPBS twice. Each brain slice was carefully cut out of the 

surrounding membrane using forceps and scalpel. To assess QD penetration, slices were imaged 

using a Nikon A1 confocal microscope (Nikon Instruments Inc, USA) at 20x magnification with 

z-stack at 5-µm-per-step, and presented in 3D-projection view. To assess QD cellular uptake, slices 

were stained with primary antibodies for neurons (NeuN, Abcam ab190195, USA), microglia 

(Iba1, Wako 019-19741, USA), and oligodendrocytes (Olig2, Abcam ab109186, USA), followed 

by Alexa Fluor 488 secondary antibody (Life Technologies, USA) and DAPI for cell nuclei. 

Briefly, slices were incubated with 500 µL primary antibody for 6 h with 3% TritonX and 6% 

serum, followed by 500 µL secondary antibody for 2 h with 3% Triton X. Z-stack images at 40x 

and 60x were taken using a Nikon A1 confocal microscope, and maximum-intensity images were 

formed in regions of interest, including the cortex, corpus callosum, and hippocampus.  

Image analysis was performed in order to quantify the fraction of microglia cells containing QDs 

in each organotypic brain slice. Brain slices were treated with QDs and stained using anti-Iba1+ 

for microglia, as described above, with three slices per QD type. For each slice, 2x2 confocal tile-

scan images were acquired at 40x magnification, in three regions of interest per slice, for each of 

the nine slices. Iba1+ cells in the corpus callosum were counted, and Iba1+ cells colocalized with 

QD+ signals were considered to be QD-containing microglia.  
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2.9 Time-lapse imaging of QD cellular and intracellular internalization 

Time-lapse imaging of QD internalization into microglia in organotypic brain slices was carried 

out using a Nikon A1 confocal microscope. In preparation for live tissue staining, each brain slice 

was carefully cut out of the surrounding membrane using forceps and scalpel, and transferred to a 

6-well plate with staining solution. To stain the cells, brain slices were incubated with 500 µL 

FITC CD11b (BioLegend, USA) at 1:200 ratio in staining media (125 mL HBSS, 250 mL MEM, 

125 mL horse serum, 5 mL GlutaMAX, 5 mL penicillin) for 6 h at 37°C, 5% CO2 and 40% 

humidity in the dark. After incubation, slices were gently washed twice in staining media. 0.5 µM 

QD-MPA, QD-PEG-OH, and QD-PEG-OMe were dropped on an uncoated glass-bottom 

microwell dish (MatTek Corp., USA), and the brain slice was immediately placed on top of the 

QD solution and imaged. Time-lapse imaging was carried out in an environmental chamber at 

37°C and 5% CO2. Prior to imaging, the environmental chamber was pre-equilibrated for 30 min. 

The corpus callosum was located, and images were acquired every 10 min at 40x for 3 h and 

compiled into video format. 

To evaluate QD intracellular internalization, OWH slices were first incubated with 300 µL 

LysoTracker (ThermoFisher) on the membrane insert and 1 mL beneath the insert at 1 µM to stain 

lysosomes. After incubating for 1 h at 37°C, 5% CO2, and 40% humidity in the dark, slices were 

gently washed and removed from the membrane. 1 µM QD-PEG-OH and QD-PEG-OMe were 

dropped on an uncoated glass-bottom microwell dish (MatTek Corp., USA), and the brain slice 

was immediately placed on top of the QD solution and imaged. Time-lapse images or z-stack 

images at 40x were taken every 2-30 min using a Nikon A1 confocal microscope at the corpus 

callosum region. Maximum-intensity images were formed from the z-stack images.  
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2.10 BV-2 cell culture 

The murine microglia cell line BV-2 was purchased from ATCC (CRL-2469). BV-2 cells were 

cultured in high-glucose DMEM supplemented with 10% FBS, 1% glutamine, and 1% 100U/mL 

penicillin-streptomycin at 37°C in a 5% CO2 atmosphere. After reaching 70-80% confluency, BV-

2 cells were passaged and seeded in a new plate. Media was changed every two days.  

For studies in Chapter 4, after reaching 70-80% confluency, BV-2 cells were passaged and 200,000 

BV-2 cells were seeded in 35 mm poly-D-lysine coverslip bottom imaging dishes (Corning) with 

2 mL cell culture media.  

 

2.11 In vitro QD toxicity and cellular uptake in BV-2 cells by MTT assay and confocal 

microscopy 

10,000 BV-2 cells were seeded in 96-well plates and cultured for two days prior to the experiment 

(n=3 wells per experimental group). Once cells reached 70% confluency, 0.01 µM QD-MPA, QD-

PEG-OH, QD-PEG-OMe or 1xPBS were added to cells and incubated at 37°C and 5% CO2 for 1, 

2, 4, 6, and 24 h. The 0 h time point represents a baseline of only BV-2 cells, without the addition 

of QDs. At each time point, MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) 

assay (ThermoFisher) was performed on 1 plate of cells according to manufacturer instructions to 

assess cell viability. Additionally, separate plates of cells had 4% formaldehyde added for fixation 

and staining. Staining of Iba1+ was performed with the above-mentioned primary and secondary 

antibodies. Stained BV-2 cells were imaged with a Nikon A1 confocal microscope at 10x 

magnification. 

 



22 
 

2.12 In vivo QD cellular uptake in mglur5 model 

Newborn mglur5 KO, and age-matched, litter-matched WT rats were systemically intraperitoneal 

(i.p.) administrated 25 mg/kg of QD-PEG-OH on P7 (n=3 pups per group). Animals were 

euthanized at 4 h or 24 h post-administration and perfused with 1xPBS. Half of the brain was fixed 

in formalin for immunohistochemistry (IHC). Staining of Iba1 was performed with the above-

mentioned primary and secondary antibodies. Z-stack images at 40x were taken with a Nikon A1 

confocal microscope, and maximum-intensity images were formed in regions of interest, including 

the cortex, corpus callosum, hippocampus, and periventricular region (PVR), similar to the OWH 

slice study. 

 

2.13 Isolation of EVs from human semen and rat brain 

sEVs: sEVs were isolated based on published paper.62 Semen samples were obtained from this 

clinic or from the University of Washington Male Fertility Program. Written informed consent 

was obtained from each donor. All protocols were approved by the Institutional Review Boards of 

the University of Washington and the Fred Hutchinson Cancer Research Center (IR file numbers 

5690 and 4323). Seminal plasma was separated from collected semen samples by a series of 

centrifugation followed by filtration through a 0.22 µm syringe filter. sEVs were purified by 

ultracentrifugation over sucrose cushions. The 30% and 25% sucrose cushions containing the EV 

fraction were pooled and washed by centrifugation through an Amicon Ultracel 100 kD cellulose 

centrifugal filter and concentrated to a final 425 µL-3.2 mL. To deplete proteins in sEVs for later 

QD-sEV conjugation, qEV column (iZon) was used to further purify sEVs. 

bEVs: This study was performed in strict accordance with the recommendations in the Guide for 

the Care and Use of Laboratory Animals of the National Institutes of Health as mentioned above 



23 
 

in the section “Animal work and ethics statement”. The ordering, housing, and handling of animals 

are also described above. P14-16 healthy SD rats were decapitated after euthanasia by a 

pentobarbital overdose > 100 mg kg-1.  Brains were frozen at -80ºC until bEV extraction.  

bEVs were isolated from the whole rat brain tissue based on adaptations from a published 

protocol.63 Frozen rat brain was sliced on ice to generate 2-3 mm wide sections of brain. The cut 

tissue was transferred while partially frozen to a 50 mL tube containing 75 U/mL of collagenase 

type 3 (Worthington Biomedical) in Hibernate-E at a ratio of 800 µL per 100 mg of brain. The 

tissue was incubated in a water bath at 37ºC for a total of 20 min, with a mix of gentle inversion 

and gentle pipetting during the incubation. The tissue was returned to ice immediately after 

incubation and PBS protease inhibitor containing EDTA (PI, Sigma) and PhosSTOP (PS, Sigma) 

were added to tissue homogenate to a final concentration of 1X. The dissociated tissue was spun 

at 300xg for 5min at 4ºC, following transfer of the supernatant to a fresh tube and spun at 2000xg 

for 10 min at 4ºC. Then the supernatant was spun at 10,000xg for 30 min at 4ºC. The collected 

supernatant was further purified through a qEV size exclusion chromatography (SEC) column 

(iZon) following vendor specifications. Fractions (f) 5-15 were collected for characterization.  

 

2.14 Quantification, size distribution, and purity characterization of EVs 

Nanoparticle Tracking Analysis (NTA): Isolated EVs quantification and size were determined by 

NanoSight NS300 (Malvern Panalytical). EVs were gently vortexed and serially diluted to a 

concentration that allow 20-50 particles/frame in NanoSight. Each sample analysis was conducted 

for 60 s using NanoSight automatic analysis settings and were evaluated in triplicate.   

EV Purity Analysis: The purity of isolated EVs was determined based on accepted EV 

concentration/protein concentration ratio.64 The EV concentration was determined by NTA as 
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described above, and the protein concentration in the EV samples was measured by the 

bicinchoninic acid assay (BCA assay) (ThermoFisher). A simple calculation was conducted to a 

final unit of particle/µg and the calculated ratio was compared with the standard set by the 

literature.64  

 

2.15 Conjugation of QDs to sEVs or bEVs 

QDs functionalized with PEG-NH2 (QD-PEG-NH2) (ThermoFisher) were conjugated to EVs via 

a modified version of a previously published protocol,34 as outlined in Figure 1. Briefly, 8 µM 

QD-PEG-NH2 was quickly mixed with 1.25 mg Sulfo-S-4FB (TriLink BioTechnologies) in 1xPBS 

to make a 500 µL mixture and incubated for 2 h at room temperature to modify 4FB ligand on 

QDs (QD-4FB). 6x1012 EVs were quickly mixed with 0.5 mg Sulfo-S-HyNic (TriLink 

BioTechnologies) in 1xPBS to make a 700 µL mixture and incubated for 2 h at room temperature 

to modify HyNic ligand on EVs (sEV-HyNic). After incubation, QD-4FB was purified by NAP-5 

column (GE Healthcare) following manufacturer instruction to remove excess unreacted Sulfo-S-

4FB. EV-HyNic was purified by Amicon 100 kD centrifugal filter unit (Millipore) at 3,000xg for 

30 min (sEV) or Amicon 50 kD centrifugal filter unit (Millipore) at 3,000xg for 15 min (bEV) to 

remove excess Sulfo-S-HyNic (Millipore Sigma). Purified QD-4FB and EV-HyNic was mixed 

and reacted for 2 h at room temperature. After incubation, QD-EVs were separated from 

unconjugated QD-4FB by qEV SEC column (iZon). To identify QD-EV conjugate containing 

fractions, both QD-EVs and QD-4FB were excluded through qEV columns and f1-30 were 

collected, then fluorescence signal was measured at 585 with excitation at 405 nm. When a higher 

concentration of final QD-EVs were needed, Amicon 50 kD centrifugal filter units (Millipore) 

were used to concentrate the collected fractions at 3,000xg for 30 min.  
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2.16 Characterization of QD-EV conjugates 

Characterization of QD-4FB by DLS: Modification of 4FB on the QDs was confirmed by a zeta 

potential shift measured by DLS, based on a previous literature.34 Hydrodynamic particle size and 

zeta potential of both QD-PEG-NH2 before modification and QD-4FB after modification and 

purification were determined by DLS.  

Characterization of EV-HyNic by UV-vis Spectroscopy: Modification of HyNic on the EVs from 

both sEVs and bEVs was confirmed by the presence of an absorbance bond of 4FB-HyNic 

measured by UV-vis spectroscopy based on a previous paper.34 Briefly, 125 µL EV-HyNic was 

mixed with 1xPBS to make a final 300 µL suspension, and 0.3 mg Sulfo-S-4FB was mixed with 

1xPBS to make a final 300 µL 4FB suspension. Half of the EV solution and half of the 4FB solution 

were mixed well, and another 150 µL of 1xPBS was added into EV-HyNic and 4FB solution, 

respectively, to make a final 300 µL. The 3 samples and 1xPBS were added to 96-well plate in 

triplicate with 95 µL in each well, and the absorbance of the 4FB-HyNic bond was measured every 

5 min at 354 nm by the SpectraMax M5 Microplate Reader (Molecular Devices), up to 30 min. 

Characterization of QD-EV by TEM: Preparation for TEM analysis was done with small 

modification of a described method.65 In brief, EV samples were mixed with an equal volume of 

4% PFA and deposited by airfuge onto Formvar/Carbon coated EM grids (Ted Pella). Samples 

were contrasted and embedded by treatment with uranyl-oxalate solution (Electron Microscopy 

Services) for 5 min, followed by methyl-cellulose-uranyl-acetate (Sigma) on ice for 10 min. 

Characterization of the Hydrodynamic Size and Zeta Potential: The size and size distribution of 

EV-HyNic and QD-EVs were characterized by NanoSight, as described above. The zeta potential 

of EV-HyNic and QD-EVs were characterized by DLS in 1xPBS.  
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Characterization of the Fluorescence Spectra: The fluorescence intensity of 200 µL 0.8 nM QD-

PEG-NH2 and 200 µL QD-sEV conjugates were measured every 5 nm from 400 nm to 700 nm 

using a Cytation 3 Imaging Reader (BioTek). The intensities were normalized to the highest value. 

Calculation of QD-EV Labeling Efficiency: The QD-EV labeling efficiency was characterized by 

the percentage of QDs remaining in QD-EV conjugates and the percentage of EVs remaining in 

QD-EV conjugates. A QD-PEG-NH2 calibration curve was made by measuring the fluorescence 

at 585 nm for various QD concentration. By measuring the final QD-EV conjugates fluorescence 

at 585 nm, the concentration of QDs retained in the conjugates were determined and the percentage 

was calculated through %QDs retained = 34-	&(	56(7/8*)$-
9(#/)	34-

. The amount of the EVs retained in QD-

EV conjugates were quantified by NTA and the percent of EVs retained was calculated through 

%EVs retained = !:-	&(	56(7/8*)$-
9(#/)	!:-

. The final average QD:EV ratio in QD-EV conjugates was 

estimated through QD:EV = 34-	&(	56(7/8*)$-
!:-	&(	56(7/8*)$-

. 

 

2.17 Optimization of QD-EV conjugation 

Optimization of QD Distribution on EVs by Altering Initial QD:EV Ratio: QD-sEV conjugates 

were made in varying ratios of QD to sEVs: 40:1, 70:1, and 100:1. 5 µL 8 µM QD-PEG-NH2 was 

reacted with 0.5 mg Sulfo-S-4FB (QD-4FB1) and 12.5 µL 8 µM QD-PEG-NH2 was reacted with 

1.25 mg Sulfo-S-4FB (QD-4FB2) for 2 h. 6x1012 sEVs were mixed with 0.5 mg Sulfo-S-HyNic 

as described above. After NAP-5 column purification of QD-4FB, 500 µL QD-4FB1 was mixed 

with 500 µL of sEV-HyNic (40:1), 350 µL QD-4FB2 was mixed with 500 µL of sEV-HyNic and 

150 µL of 1xPBS (70:1), and 500 µL QD-4FB2 was mixed with 500 µL of sEV-HyNic (100:1). 



27 
 

After reaction, QD-sEV conjugates were imaged by TEM as above to determine the distribution 

of QDs on sEVs. 

Optimization of 4FB-HyNic Reaction Efficiency by Catalysts: 3,5-diaminobenzoic acid (3,5-

DABA) and 2-amino-5-methylbenzoic acid (5-MA) were tested as catalyst for hydrazone 

formation.66 3,5-DABA and 5-MA were dissolved in DMSO to 500 mM and 50 mM. 1.25 mg 

Sulfo-S-4FB (final concentration 3.58 mM) and 0.5 mg Sulfo-S-HyNic (final concentration 1.27 

mM) were mixed in 1 mL 1xPBS, and immediately distributed to 50 uL/well in a 96-well plate for 

baseline absorbance at 354 nm by a UV-vis spectrophotometer. 3,5-DABA and 5-MA were 

quickly mixed in the sample to make a final 10 mM, 5 mM or 1 mM catalyst concentration. The 

absorbance at 354 nm was monitored every 10 min for 3 h. In addition, effect of pH was tested by 

changing the 1xPBS pH to 7.4, 6.89, and 6.09 by adding 2 mM HCl prior to addition of Sulfo-S-

4FB or Sulfo-S-HyNic. The pH was measured by a pH meter (Fisher). When making QD-sEV 

conjugates using catalysts, 5-MA was quickly added into the mixture of QD-4FB and sEV-HyNic 

to make a final 1 mM concentration at the start of 2 h QD-EV reaction. After incubation, Amicon 

100 kD centrifugal unit was used to filter out excess catalysts. 

 

2.18 SYTO RNASelect staining and fluorescence imaging of QD-sEV conjugates 

QD-sEV conjugates were mixed with 1 mM RNASelect Green Fluorescent Cell Stain 

(ThermoFisher) at a ratio of 1 µL RNASelect stock per 100 µL sample. The stained sample was 

incubated for 20 min at 37ºC. The sample was then washed by centrifugation using an Amicon 

100 kD centrifugal filter unit at 3000xg for 20 min and eluted by centrifuging at 1000xg for 2 min. 

1 drop of stained sample was dropped on imaging slide and dried for 1 h. Dako mounting media 
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was used to mount the slide. A coverslip was then added to the slide. Imaging was performed using 

a Nikon A1 confocal microscope (Nikon Inc) at 10x magnification.  

 

2.19 Characterization of QD-EV bond stability under biological and storage conditions  

1.25 mg Sulfo-S-4FB (final concentration 3.58 mM) and 0.5 mg Sulfo-S-HyNic (final 

concentration 1.27 mM) were mixed in 1 mL 1xPBS and reacted at room temperature for 2 h. After 

2 h, the 4FB-HyNix mixture was diluted to 1xPBS, aCSF (119 mM NaCl, 26.2 mM NaHCO3, 2.5 

mM KCl, 1 mM NaH2PO4, 1.3 mM MgCl2, 10 mM glucose, 2.5 mM CaCl2, adjusted to pH 7.4), 

and 1xPBS+10%FBS, respectively, at 1:10 ratio. The samples were stored at 4°C, 23°C, or 37°C 

up to 1 week. At 0 h, 4 h, 24 h, 48 h and 1 week, the absorbance of 50 µL of each sample at 354 

nm was measured by the SpectraMax M5 Microplate Reader (Molecular Devices). The experiment 

was run in triplicate.  

 

2.20 QD-sEV treatment of ex vivo human vaginal epithelial sheets 

Tissues routinely discarded from vaginal repair surgeries were harvested from otherwise healthy 

adult women, placed in ice-cooled calcium- and magnesium-free PBS containing 100 U/mL 

penicillin, 100 μg/mL streptomycin and 2.5 μg/mL Fungizone (Life Technologies), and 

transported to the laboratory within 1 h of removal from the donor. Tissue harvesting and 

experimental procedures were approved by the Institutional Review Board of the Fred Hutchinson 

Cancer Research Center (IR file 4323). The deep submucosa was removed with surgical scissors 

and the remaining vaginal mucosa was cut into 5 x 5 mm pieces, which were incubated at 4ºC for 

18 h in 5 mL of a 12.5 U/mL dispase solution (354235; BD Biosciences). The epithelial sheets 

were dissected away from the underlying stroma with a dissecting microscope and placed in tissue 
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culture dishes. Solution of QD-sEVs or purified QDs (pQDs, f7-f9 collected from qEV column 

purified QD-4FB that served as negative control which did not contain EVs) were added to each 

well and incubated overnight. The next day, tissues were extensively rinsed with PBS and fixed 

overnight with 4% PFA in PBS with 1mM EDTA. After rinsing nuclei were counterstained with 

TOPRO-3 Iodine (ThermoFisher) and mounted on slides with Dako mounting media. Epithelial 

sheets were imaged on an EVOS FL Auto Imaging System (ThermoFisher).  

 

2.21 Confocal imaging and time-lapse tracking of QD-bEVs on BV-2 cells 

Confocal Imaging of QD-bEVs Interaction with BV-2 Cells: The BV-2 cells were ready for 

confocal imaging study after 1-2-day culturing on 35 mm imaging dish. 50 µL of QD-bEVs were 

mixed with 1,950 µL of cell culture media and added to 1 dish of BV-2 cells. 50 µL of pQDs were 

mixed with 1,950 µL of cell culture media and added to 1 dish of BV-2 cells, as the negative 

control. BV-2 cells were incubated at 37°C in a 5% CO2 atmosphere for 24 h, fixed with 10% 

buffered formalin (ThermoFisher) for 10 min, and then washed twice with 1xPBS. The cells were 

then stained with DyLight 488 Labeled Lycopersicon Esculentum (Tomato) Lectin (Vector 

Laboratories) at 1:1000 ratio in 1xPBS for 1 h. Cells were then imaged by a Nikon A1 confocal 

microscope (Nikon) under same camera and laser setting. Z-stack images at 60x or 4-time zoom 

in at 60x were taken, and maximum-intensity projection were formed. 

Time-Lapse Tracking of QD-bEVs Interaction with BV-2 Cells: After 1-2 day of BV-2 cell 

culturing on 35 mm imaging dish, the cells were stained with DyLight 488 Labeled Lycopersicon 

Esculentum (Tomato) Lectin (Vector Laboratories) at 1:1000 ratio in pre-warmed cell culture 

media  at 37°C in a 5% CO2 atmosphere for 1h. The cells were then washed twice with cell culture 

media. 35 µL of QD-bEVs were mixed with 950 µL of cell culture media and added to 1 dish of 
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BV-2 cells. After 1 h and 4 h incubation at 37°C in a 5% CO2 atmosphere, the 35 mm dish of BV-

2 cells were quickly moved to an incubation chamber (37°C, 5% CO2, and over 40% humidity) to 

perform time-lapse imaging. Images were taken at 60x every 5 min for 1 h at various locations in 

the chamber. 

Quantitative Analysis of Time-Lapse Videos: The time-lapse videos were first image processed 

using Fiji software. Briefly, Images were split into two channels. The MinError threshold was 

applied to cell channels and QD channels were adjusted for brightness first, then filtered for noise 

by Gaussian Blur with a radius of 1 pixel. The Otsu threshold was applied to QD channels for 

converting to binary images. Two processed channels were merged. For each individual cell that 

existed in more than 80% of the frames of the video, the interaction of QD-bEVs with the cell were 

counted in each frame and summed together as the cumulative count of bEV-cell interaction for 

each cell.  

 

2.22 Photostability comparison of QD-bEVs and DiI-bEVs 

2 µL of 2.5 mg/mL DiI (ThermoFisher) were mixed with bEVs and incubated at room temperature 

for 20 min, followed by SEC through qEV column. 50 µL of QD-bEVs or DiI-bEVs were mixed 

with 1,950 µL of cell culture media and added to BV-2 cells cultured on 35 mm imaging dishes, 

respectively. Treated BV-2 cells were incubated at 37°C in a 5% CO2 atmosphere for 24 h, fixed 

with 10% buffered formalin (ThermoFisher) for 10 min, and then washed twice with 1xPBS. The 

cells were then imaged using Nikon A1R confocal microscope (Nikon). Time-lapse imaging with 

No Delay (continuous laser exposure) was performed on cells for 10 min with perfect focus turned 

on to keep the z-plane consistent during the imaging. Time measurement was performed real-time 

on each region of interest to measure the fluorescence intensity change over time. Laser 405 was 
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used for QD-bEVs and laser 561 was used for DiI-bEVs, with the laser power held the same for 

both samples. The intensity was normalized by the intensity at 0 min. 

 

2.23 Statistical analysis 

In Chapter 3, data were displayed using the mean value ± the standard error of the mean (SEM) 

for the colloidal stability study, and using the median value ± 95% confidence intervals for the in 

vitro cell study, ex vivo OWH slice study, RT-qPCR, and toxicity study. Statistical analysis was 

performed using the unpaired t-test without correction. Statistical significance was determined 

under type I error at p < 0.05. Any difference corresponding to p < 0.05 (*) and p < 0.01 (**) was 

marked on the graph. The change in hydrodynamic size of QD-MPA, QD-PEG-OH, and QD-PEG-

OMe during the 2000-second aggregation kinetics study was smoothed using a locally weighted 

scatterplot smoothing (LOWESS) approach with a window size of 10. All statistical analyses were 

conducted using GraphPad Prism 7.01 (GraphPad Software Inc). 

In Chapter 4, data were displayed using the mean value ± SEM for the DLS, NanoSight and 

absorbance studies, and using the median value with interquartile range for the bEV-cell 

interaction study. Statistical analysis of DLS data was performed using the sample unpaired t-test. 

Statistical analysis of cumulative counts of bEV-cell interaction was performed using the Mann-

Whitney U-test. Statistical significance was determined under type 1 error at p < 0.05. Any 

difference with p < 0.05 (*), p < 0.01 (**) and p < 0.0001 (****) was marked on the graphs. All 

statistical analyses were conducted with GraphPad Prism 7.01 (GraphPad Software Inc). 
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CHAPTER 3: Quantum dot cellular uptake and toxicity in the developing brain: 

Implications for use as imaging probes 

 

3.1 Introduction 

The current lack of a comprehensive assessment of QD behavior in the brain could hinder further 

investigation and translation of QD-based neurological imaging probes. Toxicity is a common 

concern for QDs, due to either the leaching of inorganic ions from the QD crystal,67 or loss of QD 

colloidal stability and subsequent micrometer-scale aggregate formation upon administration, 

leading to inflammation and granuloma formation.7, 8, 68 Moreover, different QD surface coatings 

can have different cell- or tissue-targeting effects,69 and lead to diverse cell cytotoxicity,70 with 

varying degrees of injury and in vivo biodistribution.71 It has also been reported that various 

terminal end groups on functionalized QDs can result in a variable level of inflammatory 

responses.72 Despite the focus on QD engineering, a failure to adequately consider the 

physiological environment has also limited the application of QD-based nanoparticles.73 A 

systematic evaluation of QDs focused on both nanoparticle engineering and physiological variance 

in the tissue environment is therefore essential. 

Hence, we investigated QD stability, cellular uptake, and toxicity with three surface end groups in 

relevant brain environments, including in vitro, in cultured brain slices (ex vivo), and in vivo. An 

array of efficient, red-emitting (𝜆'*" > 600 nm ), aqueous-dispersible QDs with 

three custom surface functionalities were targeted: 3-mercaptopropionic acid (MPA), 

poly(ethylene glycol) (PEG)-5000k-methoxy (PEG-OMe), and (PEG)-5000k-hydroxyl (PEG-

OH). A core-shell CdSe/CdS QD architecture was selected in order to maximize luminescence 

efficiency,14, 54, 55, 74 while care was taken to keep the overall diameter of the inorganic nanocrystal 
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below 8 nm, such that the overall hydrodynamic diameter of the functionalized QDs would be 

below ~20 nm (accounting for a ~6-nm-thick ligand corona). We have previously shown that this 

size range facilitates efficient transport within the brain environment.28, 75 CdSe nanocrystal cores 

were synthesized with a protective shell of CdS to facilitate efficient luminescence (quantum 

efficiencies of up to 60% were achieved), and custom, red-emitting core-shell QDs were then 

generated via functionalization with the desired ligand and transfer to aqueous media. Numerous 

replicates of the optimized core-shell synthesis were carried out in order to produce sufficient 

quantities of functionalized QDs for the in vitro, ex vivo, and in vivo studies described in this study. 

QD colloidal stability and aggregation kinetics were evaluated in PBS and aCSF. QD cellular 

uptake was measured in organotypic brain slices, and QD toxicity was monitored in both in vitro 

microglia cells and organotypic brain slices, along with changes in expression levels of cytokine 

and oxidative stress markers. QD cellular localization was evaluated following i.p. administration 

in a newborn rat model with hallmarks of neuroinflammation, and real-time imaging was utilized 

to show QD internalization and trafficking in cells. The combination of in vitro, ex vivo, and in 

vivo models allows for investigation of QD-cell interactions in a three-dimensional (3D) 

environment that captures the complexity of the brain microenvironment.56, 76 Importantly, 

incorporating the effect of the brain microenvironment enables the development of QD-based 

imaging probes that could target regions of interest in the CNS and alter localization and cellular 

interaction based on the intended outcome.  

 

3.2 Results and discussion 

3.2.1 Physicochemical characterization of core-shell CdSe/CdS QDs 
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The physicochemical properties of the core-shell CdSe/CdS QDs were characterized as a function 

of surface functionality in 10 mM NaCl (Table 2). Details of the QD synthesis and surface 

functionalization are provided in the Methods section. QD-MPA particles exhibited hydrodynamic 

diameters of 11.3 ± 1.7 nm, with a surface charge (zeta potential, ζ-potential) of -30.1 ± 5.5 mV, 

confirming the presence of negatively-charged surface carboxylate groups. QD-PEG-OH and QD-

PEG-OMe particles exhibited hydrodynamic diameters of 23.9 ± 2.0 nm and 17.3 ± 0.8 nm 

respectively, corroborating the attachment of 5000 Da PEG, which added an additional 5-6 nm to 

the hydrodynamic diameter of the particle, as compared to the non-PEGylated QD-MPA particles. 

PEG-functionalized QDs with an inert (methoxy) pendant functional group (QD-PEG-OMe) 

exhibited surface potentials of -8.3 ± 3.7 mV, while PEG-functionalized QDs with pendant 

hydroxyl functional groups (QD-PEG-OH) exhibited zeta potentials of -13.1 ± 1.5 mV. Since PEG 

is an uncharged hydrophilic polymer, PEG-functionalized QDs exhibited a more near-neutral net 

surface charge, as compared to the carboxylate-functionalized QD-MPA particles (-30.1 ± 5.5 

mV).  

 

Table 2. CdSe/CdS QD characterization in 10 mM NaCl. 
QD hydrodynamic diameter was measured in 10 mM NaCl at pH 7.4 and 23°C using DLS. 

Measurements were made in triplicate for n = 3 batches with the SEM reported below. ζ-potential 

were measured using laser Doppler anemometry. 

Particle Surface Functionality  Size ± SEM 𝝵-potential ± SEM 

QD-MPA MPA 11.3 ± 1.7 -30.1 ± 5.5 

QD-PEG-OH PEG-OH 23.9 ± 2.0 -13.1 ± 1.5 

QD-PEG-OMe PEG-OMe 17.3 ± 0.8 -8.3 ± 3.7 
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Both CdSe nanocrystal cores and core-shell CdSe/CdS QDs have a roughly spherical morphology 

(Figure 1), with CdSe nanocrystal cores exhibiting diameters of 3.4 ± 0.4 nm and final core-shell 

CdSe/CdS QDs exhibiting diameters of 6.7 ± 0.5 nm (Figure 1B), excluding the outer ligand 

corona. The spectral profiles of the QDs (Figure 1) remained largely unperturbed, irrespective of 

which surface ligation was selected. Additional physicochemical evidence of successful surface 

functionalization via attenuated total reflectance Fourier transform infrared (ATR-FTIR) 

spectroscopy can be found in the Appendix A (Figure A1). Both PEGylated QD samples exhibit 

all of the expected characteristic FTIR peaks,77-79 with the QD-MPA samples exhibiting clear 

carboxylate (COO-) stretches at 1560 and 1410 cm-1,80, 81 indicating full deprotonation of the MPA 

ligands. 
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Figure 1. Surface functionalization and characterization of CdSe-CdS core-shell QDs. 
(A) Absorbance and photoluminescence of CdSe nanocrystal cores (blue and pink) and final core-shell 

CdSe/CdS QDs (red and black) with 60% quantum yield. (B) TEM images of final 6.7±0.5-nm-diameter 

core-shell QDs and initial 3.4±0.4-nm-diameter nanocrystal cores (inset). (C,D) Images of QD dispersions 

under UV excitation (C) before and (D) after surface functionalization and transfer to aqueous media. (E) 

Relative emission intensity of initial nanocrystal cores (pink), and final core-shell QDs before (black) and 

after (green) surface functionalization and transfer to aqueous media. Data provided courtesy of Brittany 

Bishop and Nicole Thompson. 

 

3.2.2 Colloidal Stability of QDs in neurophysiologically relevant fluids. 
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QD-based nanoparticle probes must be both stable and monodisperse to be effective as biomarkers, 

particularly for applications in the brain. As such, we conducted both long-term and short-term 

QD stability studies under neurophysiologically relevant conditions. We first monitored the 

hydrodynamic diameter of the core-shell CdSe/CdS QDs with different surface functionalities in 

1xPBS and aCSF at 0 h, 4 h, and 24 h at 37°C, using DLS to evaluate any long-term tendency 

toward aggregation in brain-related fluids at physiological temperatures. Hydrodynamic diameters 

measured from dispersions of QD-MPA particles increased dramatically from 20 nm to more than 

200 nm over 24 h in 1xPBS, while QD-PEG-OH and QD-PEG-OMe retained an unchanging 

hydrodynamic diameter (20-30 nm) over the entire measurement period (Figure 2A). When 

transferred to aCSF – a more complex and more brain-representative media – QD-MPA particles 

tended to aggregate immediately (hydrodynamic diameter > 1500 nm) (Figure 2B). In contrast, 

QD-PEG-OMe particles were relatively stable in aCSF over the entire 24-hour period, while QD-

PEG-OH showed a statistically increased hydrodynamic diameter at 24 h but remained below 100 

nm in total hydrodynamic size (Figure 2B).  
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Figure 2. Colloidal stability of QDs at 37°C in neurophysiological-relevant fluids. 

(A) QD hydrodynamic diameter at 37ºC in 1xPBS at 0, 4, 24 h (n=3 measurements per particle 

type). (B) QD hydrodynamic diameter at 37ºC in aCSF at 0, 4, 24 h (n=3 measurements per 

particle type). (C) Initial aggregation kinetics of QD-PEG-OH and QD-PEG-OMe at 37ºC in 

aCSF with incremental addition of CaCl2 every 500 sec, up to a 10 mM Ca2+ concentration. (D) 

Initial aggregation kinetics of QD-MPA at 37ºC in CaCl2 solution with 0.5, 1, and 4 mM Ca2+ 

over a period of 2000 sec (n=3 measurements per particle type). Trendlines showing initial QD-

MPA aggregation were generated using a LOWESS regression in GraphPad. 

 

To further explore media components that can give rise to rapid aggregation, we then evaluated 

the initial aggregation profiles of each functionalized QD in aCSF with different concentrations of 

calcium over a period of 30 min. Calcium ions play a significant role in the brain as a universal 

messenger of extracellular signals in a variety of cells, and pathological changes in calcium 

homeostasis could cause alterations in neuronal function and have been associated with brain aging 

and Parkinson’s disease.82, 83 Calcium is a prevalent component in CSF and has been shown to lead 
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to significant aggregation of colloidal particles.60 As such, we investigated how QD stability 

changes in aCSF with different Ca2+ concentrations in order to gain preliminary insight into 

nanoparticle behavior in the brain microenvironment. QD-MPA was observed to aggregate in 

aCSF with Ca2+ concentrations as low as 0.5 mM and exhibited increased rates of aggregation with 

1 mM and 4 mM Ca2+ concentrations (Figure 2C-D). Sedimentation was observed after initial QD-

MPA aggregation, where particles aggregated to sizes greater than 1000 nm and then sedimented 

to the bottom of cuvette, resulting in a decrease in DLS signal which manifests as a drop in the 

apparent hydrodynamic diameter reported by the instrument. When Ca2+ levels were increased, 

QD-MPA aggregation kinetics shifted from gradual aggregation to much more rapid aggregation 

followed by particle sedimentation (Figure 2D, Figure A2A), demonstrating a more severe 

instability of QD-MPA in an environment with a stronger ionic strength. Decreasing the system 

temperature slowed the aggregation kinetics of QD-MPA, although aggregation was still clearly 

present (Figure A2B-C). In contrast, both QD-PEG-OH and QD-PEG-OMe remained stable at 

room temperature and at physiological temperature in 1xPBS and aCSF for up to 24 h, supporting 

the use of PEG functionalization to provide steric stabilization.84 QD-PEG-OH was stable up to a 

Ca2+ concentration of 4 mM, but exhibited significant aggregation above 5 mM Ca2+ (Figure 2C). 

QD-PEG-OMe showed a similar trend, with stable dispersions up to a 5 mM Ca2+ concentration 

with signs of aggregation at higher concentrations. Considering that the Ca2+ concentration in the 

human brain is on average 2 mM, these data suggest that the application of PEGylated QD particles 

to the brain is viable.  

Importantly, in aCSF we see no dissolution of QDs into appreciable amounts of Cd ions. Using 

ICP-MS analysis, we measured Cd-ion concentrations following incubation for 0 and 24 h in 

aCSF. Cd-ion concentrations were stable for all QDs across the experimental time frame, and 
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remained less than 10 parts per billion (ppb) (Figure A3A). We also incubated 0.1 µM QDs in 

aCSF at 37°C for 24 h, and measured the luminescence intensity of the QD suspensions at 0 h, 1 

h, 4 h, and 24 h of incubation (Figure A3B). The photoluminescence (PL) of the QD-MPA particles 

remained stable over 24 h, while the PL intensity of the PEGylated QDs decreased over time. This 

likely occurs because the well-dispersed PEGylated QDs are completely exposed to the aCSF 

environment, while the non-PEGylated QDs (QD-MPA) aggregate quickly (Figure 2A), resulting 

in a lower initial PL intensity, but a less rapid decrease in PL intensity since the QD-MPA particles 

contained within the aggregate are protected from aCSF exposure. Independent of the change in 

PL, all confocal imaging studies have clear QD detection at low laser power with high signal to 

noise in the in vitro cell culture, ex vivo brain slices, and in vivo tissue sections. 

Both long-term and short-term QD stability studies indicated a significantly different aggregation 

pattern for non-PEGylated QDs (QD-MPA) as compared to PEGylated QDs (QD-PEG-OH and 

QD-PEG-OMe). PEGylated QDs were found to be stable at different temperatures and in different 

neurophysiologically relevant fluids, while non-PEGylated QDs were very sensitive to changes in 

media conditions, with decreased stability at higher Ca2+ concentrations or longer incubation time. 

 

3.2.3 Ex vivo QD cellular uptake and time-lapse internalization imaging. 

A comprehensive understanding of cellular uptake is critical when discussing the interpretation of 

QD-based biomarkers. Thus, the cellular uptake of QDs in OWH slices was evaluated as a function 

of surface functionality, brain cell type, and brain region. Independent of surface chemistry, all 

QDs were found localized primarily in microglia in the neonatal rat brain, particularly in the corpus 

callosum and hippocampal regions (Figure 3A). Microglia – the innate immune cells of the brain 

– become activated in response to injury and uptake invading foreign bodies by phagocytosis.56 
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Our cellular uptake findings not only further support previous observations that QDs are 

preferentially taken up by microglial cells,20 but also indicate that there is region-specific 

microglial uptake of QDs, as seen in our organotypic slice and in vivo studies. Our observations 

that QDs preferentially localize in the corpus callosum could be due to the abundance of 

proliferative and phagocytic amoeboid microglia cells in the corpus callosum in the developing 

brain.85  

QD-MPA, as compared to QD-PEG-OH and QD-PEG-OMe, had significant aggregation in the 

extracellular space (ECS) in the OWH slice model (Figure A4), consistent with the aggregation 

observed in aCSF and PBS. In this case, the tendency of QD-MPA toward aggregation inhibited 

successful distribution to all the microglial cells spread throughout the tissue. Confocal images 

acquired at 60x magnification and 4-fold zoom enabled a closer look at QD internalization in 

microglia at the single-cell level. Although several QD-MPA aggregates were still observed to 

uptake in the microglia, the QD-PEG-OH and QD-PEG-OMe uptake was much more distinctive 

and diffuse in the microglial cytosol (Figure 3A inset). This observation led us to further explore 

the intracellular destination of the internalized QDs.  

Upon staining live OWH slices with LysoTracker, we clearly observed both PEG-OH and PEG-

OMe QD localization with lysosomes 120 min after QD introduction (Figure 3B, Movie A1 of 

QD-PEG-OH and Movie A2 of QD-PEG-OMe). Our observation of PEGylated QDs colocalizing 

with lysosomes supports the previously identified endocytic mechanism of QD cellular uptake and 

the degradation of QDs in the lysosomes of glial cells.86, 87 Importantly, the QDs were also found 

to be stable in low-pH environments (Figure A5), equivalent to those found in lysosomes.88 

Additional studies involving the manipulation of entry pathways and intracellular trafficking 
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through the use of inhibitors are needed for deeper understanding of QD intracellular trafficking, 

and eventual exocytosis or breakdown, in glial cells. 

 

Figure 3. Iba1+ microglia and lysosome uptake of QDs in ex vivo OWH slices. 

(A) Representative 40x magnification images of QD-MPA, QD-PEG-OH, and QD-PEG-OMe 

distribution and Iba1+ cellular uptake in the cortex, corpus callosum, and hippocampus in P14 

SD rat OWH slices (300-µm thickness). QDs (red, all images) were found internalized into 

Iba1+ microglia (green, all images), especially in the corpus callosum and hippocampus regions. 

Representative high-magnification images of QD-MPA, QD-PEG-OH, and QD-PEG-OMe 

localization inside Iba1+ cells are shown as insets. Cell nuclei were stained with DAPI and 

display blue luminescence. (B) Representative 40x magnification images of QD-PEG-OH (red) 

and QD-PEG-OMe (red) internalization into LysoTracker-stained lysosomes (green) in the 

corpus callosum region in a live OWH slice after 2 h of QD exposure.  

 

The internalization of QDs into microglia was further demonstrated by time-lapse imaging in 

OWH slices, where QDs were observed to uptake into CD11b+ microglia in the corpus callosum 
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within the first 4 h of exposure, irrespective of surface functionality (Movies A3 – 5). To our 

knowledge, these live-tissue, time-lapse imaging studies provide the first direct observations of 

real-time QD internalization in ex vivo brain slices, and further confirm microglial targeting of 

QDs (Movies A3 - 5). QD-MPA rapidly formed large aggregates in the ECS, which prevented 

further internalization into microglia (Movie A3), although non-aggregated QD-MPA did show 

some microglial uptake. In order to understand whether QD trafficking into microglia is surface 

functionality dependent, we quantified the fraction of Iba1+ cells containing QDs in the corpus 

callosum region – the region where we saw the highest levels of QD internalization into cells. It 

was observed that the fraction of Iba1+ cells that uptake QDs after 24 h of QD exposure was in 

the range of 55% to 66% and was not significantly different between the three QD surface 

functionalities (Figure A6). Representative cross-sectional 240x z-stack images of QD 

internalization also show localization with Iba-1+ microglial cells in brain slices (Figure A7). 

Previous literature has shown that aggregates greater than 1000 nm in size preclude uptake into 

microglia and directly impact cellular responses.89 However, if only non-aggregated QDs are 

considered, the extent of microglial QD internalization was independent of surface functionality.  

Although rarely observed in our study, on occasion some QDs also interacted with neurons, mostly 

in the cortex and hippocampus region (Figure 4). QDs were not observed to interact with or be 

internalized into oligodendrocytes (Figure A8). The distribution pattern of all QDs in neurons 

(Figure 4) is similar to previous studies done in organotypic hippocampal cultures, showing a 

potential interaction with the neuronal membrane and along the synapse.18 QD interactions with 

neurons may be due to the negative charge on the surface, which leads to an association with the 

electrophysiological activity of neuronal cells.19 Dante et al. observed that QDs stained along a 

synapse and associated with the neuronal membrane, when administered at a low dose (10 nM) on 
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primary neuron cultures, and Walters et al. observed that QDs interact with neurons in a sparse 

and distributed pattern.18, 19 Sophisticated engineering of QD ζ-potential should be taken into 

consideration, as Dante et al. found that strong detectable interactions with neurons were only 

observed for QDs with zeta potentials less than -20 mV,19 while Walters et al. illustrated that 

positively-charged QDs interacted specifically with oligodendrocytes.18 It is worth mentioning that 

previous literature presents contradictory results, indicating that QDs were internalized into one or 

other cell types to different degrees – results that might be conflicting due to the different 

conditions used in each study.18-20 The source of the study platform – either cell culture or 

organotypic brain slice – can result in the differentiation of QD-cell interactions due to differences 

in cytoarchitecture network or accurate ECS representation,90 as we have demonstrated in the 

present study. The emphasis of our study on QD-cell interaction in side-by-side comparisons of in 

vitro, ex vivo, and in vivo models demonstrates that the chosen model platform can clearly impact 

the outcome of a particular investigation. For example, the presence of tissue barriers could lead 

to a difference in QD accessibility to cells, and the stability of particles in various fluids could alter 

the biological identity of the QDs when applied to the different models. This knowledge helps to 

understand QD-cell interaction in a more systematic way, and emphasizes the importance of 

carefully considering the biological microenvironment when interpreting particle behavior. 
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Figure 4. NeuN+ neuron uptake of QDs in ex vivo OWH slices. 

Representative 40x magnification images of QD-MPA, QD-PEG-OH, and QD-PEG-OMe (red, 

all images) distribution and interaction with NeuN+ neurons (green, all images) in the cortex, 

corpus callosum, and hippocampus in P14 SD rat OWH slices (300-µm thickness). 

Representative high-magnification images of QD-MPA, QD-PEG-OH, and QD-PEG-OMe 

interaction with NeuN+ cells are displayed as insets. Cell nuclei were stained with DAPI (blue).  

 

3.2.4 QD-induced toxicity, oxidative stress, inflammation and metal detoxification in OWH 

slices as a function of surface functionality. 

The cytotoxicity of QDs has long raised concerns about the application of QDs in biomedical 

applications. To use QDs in a highly complex functional organ, such as the brain, their toxicity 

needs to be carefully and fully investigated.91 However, it is difficult to draw clear conclusions 
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from reported studies thus far because of the use of numerous different cell lines, which each have 

varying thresholds for QD-induced toxicity and only represent certain types of brain cells rather 

than the whole integrated neurological network.92, 93 By using 300-µm-thick organotypic brain 

slices, the toxicity of QDs can be examined in a representative 3D heterogeneous environment. To 

study the amount of QD-induced toxicity in OWH slices, we first evaluated whole-slice 

cytotoxicity caused by the QDs by measuring cell death after 24 h of QD exposure, as a function 

of QD surface functionality and QD concentration. To note, QD-MPA was not included in the 

OWH slice toxicity assessment due to the observed rapid aggregation in biological fluids and 

subsequent hindered penetration and cellular uptake in OWH slices. The overall toxicity of 

PEGylated QDs was found to be dose-dependent (Figure 5). At 0.01 µM and 0.1 µM 

concentrations, PEGylated QD-induced cytotoxicity was below 10%, and there was no significant 

difference between the non-treated (NT) group and either of the two PEG functionalities (PEG-

OH and PEG-OMe). When the dose was increased to 1 µM, QD-induced cytotoxicity increased to 

around 15% for QD-PEG-OMe and slightly above 10% for QD-PEG-OH. The cytotoxicity of 1 

µM QD-PEG-OMe was significantly higher than the NT group, starting at 4 h post-treatment, and 

remained statistically higher at 8 h and 24 h. The relatively low toxicity of QD-PEG-OH and QD-

PEG-OMe at low concentration is likely imparted due to the PEG coating, which has been 

previously shown to effectively decrease cytotoxicity and maintain tissue viability.94  
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Figure 5. Dose-dependent toxicity of QD-PEG-OH and QD-PEG-OMe in ex vivo OWH 
slices. 
Treatment of QD-PEG-OH (red) and QD-PEG-OMe (blue) at 0.01, 0.1, and 1 µM concentrations 

in P14 rat organotypic brain slices for 24 h. QD toxicity was determined by LDH assay at 0, 1, 2, 

4, 8, and 24 h as follows. For each QD concentration, n=3 slices per QD per concentration 

condition were evaluated; for NT group (black), n=5 slices. 

 

QD toxicity in the CNS can be due to multiple mechanisms, including intracellular QD 

breakdown70, 87, 92, 93, 95 and subsequent release of carcinogenic Cd2+ ions.67 QD-induced 

inflammation or oxidative stress can also contribute to cell death and a cascade of function loss. 
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QDs with different functional groups were reported to induce different levels of proinflammatory 

effects in vitro on human lung epithelial cell lines as well as in vivo in mouse lung tissue following 

direct administration through intratracheal instillation.72, 96 For example, metallothionein proteins 

(MT, Mt for mRNA), which can sequester Cd ions and limit oxidative stress, have shown increased 

expression after QD treatment in kidney or lung cells.92, 97-99 However, no studies have been 

performed for the activation of MT in the brain following QD treatment. To investigate QD-

induced inflammation, metal detoxification (Figure 6), and oxidative stress (Figure A9) in OWH 

slices, we also evaluated time-dependent mRNA profiles in response to QD exposure. MT-1, MT-

2A, and MT-3 (different isoforms of MT) are protective against metal ion toxicity and oxidative 

stress, and are found in the CNS.100, 101 Strikingly, at 0.1 µM QD concentration, QD-PEG-OH and 

QD-PEG-OMe induced a significant 7.4- and 13.2-fold increase of Mt1 expression, respectively, 

in OWH slices after 6 h of incubation, and the Mt1 increase remained 3.5-fold higher after 24 h of 

QD-PEG-OMe incubation (Figure 6A). The significant increase in Mt1 mRNA expression 6 h 

after 0.1 µM QD exposure reflects the cellular response to activate metal detoxification pathways 

for Cd2+ exposure, which occurs rapidly upon localization in lysosomes, as observed in our study. 

The lysosomal localization could induce lysosomal dysfunction and oxidative stress, as previously 

suggested.102  

The pattern of surface functionality-dependent Mt1 increase is aligned with the pattern of surface 

functionality-dependent LDH release. QD-PEG-OMe induced the most significant expression-fold 

changes in Mt1, as compared to other QDs, and also had the highest LDH release. When the metal 

is in overloading conditions, the MT pathway becomes overwhelmed and can no longer effectively 

scavenge metals, resulting in cell death,103 as we demonstrate with higher concentration (1 µM) 

QD-PEG-OMe exposure. Meanwhile, Mt2A and Mt3 did not show a significant increase in 

expression at any time point up to 24 h (Figure 6A). Mt3 is mainly present in neurons101 and would 

be less likely to be activated based on our observations that QDs internalize primarily in microglia. 

Although Mt2A showed a non-significant trend towards an increase in expression for QD-PEG-

OMe, the expression increase is insignificant because Mt2A prefers binding Zn while Mt1 prefers 

Cd,104 the main component of our QDs used in this study. To the best of our knowledge, our study 

is the first study to reveal QD-induced MT pathway activation in brain cells. 
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Figure 6. Time-dependent mRNA profiles of QD-induced metallothionein and 
proinflammatory markers in OWH slices. 
Fold-changes in mRNA expression were measured at 1 h, 6 h, and 24 h of QD-MPA (orange), 

QD-PEG-OH (red), and QD-PEG-OMe (blue) exposure at 0.1 µM concentration in OWH slices. 

The fold-changes were measured for (A) metallothionein isoforms Mt1, Mt2A, and Mt3 and (B) 

proinflammatory cytokines IL-6, TNF-α, and IL-1β, and compared to NT slices (black). For 1 h, 

6 h, and 24 h time points, n = 3 groups and n = 3-6 slices per group were evaluated for each 

experimental sample (except for the QD-PEG-OMe 6h proinflammatory sample, where n = 2 

groups with n = 6 slices in total were evaluated). All data are reported as median values with 

95% confidence intervals. 

 

Interestingly, QD exposure resulted in almost no statistically significant inflammatory or other 

oxidative stress responses at the mRNA level. IL-6, TNF-a, and IL-1b are pro-inflammatory 

cytokines and are central to neuroinflammatory processes.105 BAX and Casp-3 are involved in 

neuronal death, oxidative stress, and apoptosis during brain pathology.106, 107 IL-10 and TGF-β1 

are both anti-inflammatory cytokines that play an important role in altering the function of 
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microglia,108 and are highly influential in the developing brain.105 Only QD-PEG-OMe showed a 

statistically significant 2.0-fold increase in IL-6 expression after 1 h incubation and a statistically 

significant 0.6-fold decrease in TNF-α expression after a 6 h incubation (Figure 6B). These 

changes were only present during early time points after initial QD exposure. Previous literature 

has suggested that PEGylated QDs can induce higher expression of proinflammatory cytokines, 

which was strongly associated with the functional groups at the end of PEG chain, leading to 

selective endocytosis.72, 96 In our studies, 0.1 µM QD concentrations did not induce statistically 

significant cytotoxicity in OWH slices, activated a metal detoxification pathway, and led to a 

minimal inflammatory response in OWH slices over a 24 h period. This concentration was chosen 

to be representative of what cells would maximally be exposed to in vivo following systemic 

administration. Therefore, it is our conclusion that PEGylated QDs with pendant hydroxyl or 

methoxy groups used at this concentration exhibit microglia-dominant uptake and are not inducing 

inflammation or toxicity to brain cells within this particular timeframe. To further elucidate 

potential mechanisms of cellular response to QDs, higher doses could be tested in OWH slices to 

determine changes in mRNA expression, and further analysis on protein expression levels could 

be evaluated. 

 

3.2.5 In vitro QD toxicity and cellular uptake on BV-2 cells. 

The influence of the extracellular matrix (ECM) barrier on QD penetration and tissue distribution 

was observed in our ex vivo slice studies, which further impacted QD toxicity and cellular uptake. 

The LDH assay indicated similar cytotoxicity of QD-MPA across 0.01-1 µM QD concentrations 

on OWH slices (Figure A10), which did not exhibit toxicity when compared with healthy NT 

slices. This result is different from what has been reported in previous literature, where non-
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PEGylated QDs induce more immediate and significant cell death, while PEGylated QDs show 

minimal toxicity in vitro95 due to the “stealth” ability of PEG. Consequently, we sought to 

understand the effect of QDs on microglial cells when cells are directly exposed to QDs and no 

penetration barrier is present. When applied directly to microglia, 0.01 µM QD-MPA induced 

significant cell death starting at 1 h, as compared to a NT group treated only with 1xPBS. The 

viability of QD-MPA-treated cells was observed to drop below 50% before some recovery at 24 h 

(Figure 7). QD-PEG-OH, however, did not show any statistically significant decrease in cell 

viability, as compared with NT, except at 6 h (Figure 7). QD-MPA were immediately taken-up 

into BV-2 cells at the 1 h time point, with additional uptake continuing throughout the duration of 

the 24 h study (Figure A11). However, PEGylated QDs were not observed to uptake into BV-2 

cells at any time point. This indicates that, when applied to an in vitro cell platform, PEG coatings 

did preclude particles from toxicity and cellular uptake. Considering the rapid instability of QD-

MPA in biologically relevant fluids and their aggregation on the surface of OWH slices (Figures 

15 and 17), QD-MPA are unlikely to overcome the penetration barriers introduced via the presence 

of the brain ECS and ECM in OWH slices.5, 76 This inability to penetrate tissue limits the 

interaction with cells throughout the tissue, whereas in the in vitro monolayer, QD-MPA had direct 

access to all cells. Due to the instability of QD-MPA, these particles are unlikely to be suitable for 

biomedical application or in vivo study.  
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Figure 7. Toxicity of QDs on in vitro BV-2 cells. 

Treatment of QD-MPA and QD-PEG-OH at 0.01 µM concentration on in vitro BV-2 cells for 1, 

2, 4, 6, and 24 h, with reported % cell viability. For each condition, n=3 wells were evaluated 

with 10,000 cells per well when plated.  

 

3.2.6 In vivo QD cellular uptake in mglur5 neuroinflammatory rat model. 

Lastly, we utilized the metabotropic glutamate receptor 5 (mglur5) neuroinflammatory rat model 

to evaluate QD uptake in vivo. In addition to studying QD behavior in vitro and ex vivo, we sought 

to explore how these findings translated to an in vivo environment in both normal and 

neuroinflamed tissue, through the use of a transgenic mglur5 model. mglur5 plays an important 

role in neuroinflammation,109 especially with respect to microglia-associated inflammation and 

neurotoxicity.110 mglur5 knock-out mice have been used recently as a model of neuroinflammatory 

diseases with hallmarks of Fragile X syndrome, schizophrenia, and autism spectrum disorder 

(ASD).111 We utilized mglur5 age-matched and litter-matched WT and KO rats to investigate QD 

behavior in vivo following systemic injection. We detected QD-PEG signal in the brain, at both 4 

h and 24 h time points, after i.p. injection in P7 WT and KO rat pups. However, the QD signal was 
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minimal, due to the majority of the sub-20-nm QD-PEG being cleared rapidly.112 Although the 

total quantity of QDs in the brain was low, we identified colocalization of QDs in microglia in 

various regions. QD-PEG-OH particles were found colocalized with Iba1+ microglia in both the 

WT and KO brain in the cortex, corpus callosum (Figure 8), hippocampus, and PVR (Figure A12), 

with the majority of accumulation in the corpus callosum region at 4 h post-injection (Figure 8). 

At 24 h post-injection, allowing for longer in vivo circulation, QD-PEG-OH were still found 

internalized in Iba1+ microglia (Figure A13), consistent with our observations in the OWH slices. 

Our findings in the WT neonatal brain – where we see comparable QD uptake to the KO brain – 

are supported by previously published work where QDs were observed to be present in brain 

vessels or epithelial cells or even to have permeated into brain parenchyma after systemic 

administration in healthy rodents.113-115 Although the mechanism of QD uptake in the healthy brain 

is still unknown, current findings suggest QD uptake occurs via transcytosis-mediated transport 

through the BBB and cellular uptake via phagocytosis and pinocytosis.113 The main regions of QD 

localization in our study included the corpus callosum and PVR, which are near to ventricles or 

nearby large blood vessels networks. Consequently, these areas experience high levels of fluid 

exchange, which can contribute to the distribution of QDs and internalization by cells in this region 

of the developing brain.  
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Figure 8. QD cellular uptake in P7 rats, 4 h post-administration. 
Representative images of QD-PEG-OH (red, all images) colocalization with Iba1+ microglia 

cells (green, all images) in the cortex and corpus callosum regions in P7 mglur5 WT and KO pup 

brains, 4 h after i.p. administration. 40x magnification images with 4-fold zoom (160x) are 

presented in the rightmost column to show QD-PEG-OH internalization in cells.  

 

3.3 Conclusion 

The implementation of engineered nanoparticles as biomarkers for CNS disease is a challenging 

task, requiring a comprehensive understanding of both nanoparticle engineering and the disease 

environment in which the nanoparticle will be applied. To develop QD-based biomarkers for 

application to the brain, it is necessary to better understand QD behavior in the brain environment. 

Here we comprehensively assessed the interaction of functionalized, core-shell CdSe/CdS QDs 
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with the brain microenvironment, including QD colloidal stability, toxicity, and cellular uptake in 

vitro, ex vivo, and in vivo. Importantly, stability, toxicity, and cellular uptake of QDs were 

dependent on one another, and dependent on the model used to evaluate the effect. We found that 

surface chemistry strongly influenced QD behavior in the brain. PEG-coatings improved QD 

stability in complex neurophysiological-relevant fluids, induced low cytotoxicity in brain slices, 

and led to stable, diffuse cellular uptake. QDs were preferentially taken up into microglia, 

especially in the corpus callosum, which was further confirmed in vivo. PEGylated QDs induced 

an increase in Mt expression in the OWH slices as a function of time and surface chemistry, but 

did not induce inflammatory and other oxidative stress pathways. Non-PEGylated QDs, however, 

destabilized rapidly when exposed to brain-relevant fluids, which prevented penetration into brain 

tissue. We also found that administration of functionalized QDs can result in dose-dependent 

toxicity in brain slices. Lastly, with a goal of reconciling seemingly contradictory findings in 

literature, our results clearly demonstrate the importance of considering the specific model system 

that is used to evaluate QD behavior. Importantly, this QD evaluation plays a critical fundamental 

role for further development of QD-based application in the brain environment, such as labeling 

and visualizing EVs, which we will discuss in details in Chapter 4.



56 
 

CHAPTER 4: Quantum dot labeling and visualization of extracellular vesicles 

 

4.1 Introduction 

Direct visualization of EVs can be useful to understand EV trafficking and function between cells 

and within tissues. Current techniques for labeling and imaging EVs, however, have several 

challenges and limitations.116 Commonly used lipophilic dyes, including R18, DiI, PKH26, 

PKH67 or CellMask, target the lipid membrane of EVs; yet, these dyes can also form dye 

aggregates that are of similar size to EVs and therefore hard to distinguish.117, 118 Lipoproteins and 

other proteins co-isolated with EVs can also be stained with lipophilic dyes, which can transfer 

dye to the target cells, resulting in false positive stains that could imply EV uptake.118 RNA-based 

labeling methods have similar vesicle/dye aggregation challenges as lipophilic dyes.119 Optical 

reporters including green fluorescence protein (GFP) are successfully engineered to be fused to 

EVs within cells for EV labeling and are useful for studying the genesis and distribution in vivo;120 

however, GFP-transfected cells currently have limited translational potential to humans. In 

addition, these dyes often suffer from fast photobleaching. A universal, robust, high 

photoluminescent and easily controllable method is thus required to fill in the technological gap 

of direct EV tagging and visualization. 

Here we propose using QDs to label and visualize EVs due to their great fluorescent imaging 

capabilities. There are numerous studies that utilize QDs to label and monitor molecules or cells 

of interest in vitro121 or in vivo.13 Our work in Chapter 3 shows QDs functionalized with PEG 

exhibit minimal toxicity (<15%) in the developing brain, are stable in biological aqueous settings, 

and can be easily imaged in tissues.122 Here, we use 4-formylbenzoate (4FB) to 6-

hydrazinonicotinate acetone hydrazone (HyNic) click chemistry to label EVs with QDs. 4FB-
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HyNic click chemistry can provide control over nuanced stoichiometry and labeling efficiency for 

QD conjugation.123 We investigate the optimization of the formation of the QD-EV bond to design 

the most reproducible and stable QD-EV conjugate for imaging in vitro and ex vivo. We compare 

the photostability of QD-EV conjugates and DiI labeled EVs to demonstrate the advantages of 

QD-EV conjugates over traditional EV labeling method. We also explore the universality of this 

QD-EV conjugation by applying QD modification to diverse EV sources, including EVs isolated 

from human semen (sEVs) and the whole rat brain (bEVs). Moreover, we utilize QD-sEV 

conjugates on human vaginal epithelial sheet and QD-bEV conjugates on BV-2 murine microglial 

cells to image cellular interaction of EVs. This comprehensive approach establishes a robust 

system for individual EV visualization, which can benefit fundamental understanding of EV 

function and further the potential clinical application of EVs. 

 

4.2 Results and discussion 

4.2.1 Chemistry for QD-EV conjugation 

The method for linking nanoparticles to EVs needs to be carefully chosen to be easily tailored and 

to minimally disrupt EV structural integrity. QDs have been previously tagged to EVs via immune-

reaction either through  cell-specific molecules124-128 or EV-characteristic antigens such as 

CD63.129-132 However, EVs labeled with antibodies may become immunogenic,133, 134 and the QD 

coupled to the antibody can be far from the EV surface.131, 135 More importantly, molecules such 

as CD63 are not present on all EV populations,136 so any method based on immunoaffinity would 

only capture a subpopulation of EVs. Another approach of nanotechnology-based EV labeling 

involves internalizing either gold,137 iron oxide nanoparticles,138, 139 or QDs140, 141 into EVs, which 

can be non-uniform, diffusion driven, and disruptive to EV biofunction. 
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We chose a hydrazine-aldehyde based strategy to label EVs with QDs through the click chemistry 

4FB to HyNic (Figure 9). This chemistry is reactive under mild conditions and is tailorable, 

resulting in high labeling efficiency and preservation of QD optical properties and biological target 

function.34 The 4FB-HyNic coupling reaction has successfully linked different molecules in 

previous studies,142, 143 including linking antibodies to polymersomes,144 and QDs to viruses,34 

which share comparable size and structure with EVs.145 We used Sulfo-S-4FB and Sulfo-S-HyNic 

because they contain Sulfo-NHS esters, making this linker water soluble without needing organic 

solvent, which might be harmful to EVs. We modified commercially available QD-PEG-NH2 with 

4FB, and EVs with HyNic utilizing the amine-reactive NHS-ester. The protein enriched membrane 

of EVs is an advantage for amine-based coupling of HyNic, which can be generic to all sources of 

EVs. 

 

Figure 9. Schematic of QD-EV conjugation chemistry 

PEG-NH2 modified QDs are first conjugated with Sulfo-S-4FB (QD-4FB). EVs, which contain a 

surface rich in primary amines, are modified with Sulfo-S-HyNic (EV-HyNic). Under mild 

conditions at room temperature, the QD-4FB and EV-HyNic are reacted together to form a stable 

bis-aryl bond. 
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4.2.2 Characterization of Purified sEVs and QD-sEV conjugates 

We first chose human sEVs to study the QD-EV conjugation because they are isolated from a body 

fluid and have been studied quite extensively. We isolated sEVs from healthy male volunteers by 

ultracentrifugation over sucrose cushions and characterized sEVs via Western blot and TEM.62 

One concern for our QD-EV conjugation chemistry is that the NHS-ester used for QD and EV 

modification can react with any primary amine, which are abundant on proteins that can be co-

isolated with EVs purified by ultracentrifugation.118 Therefore, we took into account that co-

isolated proteins were smaller than EVs and separated them by SEC before conjugation (Figure 

10A). We used the qEV column to further purify ultracentrifuge-isolated sEVs, and collected f1-

25 to test the sEV particle quantity and protein concentrations. It has been previously established 

that purity of isolated EVs can be defined by the EV particle/protein ratio.64 Based on the sEV and 

protein distribution measured in f1-f25, f7-11 contained 97% of the sEVs, while f14-23 contained 

86% of proteins without detectable sEVs (Figure 10A). To minimize labeling of non-EV protein 

particles for QD-EV conjugation, we used f7-f10 that contain high purity sEVs.  

During the QD-EV conjugation reaction, we first characterized the modification of QD-4FB and 

EV-HyNic, to ensure the labeling of EVs and QDs was successful. We confirmed the existence of 

HyNic on sEVs by successfully reacting with 4FB and forming a detectable bond that can be 

measured by absorbance at 354 nm.34 Using UV-vis spectroscopy, we observed an increased 

absorbance signal at 354 nm after mixing of sEV-HyNic and free Sulfo-S-4FB during the first 30 

min (Figure 10B). This matches the trend shown by conjugating free Sulfo-S-4FB to free Sulfo-

S-HyNic (Figure 10C). Previous literature  has shown a decrease in zeta potential indicates 4FB 

conjugation to a free amine group.34 We confirmed the modification of QD-PEG-NH2 with Sulfo-

S-4FB by a decrease in zeta potential of QD-4FB (-3.7 mV) compared with QD-PEG-NH2 (0.9 
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mV) (Figure 10D).  This reduction of zeta potential is likely due to the conversion of a few 

protonated PEG-NH3+ to 4FB after modification. The average hydrodynamic size of QD-PEG-

NH2 and QD-4FB was 17.0 nm and 17.4 nm, respectively (Figure 10D), which indicates the 

modification of 4FB on QDs did not change the size of QDs. 

To remove free QDs (~10-20 nm) from the QD-EV (~80-200 nm) conjugates and reduce signal 

from unconjugated QDs, we took advantage of the conjugate size difference and utilized SEC for 

further separation. We confirmed the successful separation of unconjugated QDs from conjugated 

QD-EVs after SEC by fluorescence spectroscopy. QD signal appeared in f7-10 and f11-28 for QD-

sEV conjugate samples, while QD alone samples only showed fluorescent signal in f10-28 (Figure 

10E). Since we identified f7-10 as the fractions that contain the majority of sEVs (Figure 10A), 

the QD signal in f7-10 detected from QD-sEV conjugate samples was considered to be derived 

from the QD-sEVs rather than unconjugated QDs. To minimize the retention of unconjugated QDs 

that can interfere with the signal from QD-sEVs, we only collected f7-9 for further analysis and 

application.  

We then measured the size and zeta potential of sEV-HyNic and QD-sEV conjugates after 

conjugation (Figure 10F,G). The average size of sEV-HyNic was 159.7 nm and the average size 

of QD-sEV was 164.0 nm, characterized by NanoSight (Figure 10F). The zeta potential, 

characterized by DLS, was -7.7 mV for sEV-HyNic and -9.1 mV for QD-sEVs (Figure 10G), as 

compared to the -3.7 mV for QD-4FB (Figure 10D). These zeta potentials are all near-neutral.5 

We confirmed the fluorescence spectra of QDs remained the same before and after conjugating to 

EVs (Figure 10H). This result further supports previous studies that the application of 4FB-HyNic 

chemistry does not diminish QD optical properties.34 Based on these findings and prior literature, 
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we do not expect the optical properties of QDs to be significantly different before and after EV 

labeling.  

 

Figure 10. Characterization of purified sEVs and QD-sEV conjugates. 
(A) Representative data of sEV particle quantity (black) and protein concentration (red) 

distribution in elution f1-25 of qEV column purification. f7-11 contain ~97% of EVs with only 

11% of protein, while f14-23 contain 86% of protein. Data provided courtesy of Dr. Lucia 

Vojtech. (B) Absorbance intensity at 354 nm of Sulfo-S-4FB (green), sEV-HyNic (orange), and 

sEV-HyNic + Sulfo-S-4FB (grey) during the first 30 min after chemical addition and mixing. 

sEV-HyNic modification was confirmed by increased absorbance at 354 nm (n=3). (C) 

Absorbance intensity at 354 nm of Sulfo-S-4FB (green), Sulfo-S-HyNic (orange) and Sulfo-S-

4FB + Sulfo-S-HyNic (grey) during the first 30 min after chemical mixing (n=3). (D) 

Hydrodynamic sizes (left) and zeta potential (right) of QD-PEG-NH2 (black) and QD-4FB 

(green) in 1xPBS (n=3). (E) Representative data of QD-sEV conjugates (blue) and QD-4FB 

alone (green) fluorescence intensity at 585 nm in elution f7-30 of qEV column purification of 

QD-sEV conjugates. Data provided courtesy of Dr. Lucia Vojtech. (F) Size distribution of sEV-
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HyNic and QD-sEV (n=3) – black lines represent SEM for each size reported. (G) Zeta potential 

of sEV-HyNic and QD-sEV conjugates in 1xPBS (n=3). (H) Representative fluorescence spectra 

of QD-PEG-NH2 and QD-sEVs.  

 

4.2.3 Visualization, confirmation, and stability of QD-sEV conjugates 

We directly visualized QD-EV conjugates through TEM and fluorescent imaging to confirm 

successful labeling. TEM images show colocalization of QD and sEVs, with QDs on the surface 

of sEVs (white arrow, Figure 11A). QDs presented as black dots with great contrast (Figure 11A 

left panel), while sEVs presented as cap or circular shape membrane structures (Figure 11A middle 

panel), as described in literature.36 QD-sEV conjugates presented as low contrast EVs with size 

100-200 nm containing black dots of QDs (Figure 11A right panel). At a higher resolution, QDs 

were shown to be distributed around the surface of an individual EV (Figure 11A right panel 

insert). sEVs displayed similar morphology before and after QD tagging. Colocalization of QD-

sEVs was also confirmed with fluorescence microscopy by visualizing overlapping signals of 

SYTO RNASelect stained sEVs (green) and the QDs (red) (Figure B1). Additionally, we visually 

confirmed QD-sEVs can be imaged in a biologically relevant system. QD-sEV treated human 

vaginal epithelial sheets presented distinctive fluorescent dots (Figure B2A). Tissue treated with 

pQDs, taken from f7-f9 from SEC on QD-4FB samples, did not show signal (Figure B2B). Note 

the vaginal tissue has autofluorescence which can be detected as diffuse signal under the same 

laser setting as QDs. However, compared to tissue autofluorescence, QD-sEVs were punctate and 

brighter in fluorescence intensity.  

The QD-EV conjugates must remain stable in physiological media over a time relevant to imaging 

applications. In addition, the QD-EV conjugates need to be stable during storage. Our previous 

publication indicates PEGylated QDs should remain stable without significant aggregation at 
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physiological temperature for at least 24 h.122 Previous literature shows EVs are physically stable 

when stored at 4°C for months.146, 147 We confirmed sEVs remain stable at 4°C after a 25-day 

storage period (Figure B3). In addition to the stability of QDs and EVs, the bonds that connect 

QDs and EVs should remain intact during application or storage. We tested the 4FB-HyNic bond 

stability by measuring the change of bond quantity, which was indicated by the ratio of the bond 

detected at different time points to the bond detected at 0 h. We tested the bond stability in three 

different media, including 1xPBS, 1xPBS+10%FBS as a serum-rich environment, and in aCSF for 

a more complex multi-ion condition. Stability was tested at 4°C, 23°C and 37°C temperature for 

all media (Figure B4). The 4FB-HyNic bond was relatively stable in all conditions over 1 week of 

incubation or storage (Figure B4A-C). In several testing conditions, we found an increase in bond 

quantity over the initial 24 hours, which could be due to the continuous 4FB and HyNic reaction 

(Figure S4D-E). In 1xPBS+10%FBS conditions, the %bond began to drop at 2 d (Figure B4B), 

while in 1xPBS conditions, especially at 4°C, the %bond remained approximately the same, with 

a slight increase from 1 d to 1 week (Figure B4A). The decrease in the % bond after 1 d at 37°C is 

likely due to hydrolysis of hydrophilic Sulfo-NHS ester, which results in an unstable sulfo-NHS 

reactive group. When the sulfo group is hydrolyzed, the bis-aryl hydrazone becomes more 

hydrophobic, decreasing hydrazone stability in solution. However, when there is an amine present 

during QD-EV conjugation, a stable amide linker will be formed,148 minimizing the effect of 

hydrolysis. Although this stability study was only done on the bonds without QDs or EVs present, 

the results indicate that QDs and EVs should remain conjugated with a stable 4FB-HyNic bond in 

storage conditions such as 1xPBS at 4°C for at least 1 week. Moreover, QDs and EVs should 

remain stably-labeled during imaging on cells or ex vivo tissue, or even in vivo, in a physiological 

preferred environment in a 24-hour window.  
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Figure 11. TEM imaging of QDs, sEVs, and QD-sEVs. 
(A) QDs, sEVs, and QD-sEVs conjugates were imaged using TEM. QDs alone (left panel), sEVs 

alone (middle panel) and QD-sEV conjugates (right panel) were presented. QDs on the surface 

of sEVs are pointed out by white arrows. A magnified TEM image further indicates 

colocalization of QDs and sEVs at the single EV level (right insert). Scale bar: 100 nm in left 

panel, 200 nm in middle and right pane, and 100 nm in right insert. (B) QDs were conjugated to 

sEVs using click chemistry in varying ratios of QD to sEV and imaged using TEM. QD:sEV 

ratios of 40:1 (left), 70:1 (middle), 100:1 (right) were evaluated. Altering QD:sEV ratio changes 

the uniformity of QD distribution on the sEV surface. White arrows point out QDs on the surface 

of sEVs. Scale bars: 100 nm in left panel, 200 nm in middle and right panel. 

 
4.2.4 Optimizing QD-EV conjugation by altering QD distribution on EVs and increasing 

reaction efficiency 

For optimal performance of QD-EV conjugates in biological applications, we proposed that the 

QD distribution on EVs needs to be uniform and non-aggregated. We hypothesized the QD to EV 
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ratio may influence the final QD-EV conjugate distribution. To look at this, we engineered the 

stoichiometric ratio of input QD-PEG-NH2 and sEVs as 40:1, 70:1, 100:1. To make the ratio of 

QDs to sEVs the only variable throughout the experiment, we kept the number of Sulfo-S-4FB per 

QD (3.58x105)  and Sulfo-S-HyNic per EV (1.28x106) constant across all three experimental 

groups during reaction. TEM images were taken to identify the QD distribution on sEVs (Figure 

11B). No QD-sEV conjugates were visualized in the 40:1 sample (Figure 11B left panel), while a 

rather uniform distribution of QDs to sEVs was achieved in the 70:1 sample, as indicated by the 

white arrows showing fully intact sEVs with QDs present (Figure 11B middle panel). At higher 

QD:sEV ratios (100:1), aggregation of QDs on the sEV surface occurred, as indicated by the white 

arrow (Figure 11B right panel). These findings indicate that altering QD to EV ratio can change 

the QD distribution on sEVs. For further experiments in this study, we used the 70:1 ratio during 

QD-EV conjugation due to the uniform distribution of QDs on the EV surface achieved at that 

ratio.  

We next explored the use of catalysts to increase the conjugation efficiency. We used two catalysts 

in the reaction: 3,5-DABA and 5-MA, both of which accelerate the hydrazone formation process.66 

We tested catalyst impact on the 4FB-HyNic bond formation efficiency by monitoring the 

absorbance at 354 nm for 2 h as an indicator of quantity of bonds. High concentration (10 mM) of 

both catalysts accelerated the reaction immediately and increased the final bond yield 2-fold, while 

low concentration (1 mM) of both catalysts gradually increased bond formation during 2 h of 

testing, with a doubled bond yield at the end of the incubation window (Figure B5A). We found 

10 mM 5-MA resulted in precipitation during 3 h incubation with the 4FB and HyNic mixture, 

thus we chose to pursue the catalyst study with 1 mM of both catalysts. We then evaluated the 

impact of pH on 4FB-HyNic bond formation at a pH range of 6-7 (Figure B5B,C). A wider range 
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of pH was not tested due to potential impact on EV integrity.149 No significant difference in bond 

formation efficiency was observed at different pH values. Therefore, we chose the combination of 

pH 7.4 and 1 mM 5-MA as the catalyst condition. We estimated an average 6.5 QDs on each sEV 

with a catalyzed reaction, which is a 3-fold increase QD to EV ratio compared to QD-sEV 

conjugates without catalyst (an average of 2 QDs on each sEV). However, because an additional 

purification step was needed for catalyzed QD-EVs to separate out excess catalysts, final sEV 

retention – the amount of sEVs in the final conjugate compared to the initial input of sEVs – in 

catalyzed QD-EV conjugates was only 2.7%, which is 2-fold lower compared to a recovery of 

4.4% in uncatalyzed QD-EV conjugates. Considering that it is necessary to reduce conjugate loss 

following the conjugation process, we proceeded to conjugate QDs and EVs without catalyst for 

further study. Nevertheless, for QD-EV applications that require higher conjugation efficiency, 

utilizing catalysts such as 1 mM 5-MA to boost hydrazone formation is an option. 

 

4.2.5 Investigating bEVs interaction with BV-2 cells through QD-bEV conjugates 

After confirming QD-EV conjugates are tailorable and stable, we expanded the investigation to 

imaging capability. We demonstrated the ability to tag QDs on EVs using human sEVs as model 

EVs. We next sought to confirm that our conjugation scheme could be applied to other EV 

populations.  Here, we isolated bEVs from excised whole rat brain using a modified protocol,63 

detailed in our methods. Isolating EVs from the whole animal brain is different from commonly 

studied cell- or fluid-derived EVs, but enables us to study tissue-based EVs representative of 

heterogeneous EV populations. Sucrose density gradient purification of EVs often suffers from 

protein contamination150 that could lead to false positive signals, so we opted to use SEC for final 

purification of bEVs.119 Thus, we opted to use SEC for final purification of bEVs. f7-f10 contained 
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the majority of bEVs (Figure 12A) and also had the highest particle to protein ratio (Figure 12B). 

We confirmed successful modification on bEV-HyNic by UV-vis spectroscopy; similar to sEV-

HyNic (Figure 12B), an increase of absorbance of bEV-HyNic + 4FB was observed (Figure 12C). 

The average size of bEV-HyNic measured by NanoSight was 195.8 nm and the average size of 

QD-bEVs was 277.9 nm (Figure 12D). The broad size distribution of bEV-HyNic and QD-bEVs 

could be due to the heterogeneities of tissue-based EVs (Figure 12D). The zeta potential of bEV-

HyNic was -16.4 mV and the zeta potential of QD-bEV was -10.6 mV (Figure 12E).  

 
Figure 12. Characterization of QD-bEV conjugates. 
(A) Representative data of bEV particle quantity (black) and protein concentration (red) in f5-f15 

of qEV column purification. f7-f10 contained both bEVs and proteins while f12-f15 only contain 

proteins. (B) Representative data of particle/protein ratio of bEVs in f6-f15. f7-f10 contain the 

majority of pure bEVs and were collected for further conjugation experiments. (C) Absorbance 

intensity at 354 nm of Sulfo-S-4FB, bEV-HyNic and Sulfo-S-4FB + bEV-HyNic during the first 

30 min after chemical mixing (n=3). bEV-HyNic modification was confirmed by increased 

absorbance at 354 nm. (D) Size distribution of bEV-HyNic and QD-bEV (n=3) – black lines 

represent SEM for each size reported. (E) Zeta potential of bEV-HyNic and QD-bEV conjugates 

in 1xPBS (n=3).  
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The greatest advantage of using QDs for bioimaging over traditional organic dye is the strong 

resistance to photobleaching.12 To further investigate this, we compared the photostability of QD-

bEVs and bEVs labeled with the commonly used lipophilic membrane dye DiI (DiI-bEVs). Both 

labeled bEVs were incubated with BV-2 cells for 24 h, followed by 10 min imaging under 

continuously laser exposure. The fluorescence intensity of QD-bEVs remained the same, while the 

intensity of DiI-bEVs dropped ~50% during the imaging window (Figure 13A,B). This shows that 

QD-EV conjugates could favor in vitro or in vivo studies that necessitate long-term or repetitive 

imaging.  

As an example, QD labeling of bEVs can contribute to studying single bEV-single cell interaction 

with cells in the CNS. Brain-derived EVs play an important role in modulating neuroinflammation 

and the progression of neurological diseases,44-48 necessitating the study of brain EVs for potential 

treatment or early diagnosis of brain disorders. Within the CNS, microglia are the brains’ innate 

immune cells and are known regulators of neuroinflammation,56 which are of particular interest 

for studying CNS diseases and neurotherapeutic targets. These cells also serve as an important 

source for and recipient of EVs in the brain.151 We chose microglial BV-2 cells, a commonly-used 

murine microglia cell line, to study the interaction with QD-bEVs. When applied to BV-2 cells, 

QD-bEVs were observed as individual bright dots well-distributed on the surface of BV-2 cells 

after 24 h of incubation (Figure 13C,D). To determine if unconjugated QDs were able to elute in 

EV fractions during SEC, we also treated BV-2 cells for 24 h with pQDs. As expected, pQD treated 

BV-2 cells did not present any distinctive QD signals under the same imaging settings compared 

to QD-bEV treated BV-2 cells (Figure 13E). This indicated that SEC successfully separates QD-

EVs and unconjugated QDs, resulting in SEC purified QD-EVs that can be used for imaging 
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without unconjugated QDs generating false positive signals. In addition, we were able to visualize 

bEVs co-localizing with the BV-2 cell membrane at a single cell resolution (Figure 13D). 

Another beneficial application of the QD-EV conjugate is for live sample imaging, which can 

monitor the interaction of QD-EVs with cells under a microscope over hours. To gain a preliminary 

insight into the ability to time-lapse image QD-EV conjugates, we acquired time-lapse videos of 

QD-bEVs interaction with microglial cells at multiple time points of incubation. QD-bEVs were 

observed to move towards BV-2 cells and interact with the cell surface within 1 h of incubation, 

while a subfraction of bEVs were found already associated with BV-2 cells (Movie B1, Figure 

B6A). After 4 h of incubation, QD-bEVs continued to associate with BV-2 cells (Movie B2, Figure 

B6B). Moreover, BV-2 cells that have QD-bEVs associated on their surface continued to migrate, 

indicating QD-bEVs did not interfere with the mobility of BV2 cells (Movie B3, Figure B6C). 

Quantitative analysis of these videos indicated bEVs exhibited a significantly higher cumulative 

interaction with BV-2 cells at 4 h compared to 1 h of contact (Figure B7). More studies need to be 

done to further investigate the mechanism of this time-dependent EV-cell interaction, including 

considering cell proliferation, synthesis and release of new QD-EVs after QD-EVs integration on 

cell membrane, and potential QD degradation in lysosomes. Future use of QD-EV conjugates can 

also include single or multiple particle tracking of QD-labeled EVs at high frame rates, which can 

capture the kinetic profile of EV mobility as well as more detailed interaction with cells. The high 

photostability of QD-EVs compared to traditionally labeled EVs thus could be a benefit for this 

application. 
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Figure 13. Photostability and imaging of QD-bEVs on BV-2 cells. 

(A) The fluorescence intensity of QD-bEVs (n=6) and DiI-bEVs (n=3) during 10 min laser 

exposure under the same laser power. (B) Representative images of QD-bEVs on single BV-2 

cell (top) and DiI-bEVs on single BV-2 cell (bottom) at 0 min, 5 min, and 10 min of laser 

exposure. Images were converted to grayscale for better visualization. Scale bars: 10 µm. (C) 

Representative 60x maximum intensity projection images of QD-bEVs (red) distribution and 

cellular interaction on Lectin stained BV-2 cells (green). Scale bars: 50 µm. (D) Higher 

magnification of an area in (C). QD-bEVs localized on the BV-2 cell membrane and throughout 

the individual cell. Scale bars: 10 µm. (E) Representative 60x maximum intensity projection 

images of pQDs (red) negative control distribution and cellular interaction on Lectin stained BV-

2 cells (green). No obvious QD signals were found on BV-2 cells using the same laser power and 
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imaging settings as (C-D), indicating unconjugated QDs can be successfully removed through 

SEC purification. Scale bars: 50 µm.  

 

4.3 Conclusion 

Using 4FB-HyNic click chemistry, we were able to develop a robust, universal, controllable, and 

biologically stable QD-EV conjugate. This QD-EV conjugate showed greater resistance to 

photobleaching compared to EVs labeled with DiI, a commonly used EV staining dye. The 

successful conjugation of QDs and EVs was confirmed through TEM, UV-vis spectroscopy, DLS, 

and confocal microscopy. The QD-EV conjugation can be optimized through altering the initial 

QD to EV ratio as well as utilizing catalysts for accelerating the hydrazone formation process. The 

QD-EV conjugation bonds were stable in various biological media and storage conditions for at 

least a week, providing flexibility for applications. In addition, we showed that SEC was able to 

separate EVs from free proteins, as well as QD-EV conjugates from unconjugated QDs. More 

importantly, the QD-EV conjugates demonstrated high resolution live imaging ability on EVs in 

vitro and fixed imaging ability ex vivo. We were able to live image the association of bEVs with 

BV-2 microglial cell membrane, and image the co-localization of sEVs with human vaginal cells 

in fixed tissue sections. This method of labeling EVs provides a new way of visualizing and 

studying EV behavior, which can be an important tool for the fundamental understanding of EVs 

and their potential clinical application. 
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CHAPTER 5: Research Summary 

 

5.1 Quantum dot labeling and visualization of extracellular vesicles 

Zhang M, Vojtech L, Ye Z, Hladik F, Nance E*. ACS Applied Nano Materials. (2020) 3(7), 7211-

7222. 

*Corresponding author 

Extracellular vesicles (EVs) are important mediators of intercellular communication. Their role in 

disease processes, uncovered mostly over the last two decades, makes them potential biomarkers, 

leading to a need to fundamentally understand EV biology. Direct visualization of EVs can provide 

insights into EV behavior, but current labeling techniques are often restricted by false positive 

signals and rapid photobleaching. Hence, we developed a method of labeling EVs through 

conjugation with quantum dots (QDs) – high photoluminescent nano-sized semiconductors – using 

click chemistry. We showed that QD-EV conjugation could be tailored by altering QD to EV ratio 

or by using a catalyst. This conjugation chemistry was stable in a biological environment and upon 

storage for up to a week. Using size exclusion chromatography, QD-EV conjugates could be 

separated from unconjugated QDs, enabling EV-specific signal detection. We demonstrate that 

these QD-EV conjugates can be live- and fixed-imaged in high resolution on cells and in tissue 

sheets, and the conjugates have better photostability compared to the commonly used EV dye DiI. 

We labeled two distinct EV populations: human semen EVs (sEVs) from fresh semen samples 

donated by healthy volunteers and brain EVs (bEVs) from excised rat brain tissues. We visualized 

QD-sEVs in epithelial sheets isolated from human vaginal mucosa, and time-lapse imaged QD-

bEV interactions with microglial BV-2 cells. The development of the QD-EV conjugate will 
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benefit the study of EV localization, movement and function, and accelerate their potential use as 

biomarkers, therapeutic agents or drug delivery vehicles.   
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5.2 Quantum dot cellular uptake and toxicity in the developing brain: implications for use 

as imaging probes 

Zhang M, Bishop B, Thompson N, Hildahl K, Dang B, Mironchuk O. Chen N, Aoki R, Holmberg 

V*, Nance E*. Nanoscale Advances. (2019) 1(9), 3424-3442.  

*Corresponding author  

Nanometer-sized luminescent semiconductor quantum dots (QDs) have been utilized as imaging 

and therapeutic agents in a variety of disease settings, including diseases of the central nervous 

system. QDs have several advantages over traditional fluorescent probes including their small size 

(5-10 nm), tunable excitation and emission spectra, tailorable surface functionality, efficient 

photoluminescence, and robust photostability, which are ideal characteristics for in vivo imaging. 

Although QDs are promising imaging agents in brain-related applications, no systematic 

evaluation of QD behavior in brain-relevant conditions has yet been done. Therefore, we sought 

to investigate QD colloidal stability, cellular uptake, and toxicity in vitro, ex vivo, and in vivo in 

the brain environment. We found that QD behavior is highly dependent on surface functionality 

and that treatment of cultured organotypic whole hemisphere (OWH) slices with QDs results in 

dose-dependent toxicity and metallothionein increase, but no subsequent mRNA expression level 

changes in inflammatory cytokines or other oxidative stress. QDs coated with poly(ethylene glycol) 

(PEG) were protected from aggregation in neurophysiologically relevant fluids and in tissue, 

allowing for greater penetration. Importantly, QD behavior differed in cultured slices as compared 

to monolayer cell cultures, and behavior in cultured slices aligned more closely with that seen in 

vivo. Irrespective of surface chemistry and brain-relevant platform, non-aggregated QDs were 

primarily internalized by microglia in a region-dependent manner both in slices and in vivo upon 
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systemic administration. This knowledge will help guide further engineering of candidate QD-

based imaging probes for neurological application.  
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5.3 Nanoparticle-microglia interaction in the ischemic brain is modulated by injury duration 

and treatment 

Joseph A, Liao R, Zhang M, Helmbrecht H, McKenna M, Filteau J, Nance E*. Bioengineering & 

Translational Medicine. (2020), e10175. 

*Corresponding author  

Cerebral ischemia is a major cause of death in both neonates and adults, and currently has no cure. 

Nanotechnology represents one promising area of therapeutic development for cerebral ischemia 

due to the ability of nanoparticles to overcome biological barriers in the brain. Ex vivo injury 

models have emerged as a high-throughput alternative that can recapitulate disease processes and 

enable nanoscale probing of the brain microenvironment. In this study, we used oxygen–glucose 

deprivation (OGD) to model ischemic injury and studied nanoparticle interaction with microglia, 

resident immune cells in the brain that are of increasing interest for therapeutic delivery. By 

measuring cell death and glutathione production, we evaluated the effect of OGD exposure time 

and treatment with azithromycin (AZ) on slice health. We found a robust injury response with 

0.5 hours of OGD exposure and effective treatment after immediate application of AZ. We 

observed an OGD-induced shift in microglial morphology towards increased heterogeneity and 

circularity, and a decrease in microglial number, which was reversed after treatment. OGD 

enhanced diffusion of polystyrene-poly(ethylene glycol) (PS-PEG) nanoparticles, improving 

transport and ability to reach target cells. While microglial uptake of dendrimers or quantum dots 

(QDs) was not enhanced after injury, internalization of PS-PEG was significantly increased. For 

PS-PEG, azithromycin (AZ) treatment restored microglial uptake to normal control levels. Our 

results suggest that different nanoparticle platforms should be carefully screened before 



77 
 

application and upon doing so, disease-mediated changes in the brain microenvironment can be 

leveraged by nanoscale drug delivery devices for enhanced cell interaction. 
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5.4 Governing transport principles for nanotherapeutic application in the brain 

Helmbrecht H, Joseph A, McKenna M, Zhang M, Nance E*. Current Opinions in Chemical 

Engineering. (2020) 

*Corresponding author  

Neurological diseases account for a significant portion of the global disease burden. While 

research efforts have identified potential drugs or drug targets for neurological diseases, most 

therapeutic platforms are still ineffective at reaching the target location selectively and with high 

yield. Restricted transport, including passage across the blood-brain barrier, through the brain 

parenchyma, and into specific cells, is a major cause of ineffective therapeutic delivery. However, 

nanotechnology is a promising, tailorable platform for overcoming these transport barriers and 

improving therapeutic delivery to the brain. We provide a transport-oriented analysis of 

nanotechnology’s ability to navigate these transport barriers in the brain. We also provide an 

opinion on the need for technology development for increasing our capacity to characterize and 

quantify nanoparticle passage through each transport barrier. Finally, we highlight the importance 

of incorporating the effect of disease, metabolic state, and regional dependencies to better 

understand transport of nanotherapeutics in the brain.    
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5.5 Intratumoral nanofluidic system for enhancing tumor biodistribution of agonist CD40 

antibody  

Chua C, Ho J, Susnjar A, Lolli G, Di Trani N, Pesaresi F, Sizovs A, Zhang M, Nance E, Grattoni 

A*. Advanced Therapeutics. (2020), 2000055. 

*Corresponding author 

Tumor uptake and biodistribution of immunotherapy is associated with clinical response as well 

as toxicity. To augment immunotherapy bioavailability in the tumor, an intratumoral 

administration route via direct injection or local release technologies has emerged as an appealing 

approach. Here the biodistribution of an agonistic anti-CD40 monocolonal antibody (CD40 mAb) 

when sustainably delivered via an intratumoral nanofluidic drug-eluting seed (NDES) is evaluated 

in comparison to systemic or direct intratumoral administration. The NDES achieves sustained 

drug release through diffusion by leveraging electrostatic nanoconfinement within nanochannels, 

without requiring internal or external actuation. Using the 4T1 murine mammary carcinoma model, 

the biodistribution of Alexa Fluor-700 conjugated CD40 mAb is tracked via fluorescence imaging 

analysis, comparing three routes of administration over 7 and 14 days. NDES-treated cohort shows 

sustained high levels of intratumoral CD40 mAb without off-target organ exposure, compared to 

the intraperitoneal and direct intratumoral administration. Moreover, radiation pre-treatment of the 

4T1 tumors augments tumor retention of CD40 mAb in the NDES group. Overall, sustained 

intratumoral release of CD40 mAb via the NDES improves local drug bioavailability without 

systemic dissemination, suggesting an enhanced approach for immunotherapy administration. 

I contributed to this work by perform quantification and 3D reconstruction of CD40 volume 

distribution in the tumors. Brief description of the tissue processing, image analysis, and image 

processing, along with published data and figures, is described below (Figure C1).  
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5.6 Extracellular vesicles in human semen modulate antigen-presenting cell function and 

decrease downstream antiviral T cell responses 

Vojtech L*, Zhang M, Davé V, Levy C, Wang R, Calienes F, Prlic M, Hughes S, Nance E, Hladik 

F*. Extracellular vesicles in human semen modulate antigen-presenting cell function and decrease 

downstream antiviral T cell responses. PloS one (2019) 14(10), e0223901. 

*Corresponding author  

Human semen contains trillions of extracellular vesicles (SEV) similar in size to sexually 

transmitted viruses and loaded with potentially bioactive miRNAs, proteins and lipids. SEV were 

shown to inhibit HIV and Zika virus infectivity, but whether SEV are able also to affect subsequent 

immune responses is unknown. We found that SEV efficiently bound to and entered antigen-

presenting cells (APC) and thus we set out to further dissect the impact of SEV on APC function 

and the impact on downstream T cell responses. In an APC–T cell co-culture system, SEV 

exposure to APC alone markedly reduced antigen-specific cytokine production, degranulation and 

cytotoxicity by antigen-specific memory CD8+ T cells. In contrast, inhibition of CD4+ T cell 

responses required both APC and T cell exposure to SEV. Surprisingly, SEV did not alter MHC 

or co-stimulatory receptor expression on APCs, but caused APCs to upregulate indoleamine 2,3 

deoxygenase, an enzyme known to indirectly inhibit T cells. Thus, SEV reduce the ability of APCs 

to activate T cells. We propose here that these immune-inhibitory properties of SEV may be 

intended to prevent immune responses against semen-derived antigens, but can be hi-jacked by 

genitally acquired viral infections to compromise adaptive cellular immunity. 
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5.7 Systems‐level thinking for nanoparticle‐mediated therapeutic delivery to neurological 

diseases 

Curtis C, Zhang M, Liao R, Wood T, Nance E*. WIREs Nanomedicine and Nanobiotechnology 

(2017) 9(2), e1422. 

*Corresponding author  

Neurological diseases account for 13% of the global burden of disease. As a result, treating these 

diseases costs $750 billion a year. Nanotechnology, which consists of small (~1–100 nm) but 

highly tailorable platforms, can provide significant opportunities for improving therapeutic 

delivery to the brain. Nanoparticles can increase drug solubility, overcome the blood–brain and 

brain penetration barriers, and provide timed release of a drug at a site of interest. Many researchers 

have successfully used nanotechnology to overcome individual barriers to therapeutic delivery to 

the brain, yet no platform has translated into a standard of care for any neurological disease. The 

challenge in translating nanotechnology platforms into clinical use for patients with neurological 

disease necessitates a new approach to: (1) collect information from the fields associated with 

understanding and treating brain diseases and (2) apply that information using scalable 

technologies in a clinically-relevant way. This approach requires systems level thinking to 

integrate an understanding of biological barriers to therapeutic intervention in the brain with the 

engineering of nanoparticle material properties to overcome those barriers. To demonstrate how a 

systems perspective can tackle the challenge of treating neurological diseases using 

nanotechnology, we will first present physiological barriers to drug delivery in the brain and 

common neurological disease hallmarks that influence these barriers. We will then analyze the 

design of nanotechnology platforms in preclinical in vivo efficacy studies for treatment of 
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neurological disease, and map concepts for the interaction of nanoparticle physicochemical 

properties and pathophysiological hallmarks in the brain.  
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APPENDIX A: Supplementary Figures to Chapter 3 

 

Figure A1. ATR-FTIR spectra of QD-MPA (orange), QD-PEG-OMe (blue), and QD-PEG-
OH (red). 

The FTIR spectra of the PEGylated QDs show the distinct features of the polyethylene glycol 

polymer ligand. The peak at 1100 cm-1 is characteristic of an ether C-O-C band, while the peaks 

at 2870 and 1465 cm-1 correspond to CH2 stretching and scissoring vibrations, respectively. The 

remaining peaks indicate the presence of a long-chain polyether. The peaks at 1340, 1280, and 

1235 cm-1 are indicative of CH2 wagging, symmetric twisting, and antisymmetric twisting, 

respectively. The peak at 960 cm-1 corresponds to a combination of coupled symmetric CH2 
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rocking, C-C stretching, and C-O stretching, while the peak at 840 cm-1 corresponds to coupled 

CH2 rocking and C-O stretching. The QD-PEG-OH samples show an additional broad O-H 

stretching band extending from 3300 to 3560 cm-1, which is indicative of the additional terminal 

O-H functional group attached to the PEG. The 3-mercaptopropionic acid-functionalized QDs 

exhibited characteristic antisymmetric and symmetric alkyl CH2 stretching bands at 2920 and 

2860 cm-1, respectively, along with clear antisymmetric and symmetric carboxylate (COO-) 

stretching bands at 1560 and 1410 cm-1, respectively. These observations, in combination with 

the absence of a strong carboxylic acid C=O stretch at 1710 cm-1, indicate complete 

deprotonation of the carboxylic acid groups on the MPA ligands. Data provided courtesy of 

Brittany Bishop. 
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Figure A2. Colloidal stability of QDs at 23°C in neurophysiological fluids. 

(A) Initial aggregation kinetics of QD-MPA, QD-PEG-OH and QD-PEG-OMe at 23°C in CaCl2 

solution with 0.5, 1, and 4 mM Ca2+ over a period of 2000 sec (n=3 measurements per particle 

type). Trendlines showing initial QD-MPA aggregation were generated using a LOWESS 

regression in GraphPad. (B) QD hydrodynamic size at 23°C in 1xPBS at 0, 4, 24 h (n=3 

measurements per particle type). (C) QD hydrodynamic size at 23°C in aCSF at 0, 4, 24 h (n=3 

measurements per particle type). 
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Figure A3. Cadmium ion release and QD photoluminescence change over time. 

(A) Cadmium ion release of 0.1 µM CdSe/CdS QDs with different surface functionalities in 

aCSF at 37°C after 0 h and 24 h incubation. The level of free Cd2+ ions in all groups tested was 

less than 10 parts per billion (ppb). Note that the initial 0-h baseline levels of Cd2+ are due to a 

small subset of CdSe particles that pass through the 50-kD filter and are digested to Cd2+ during 

ICP-MS sample preparation. When a lower molecular weight cutoff filter (3 kD) was used on 

identical PEGylated samples, a baseline Cd2+ ion level of 1 ppb was achieved. The concentration 

of free Cd2+ ions remained virtually unchanged (less than 1 ppb change in concentration) for all 

samples over the 24-hour measurement period. (B) Photoluminescence intensity of QDs 

incubated in aCSF under physiological conditions as a function of time.  
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Figure A4. QD penetration in OWH slices. 
QD distribution and penetration is shown at 20x magnification in 3D view (left panel) and at a 

single-z top view (right panel). 
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Figure A5. pH influence on QD-PEG-OMe stability in aCSF media. 

(A) QD-PEG-OMe hydrodynamic size remains constant from 0 h to 24 h after incubation in 

aCSF at pH 2, pH 4, pH 6 and pH 9 (n = 3 measurements per condition). (B) Across the full 

range of pH values evaluated in this study, the pH stays constant during the experimental 

window (24 h incubation), even in the presence of QD addition. 
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slices. The percentage of Iba1+ cells containing QDs was calculated using all 3 regions of each 

slice, and the mean and SEOM values were calculated based on the 3 slices.   

 

 

Figure A7. Cross-sectional views of z-stack confocal images of QDs colocalization with 
Iba1+ microglia following 24 h incubation in OWH slices. 
QDs (red, all images) colocalization with Iba1+ microglia (green, all images) is confirmed by 

cross-sectional view of z-stack images. This colocalization analysis was performed using Nikon 

software. For each individual image, the line intersection in the 40x maximum intensity 

projected image represents the QDs selected for colocalization analysis at 240x.  The right side-

view images represent a “front” view and side view of the 3D z-stack image. Yellow color 

indicates colocalization of QDs and microglia. 
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Figure A8. Olig2+ oligodendrocyte uptake of QDs in OWH slices. 

40x magnification images of QD-MPA, QD-PEG-OH and QD-PEG-OMe (red, all images) 

distribution and interaction with Olig2+ oligodendrocytes (green, all images) in the cortex, 

corpus callosum, and hippocampus in P14 SD rat pup brain slices (300-µm thickness). Cell 

nuclei were stained with DAPI (blue).  
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Figure A9. Time-dependent mRNA profiles of QD-induced anti-inflammatory and 
oxidative stress markers in OWH slices. 
Fold-changes in mRNA expression were measured at 1 h, 6 h, and 24 h of QD-MPA, QD-PEG-

OH, and QD-PEG-OMe exposure at 0.1 µM concentration in OWH slices. The fold-changes 

were measured for (A) anti-inflammatory markers TGFβ and IL-10, and (B) oxidative stress 

markers BAX and Casp-3. For 1 h, 6 h and 24 h time points, n = 3 groups and n = 3-6 slices per 

group were evaluated for each experimental sample (except for the QD-PEG-OMe 6h 

proinflammatory sample, where n=2 groups with n = 6 slices in total were evaluated). 
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Figure A10. Dose-dependent toxicity of QD-MPA in OWH slices by LDH assay. 
Treatment of QD-MPA at 0.01, 0.1, and 1 µM concentrations on P14 rat organotypic brain slices 

for 24 h. QD toxicity was determined by LDH assay at 0, 1, 2, 4, 8, and 24 h as follows: 

%Cytotoxicity = %LDH release = 𝑬𝒙𝒑𝒆𝒓𝒊𝒎𝒆𝒏𝒕𝒂𝒍	𝒓𝒆𝒍𝒆𝒂𝒔𝒆
𝑴𝒂𝒙𝒊𝒎𝒖𝒎	𝒓𝒆𝒍𝒆𝒂𝒔𝒆

. For each QD concentration, n=3 slices per 

quantum dot type per concentration condition were evaluated; for NT group (black), n=5 slices. 
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Figure A11. Cellular uptake of QD-MPA on in vitro BV-2 cells. 

Application of QD-MPA  (red, all images) at 0.01 µM concentration onto in vitro BV-2 cells for 

1, 2, 4, 6, and 24 h. QD-MPA were taken-up into microglia (green, all images)) starting at 1 h. 
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Figure A12. QD cellular uptake in hippocampus and PVR regions in P7 rats, 4 h post-
administration. 

Representative images of QD-PEG-OH (red, all images) colocalization with Iba1+ microglia 

cells (green, all images) in the hippocampus and PVR regions in P7 mglur5 WT and KO pup 

brains, 4 hours after i.p. administration. 40x magnification images with 4-fold zoom (160x) are 

presented in the rightmost column to show QD-PEG-OH internalization in cells.  
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Figure A13. QD cellular uptake in P7 rats, 24 h post-administration. 
Representative images of QD-PEG-OH (red, all images) colocalization with Iba1+ microglia 

cells (green, all images) in the cortex and corpus callosum regions in P7 mglur5 WT and KO pup 

brains, 24 h after i.p. administration. 40x magnification images with 4-fold zoom (160x) are 

presented in the rightmost column to show QD-PEG-OH internalization in cells.  
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Time-lapse imaging of QD-PEG-OH (red) uptake in lysosomes (green) in the corpus callosum 
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Movie A2.  
Time-lapse imaging of QD-PEG-OMe (red) uptake in lysosomes (green) in the corpus callosum 
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Time-lapse imaging of QD-MPA (red) uptake in CD11b+ microglia (green) in corpus callosum 

region in live OWH slices. The video is 5 fps and will replay 5 times. 

Movie A4.  

Time-lapse imaging of QD-PEG-OH (red) uptake in CD11b+ microglia (green) in corpus 

callosum region in live OWH slices. The video is 5 fps and will replay 5 times. 

Movie A5. 

Time-lapse imaging of QD-PEG-OMe (red) uptake in CD11b+ microglia (green) in corpus 

callosum region in live OWH slices. The video is 5 fps and will replay 5 times.  

To access all the movies, see DOI: 10.1039/c9na00334g 
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APPENDIX B: Supplementary Figures to Chapter 4 

 

 

Figure B1. Fluorescence imaging of QD colocalization with sEVs after QD-sEV 
conjugation. 
Representative images taken by confocal microscope at 10x of SYTO RNASelect stained sEVs 

(green, left), fluorescence signals of QDs in QD-sEVs (red, middle) and merged images of both 

fluorescence (yellow, right). Scale bar: 100 µm. 

 

 
Figure B2.  Imaging of QD-sEV conjugates on human vaginal tissue. 
After topical application to human vaginal tissue epithelial sheets, incubation and washing, (A) 

QD-sEV conjugates (red) were distributed across the vaginal epithelium and had punctated 

signal while (B) pQDs (negative control) showed less distinctive and distributed signal. Cell 

nuclei were stained with TOPRO-3 (blue). Scale bar: 10 µm. Images provided courtesy of Dr. 

Lucia Vojtech. 
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Figure B3. Size distribution of sEVs before and after storing at 4°C for 25 d. 
NanoSight measurement was done in triplicate and the data was displayed using the mean value 

and SEM. The concentration of sEVs at 0 d of storage and 25 d of storage was 7×1012 

particles/mL and 6.75×1012 particles/mL, respectively. The average size of sEVs at 0 d of 

storage and 25 d of storage was 213.1 nm and 171.1 nm, respectively.  
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Figure B4. 4FB-HyNic bond stability in biological and storage conditions. 
%bond/bond at 0 h as an indicator of 4FB-HyNic bond stability over 1 week in 1xPBS (A), 

1xPBS+10%FBS (B), and aCSF (C) at 4ºC (red), 23ºC (blue) and 37ºC (black). %bond/bond at 0 

h as an indicator of 4FB-HyNic bond stability over 24 h in 1xPBS (D), 1xPBS+10%FBS (E), 

and aCSF (F) at 4ºC (red), 23ºC (blue) and 37ºC (black). All analyses were done in triplicate. 

Error was minimal, and error bars are presented as mean ± SEM. 
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Figure B5. Catalysts accelerate HyNic-4FB bond formation. 
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Dashed vertical lines represent the time of catalyst addition to the reaction tube. (A) Absorbance 

intensity at 354 nm of 4FB-HyNic bond with 10 mM 3,5-DABA (blue), 1 mM 3,5-DABA 

(cyan), 10 mM 5-MA (red), and 1 mM 5-MA (orange) every 10 min during 2 h. The intensity 

represents the quantity of formed bond. The absorbance of 1xPBS (gray), 3,5-DABA (yellow), 

and 5-MA (purple) at 354 nm is negligible.  (B) Absorbance intensity at 354 nm of 4FB-HyNic 

bond with 1 mM and 5 mM 5-MA at different pH every 10 min during 2 h. The intensity 

represents the quantity of formed bond. (C) Absorbance intensity at 354 nm of 4FB-HyNic bond 

with 1 mM and 5 mM 3,5-DABA at different pH every 10 min during 2 h. The intensity 

represents the quantity of formed bond. All analyses were done in triplicate, and error bars are 

presented as mean ± SEM. 
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Figure B6. Representative frames of time-lapse imaging of QD-bEVs on BV-2 cells. 
(A) Representative frames of Movie B1: Time-lapse imaging of QD-bEVs (red) interacting with 

Lectin stained BV-2 cells (green) after 1-hour incubation. The QD-bEVs indicated by a white 

arrow show there was already bEV association with BV-2 cells at the start of 1-hour incubation. 

The yellow arrow indicates new QD-bEV association with a BV-2 cell surface during the 

imaging window. The time-lapse images were taken every 5 min for 1 h. Selected frames are at 0 

min, 30 min, and 60 min of the imaging window. Scale bar: 50 µm. (B) Representative frames of 

Movie B2: Time-lapse imaging of QD-bEVs (red) moving and interacting with Lectin stained 

BV-2 cells (green) after 4-hour incubation. The QD-bEVs indicated by a white arrow moved to a 
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BV-2 cell, associated with the cell surface and then stayed associated with the cell during the 

imaging window. The time-lapse images were taken every 5 min for 1 h. Selected frames are at 

25 min, 30 min, and 60 min of the imaging window. Scale bar: 50 µm. (C) Representative frame 

of Movie B3: Time-lapse imaging of QD-bEVs (red) interaction with BV-2 cells (green) after 4-

hour incubation. The cell (indicated by a white arrow) continued to migrate during the imaging 

window even with QD-bEVs associated with its cell membrane. The time-lapse images were 

taken every 5 min for 1 h. Selected frames are at 5 min, 20 min, and 30 min of the imaging 

window. Scale bar: 50 µm.  

 

 
Figure B7. Cumulative counts of the bEV-cell interaction. 

Cumulative counts of the bEV-cell interaction per cell during 1-hour time-lapse imaging at 1 h of 

incubation (n=88 cells in 5 videos, cyan) and 4 h of incubation (n=209 cells in 8 videos, blue). 

Images were acquired every 5 min for 1 h.  

 

Movie B1. 
Time-lapse imaging of QD-bEVs (red) interaction with Lectin stained BV-2 cells (green) after 1-

h incubation; the images were taken every 5 min for 1 h. 

Movie B2. 
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Time-lapse imaging of QD-bEVs (red) moving and interacting with Lectin stained BV-2 cells 

(green) after 4-h incubation; the images were taken every 5 min for 1 h. 

Movie B3. 

Time-lapse imaging of QD-bEVs (red) interaction with Lectin stained BV-2 cells (green) after 4-

h incubation; the images were taken every 5 min for 1 h. 

To access the movies, see DOI 10.1021/acsanm.0c01553.  

. 
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APPENDIX C: Supplementary Figure to Chapter 5 

 

 

Figure C1. Visualization and quantification of AF700-CD40 distribution in the tumor via 
immunofluorescence imaging. 

A) Reconstructed confocal images of the tumor. Frozen tumor sections were cut into 30 µm 

slices using a cryostat (Leica Biosystems) with 230 µm between two adjacent slices. Every third 

slice was imaged via a Nikon confocal microscope and 3D reconstructed. The images were 

stacked through ImageJ and then aligned using the StackReg plugin (ImageJ). A 3D-rendered 

video was generated using the 3D Viewer Plugin (ImageJ) and representative view of 

reconstructed images of tumors were taken. B) Percentage AF700-CD40 per tumor volume in 

intraperitoneal (IP), intratumoral (IT), and NDES group. For each tumor, every third slice was 

imaged via a Nikon confocal microscope for calculation using methodology adapted from 

previous publication.152 To minimize noise from tissue autofluorescence, a minimal signal level 

just below threshold for fluorescent Ab was determined by blank tumor without AF700-CD40. 

Area of tumor determined by DAPI signals and area of AF700-CD40 were measured by ImageJ 

macro. Volume of tumor or CD40 was then calculated by multiplying by the distance between 

images. If the chosen slice was missing or damaged, the adjacent slice was chosen for calculation 

and the different distance between slices was taken in consideration for calculation. Each data 

point represents mean ± standard deviation (STD) (n = 3). Statistical significance was 

determined via one-way ANOVA with Tukey test for multiple comparisons. *p < 0.05.  

Graphs were generated by Alessandro Lab. The data and figures above were published on 

Advanced Therapeutic.  
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