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Abstract 

 
Extracellular vesicles (EVs) are membrane-bound nano-assemblies shed from all cells and reflect 

cellular state, giving them incredible clinical biomarker potential for monitoring disease 

progression or a patient’s response to certain drugs. EVs also have unique qualities that are of 

interest for drug delivery application due to their ability to cross the blood-brain barrier, as well as 

target specific organs and tumor sites. The specific mechanisms and interactions that allow EVs 

such abilities are ever elusive, in large part due to complexity arising from their inherent 

heterogeneity. EVs come in many different shapes, sizes, and molecular compositions, even 

leading to controversy about how exactly EVs are defined. In addition, studies often examine EVs 

in bulk, which does not account for EV heterogeneity at single vesicle resolution. Not accounting 

for EV heterogeneity results in an underrepresentation of EV subpopulations. In the case of recent 

work to apply EVs as next-generation drug delivery vehicles, this leads to a danger of drug off-

targeting. Thus, it is imperative to capture native EV heterogeneity by single-particle analysis to 

maximize EVs’ clinical potential.      

Current single-particle detection techniques, including nanoparticle tracking analysis (NTA), flow 

cytometry, and enzyme-linked immunosorbent assay (ELISA), which are typically used for EV 

characterization, lack sufficient sensitivity and are diffraction-limited. Hence, current single-

particle detection techniques do not completely or accurately characterize EV populations. Here, 

an optimized single-molecule detection technique, laser trapping Raman spectroscopy (LTRS) 

that combines optical tweezers and Raman spectroscopy, is introduced, and evaluated by its 

capacity to better capture native EV heterogeneity. I apply LTRS in two major test cases, to 

distinguish EVs from structurally similarly-composed contaminating lipoprotein complexes and to 

characterize loaded EVs with relevance to drug delivery.  
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CHAPTER 1: INTRODUCTION 

Extracellular vesicles (EVs) are heterogeneous, membrane-bound nanoassemblies secreted by 

every cell type in all living organisms and are readily found in all bodily fluids including plasma, 

serum, urine, saliva, breast milk, semen, and cerebrospinal fluid.1,2 Non-invasiveness and 

versatility of EV collection has made EVs a coveted platform for liquid biopsies in diagnostic. EV 

categorization can be further subdivided into subpopulations of exosomes, microvesicles, 

lipoproteins, and apoptotic bodies, depending on the mechanism of secretion and 

physicochemical properties.3,4 The mechanism(s) involved in heterogeneous EV biogenesis and 

secretion by living cells are still being elucidated, but EV internal and membrane components are 

a subset of its cell of origin, and can change rapidly and dynamically according to underlying 

cellular processes, especially in response to any forms of cellular stress.2 Due to this reflection of 

cellular state upon biogenesis, EVs are being studied as biomarkers of disease and have 

significant clinical relevance. EVs have the potential to track disease progression,5 drug 

metabolism/response,6 and aid novel drug delivery methodologies6 with their abilities to target 

specific organs,7 cross the blood brain barrier,8 and localize to specific tumor sites.9  

While heterogeneity allows EVs their unique properties and functions, it generally presents major 

challenges for researchers studying EVs. For diagnostic application, it can be very useful, but for 

clinical application, e.g., adapting EVs for drug delivery, it can be confounding. Many EV studies 

only employ bulk measurements,10 which averages out particle-to-particle heterogeneity. Thus, 

unique subpopulations are overlooked and off-target effects increase.11 Once drug loading and 

further engineering of EVs occurs, complexity increases further. It is unlikely that the diverse 

range of EVs can be considered equal, even within a given isolated population from a single cell 

source. For nearly all EV applications, but especially for the emerging application of EVs as next-

generation drug delivery agents, it is imperative to capture EV heterogeneity on a single-particle 

basis to uncover EVs’ diverse biological functions and clinical potential. 



2 

 

CHAPTER 1.1 EXTRACELLULAR VESICLES (EVs) 

CHAPTER 1.1.1 BIOGENESIS AND SECRETION 

We define EVs here by their biogenesis.12 EV biogenesis begins in cells when an inward budding 

of the cell membrane forms an endosome. Facilitated by ESCRT proteins, intracellular 

components comprised of nucleic acids, proteins, lipids, and other molecular constituents are 

repeatedly invaginated through the endosomal membrane and packaged into multiple vesicular 

compartments within the endosome.13 These compartments, or multivesicular bodies, are either 

sent to the lysosome for degradation or become fused to the cell membrane and subsequently 

exocytosed as newly formed EVs.13 EVs proceed to translocate to preprogrammed destinations 

to deliver their biological cargo, which elicits a specific response in other cells or local 

environments.14 The factors determining the specific cellular cargo and ultimate destination of 

EVs remain elusive but are of great interest to the field.15,16 Any combination of characteristics, 

including size, surface chemistry, and intracellular cargo, may play a vital role in the ultimate 

destination and function of EVs. 

CHAPTER 1.1.2 MOLECULAR COMPOSITION AND HETEROGENEITY 

The molecular composition of EVs is largely dependent on the cell of origin and its physiological 

state upon vesicle release.16,17 As a result, EVs are highly heterogeneous, which makes 

determining a standard molecular composition for EVs difficult. Based on previous findings, a 

variety of nucleic acids, proteins, lipids, and other molecular constituents have been consistently 

identified in EVs regardless of cell origin (Figure 118).16,17,19,20 Some commonly found EV trafficked 

markers that have been widely found across cell and tissue sources include: 

Nucleic acids 

         RNA: non-coding RNAs, miRNA, mRNA 
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         DNA 

Proteins 

         Tetraspanins: CD9, CD61, CD83 

         Adhesion proteins: E-cadherin, ICAM1, CD171 

         Heat shock proteins: HSP60, HSP70, HSP90 

         Endosomal proteins: Flotillin-1, annexins, Alix, TSG101, MHCI, MHCII 

Lipids 

         Cholesterol    

Phospholipids: Phosphatidylserine 

         Triglycerides 

         Sphingomyelin 

Metabolites21 

Amino acids: alanine, arginine, aspartate, creatine, glutamic acid, glutathione, 
taurine 

Nucleotides: adenosine, AMP, inosine 

Sugars: D-ribose 5-phosphate, sucrose 

Amines: spermidine 

 

Figure 1. Illustration of an 
EV with common 
molecular components.18 
An EV is bound by a 
phospholipid bilayer with 
several surface proteins, 
including tetraspanins, lipid 
rafts, and adhesion/targeting 
molecules. Cellular cargo 
includes nucleic acids and 
various proteins.   
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CHAPTER 1.1.3 COMPLEX BIOLOGICAL FUNCTIONS 

EVs function as intercellular communicators, shuttling the aforementioned cargo from one cell to 

another, often traversing long distances within the body.22,23 Upon arriving at their destination, 

EVs will fuse or become endocytosed by the recipient cell to elicit a specific response. EVs have 

been shown to play a multitude of roles in mediating cell homeostasis,24 regulating cell 

metabolism,25 immune response,26,27 angiogenesis,28,29 neuronal function,30 and cancer 

pathology.31,32 Tumor-derived EV involvement in cancer metastasis is demonstrative of how their 

various roles come into play in promoting the formation of premetastatic niches. The suppression 

of T-cell activity, upregulation of angiogenesis, and modification of the local extracellular matrix 

by EVs creates a hospitable environment for circulating tumor cells and thus promotes 

metastasis.33,34   

CHAPTER 1.2 LASER TRAPPING RAMAN SPECTROSCOPY (LTRS) 

 
CHAPTER 1.2.1 RAMAN SPECTROSCOPY 

Raman spectroscopy is a vibrational spectroscopy method, and a promising single-EV 

characterization technique, due to its ability to non-destructively fingerprint native, unmodified 

EVs with specific chemical signatures.35 Raman spectroscopy chemically fingerprints EVs by 

measuring the molecular vibrations of specific bonds via inelastic scattering that make up the 

EV and yields unique spectra for analysis as seen in Figure 2.36 Spectral peaks are directly 

proportional to molecular composition (wavenumber access) and concentration (intensities), 

making Raman a quantitative technique as well as qualitative. Being non-resonant, Raman 

scattering can be achieved using any wavelength of incident light. Raman also exhibits high 

spatial resolution because of its visible and near-infrared ranged emission wavelength.37 A 

fundamental drawback to Raman spectroscopy is that spontaneous Raman scattering is an 

inherently weak process with about one in 108 photons exhibiting Raman scattering.38 
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CHAPTER 1.2.2 OPTICAL TWEEZERS 

Optical tweezing is a technique that can trap single nano- or micron-sized particles, i.e., single 

EVs, in the laser focus for an indefinite amount of time. Optical tweezers use the momentum of 

light to trap single particles by balancing the light scattering force in the direction of light 

propagation with the opposing gradient force due to particles dielectric attraction to the 

strongest electric field at the beam’s focus.39,40 Particles remain optically trapped due to 

Newton’s third law of equal and opposite forces, where the refraction of incident light creates a 

restorative force when the trapped particle begins to shift from the laser focus (Figure 3).41 

When the same laser responsible for the optical trap is used to instigate spectroscopy, one can 

compensate for weak Raman scattering. Such an integration is termed laser trapping Raman 

spectroscopy (LTRS).  

A drawback to optical tweezers is that the stability of an optical trap depends on the extent of 

scattering from the trapped particle. The limitation of optical tweezers can be found in Arthur 

Ashkin’s original study of optical tweezers,39 where 100-nm particles were the minimum size 

limit of optical trapping as they required over 1.5 W of laser power to trap. Such high laser 

power surpasses the damage threshold of EVs and thus will likely destroy or irreversibly 

damage trapped EVs. Small EVs (<100-nm) exhibit less viscous drag in the optical trap and will 

consequently diffuse quickly out of the beam’s focus. Small EVs also exhibit a lower gradient 

force as gradient force scales to the third power of EV size, resulting in an unstable optical trap 

and short trapping time.40 It is technically challenging to trap EVs, requiring a steady hand and 

an even steadier optical setup, but it is feasible, and necessary to generate the time needed to 

integrate Raman scattering over a single EV. Without the trap, single EVs would rapidly diffuse 

in and out of the focal volume, and single EV Raman analysis in solution would not be possible. 
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CHAPTER 1.3 RAMAN SPECTRAL PROCESSING AND PRINCIPAL COMPONENT 

ANALYSIS (PCA) 

Raman spectral data is high dimensional, and not easily analyzed as is. Instead, many data 

analytical methods employing reduction of high dimensionality data have been developed. Prior 

to analysis and data reduction, the raw Raman spectra, comprised of arrays of CCD measured 

intensities (A.U.) vs wavenumber (cm-1), as collected from a spectrophotometer dispersing 

element, must be processed.  Many important aspects can be corrected for in the processing 

workflow. First, fluorescence is often a contaminating signal in Raman spectra. In particular, 

autofluorescence of biological materials is problematic. But because it is broad compared to 

sharper Raman features, it can be corrected using background subtraction. In this work I used 

partial least squares (PLS) method for background subtraction.42 Smoothing noisy weak Raman 

signals is often useful, and I used a standard Whittaker smoothing algorithm43 in this work.  

Figure 3. Schematic illustration of optical tweezers.41 (A) As a particle (blue) moves out of 
the beam’s focus, additional light scattering creates a net restoring force that pulls the particle 
back into the beam’s focus. (B) The force of incident light is opposed by the particle’s 
attraction to the strongest dielectric field, resulting in a net force that keeps the particle in the 
beam’s focus.   
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Once corrected, data reduction methods are used, in particular principal component analysis 

(PCA). In PCA, individual spectra are broken down into uncorrelated linear combinations and 

projected as coordinates on a Euclidian plane based on variance. Datasets in PCA can further 

be organized by using hierarchical clustering which groups certain datasets by Euclidian 

distance of their respective coordinates. By observing certain PCs, spectral characteristics, and 

dataset clustering, chemical differences can be revealed and quantified. Previously, PCA has 

been used in conjunction with LTRS to distinguish chemical differences between healthy EVs 

and tumor-derived EVs (Figure 4).36  

 

 

Figure 4. PCA was previously used to characterize heterogeneity of EVs derived from 
cancerous and non-cancerous cells.36 Non-tumor (IMR90 and 3t3) EVs mainly group in the 
red and green clusters, while tumor-derived EVs (jurkat, skov-3, a549, kasumi-I, and huh7) 
primarily group in the blue and pink clusters. When using PCA for Raman spectra of EVs 
derived from 7 cancerous and non-cancerous cells, PCA found that ratios of lipid to cholesterol 
was capable of distinguishing healthy EVs from tumor cell released EVs. 
 
 

CHAPTER 1.4 SINGLE-PARTICLE TECHNIQUES FOR EV ANALYSIS 

Beyond LTRS, there are numerous additional single-particle detection techniques, both optical 

and non-optical, which are used for EV characterization, each with their own set of limitations.4 

Current single-particle detection techniques lack sensitivity to resolve particles below ~100-nm, 

emphasizing a strong need for more sensitive single-particle detection and characterization 
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techniques. Optical techniques include nanoparticle tracking analysis (NTA), which uses the 

Stokes-Einstein equation to measure EV size distribution and concentration via Brownian 

motion. NTA, however, has a 70-nm limit of detection,4 meaning that EVs smaller than 70-nm 

cannot be detected and are consequently not accounted for. NTA is also highly influenced by 

larger particles and aggregates, often overshadowing smaller particle detection in EV samples. 

Flow cytometry is used to determine physical and chemical properties of single EVs by 

measuring forward and side scattering when individual EVs are interrogated by a laser. 

Unfortunately, flow cytometry has a 100-nm limit of detection, making it insufficient for a 

complete detection and characterization of an entire EV population.44 Immunoaffinity assays, 

such as ELISAs, are used to identify EVs based on surface markers, but are often unreliable as 

results can be easily influenced by factors such as insufficient blocking and antibody instability. 

However, the main limitation of ELISA and other immunoaffinity capture techniques remains the 

limited availability of EV markers.45 

 
Non-optical techniques primarily include electron microscopy, such as scanning electron 

microscopy (SEM), transmission electron microscopy (TEM), and cryo-electron microscopy 

(cryo-EM). Electron microscopy is capable of imaging the smallest EVs and yielding a rough 

concentration estimation but cannot yield chemical properties and is highly destructive of EV 

samples. Because of optical and non-optical limitations, multiple techniques are often used in 

conjunction to yield a comprehensive analysis of EV characterization.  

 

CHAPTER 1.5 PURPOSE 

The small size, organotropic nature, and biocompatibility of EVs have made for a promising 

candidate in therapeutics such as vehicles for drug delivery.46,47 Being on the nanoscale allows 

for a more dynamic range of EVs within the body and grants enhanced penetration depth in 

tissues. EV organotropism also allows for drug-targeting of specific organs without eliciting an 
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immunogenic response. EVs are therefore able to act as Trojan horses once loaded with either 

therapeutic drugs or nanoparticles for tracking translocation. Reprogramming of EVs often 

involves altering native surface chemistry or loading exogenous nanoparticles as biological cargo. 

However, these methods have been shown to alter the native molecular composition of EVs to 

an extent where its typical translocation and functions are no longer predictable. I aim to minimize 

native EV modification by fusing “drug-encapsulated” synthetic liposomes via mechanical 

extrusion.  

Typical isolation techniques of EVs also yield coisolation of contaminants that are of similar size, 

density, and molecular composition as EVs, namely lipoproteins. It is critical to be able to 

differentiate between EVs and similarly composed lipoproteins as to not bias EV findings. Most 

importantly, there is the matter of addressing EV heterogeneity to make clinical application of EVs 

possible.  

The purpose of my projects as described here, is to validate the use of LTRS to investigate drug 

loading efficacy in synthetic liposomes and engineered EVs to account for the variability in 

particle-to-particle loading and features. I explore fusing of liposomes with EVs for next-generation 

drug delivery vehicle, and use LTRS to characterize these events, again at the single particle 

resolution. I also demonstrate early work towards creating nanoaperture arrays for increasing the 

lower limit of detection of EVs. Prior to this work, I show the feasibility of LTRS to be capable of 

distinguishing other types of contaminating bioparticle, lipoproteins, from EVs in complex 

biofluids. These research thrusts ultimately push forward the use of LTRS as a unique tool for 

label-free, single particle EV analysis.  
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CHAPTER 2: RESEARCH THRUSTS  
 

CHAPTER 2.1 PROJECT 1: LTRS TO DISCRIMINATE EVS FROM LIPOPROTEIN 

Lipoprotein coisolation is a common occurrence in typical EV isolation methods such as size 

exclusion chromatography (SEC) and ultracentrifugation (UC). Being very similar to EVs in size, 

density, and molecular composition (Figure 5), lipoproteins are often lumped in with EVs, which 

biases many EV studies. Specifically, in SEC isolations, VLDL and some LDL will coisolate with 

EVs based on their overlapping size range (highlighted in purple). While in UC isolations, HDL 

and some LDL will coisolate with EVs (highlighted in green), especially since LDL has been 

shown to aggregate and fuse, becoming denser nanoassemblies.48 However, an HDL standard 

did not produce enough Raman signal to be discernable, likely due to its small size. Thus, HDL 

presence will not significantly influence Raman measurements of lipoprotein coisolation. 

Theoretically, EV purity should be highest with a 2-step isolation of UC followed by SEC, where 

all lipoproteins are ultimately separated out. Here, we determine if single-particle LTRS is 

capable of distinguishing EVs from very similarly composed nanoassemblies, namely 

lipoproteins, found in complex biofluids from which EVs are isolated from. Subsequently, we test 

for EV purity of common isolation techniques from complex biofluids to determine efficacy of 

specific isolation techniques. 
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CHAPTER 2.1.1 METHODS 

 

LIPOPROTEIN SPIKE-INS WITH SKOV-3 EVS  

EVs were isolated from cell culture supernatant using SKOV-3 cells, a model ovarian cancer 

line. To simulate a “contaminated” post-isolation clinical EV sample, we spiked-in different types 

of purified lipoprotein (LDL, VLDL, chylomicrons) to SKOV-3-isolated EVs on an orbital shaker 

to incubate at room temperature for 1 hour. 

 

ULTRACENTRIFUGATION (UC)  

EVs were isolated from clinical sera obtained from consenting patients at the University of 

California, Davis Medical Center in Sacramento, California. Clinical sera are centrifuged at 300g 

at 4℃ to separate out whole cells. The supernatant is then collected and spun at 2,000xg for 15 

min at 4℃ to separate out dead cells and cellular debris. The supernatant is then centrifuged at 

10,000xg for 30 min to pellet EVs. Pelleted EVs are resuspended in 1X PBS, aliquoted, and 

stored at -80℃ until needed. 

Figure 5. Graphical 
comparison of overlapping 
sizes and densities of 
various lipoproteins with 
EVs, resulting in their 
coisolation. Highlighted in 
purple, VLDL and LDL 
overlap with EVs by size. 
This results in VLDL and 
LDL coisolation with EVs by 
SEC isolation. Highlighted in 
green, HDL and LDL 
aggregates overalp with EVs 
by density. This results in 
HDL and LDL coisolation 
with EVs by UC isolation. 
The 2-step isolation of UC, 
followed by SEC should yield 
pure EVs with minimal trace 
of lipoprotein. 
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SIZE EXCLUSION CHROMATOGRAPHY (SEC)  
 

Previously aliquoted and thawed EVs were isolated from clinical sera obtained from consenting 

patients at the University of California, Davis Medical Center in Sacramento, California. 100µL 

of clinical sera were loaded onto a 70-nm SEC column (iZON) and eluted into 13 fractions of 

0.2μL using 1X PBS as the elution buffer. SEC fractions are then assessed for the respective 

dye used with UV-Vis and then diluted further for NTA and single-particle LTRS analysis. For 

the 2-step isolation, SEC follows UC isolation, where the resuspended EVs in 1X PBS from UC 

are used for SEC isolation as previously mentioned. 

 

SINGLE-PARTICLE LTRS  

Either pure lipoprotein (chylomicrons, LDL, VLDL, HDL) or EV preps isolated using either UC or 

SEC were analyzed. Chylomicrons, LDL, VLDL, HDL differ from each other by protein 

abundance, size, and density (Figure 5). While LDL, HDL, and VLDL are synthesized from the 

body, chylomicrons have dietary origins. EVs isolated from clinical sera contain varying but 

unknown amounts of lipoprotein, while EVs isolated from cell culture supernatant are free of 

lipoprotein and used as a control. In a typical experiments, one of the particle preps (either pure 

LPP, LPP-containing clinical EVs, or LPP-free cell culture EVs) are diluted in ultrapure water or 

phosphate buffer until a concentration of ~[104 particles/mL] is reached. Sometimes 

measurement concentrations were adjusted until the particles in suspension are sparse enough 

to find and trap easily without being too concentrated that a single particle in the trap will not get 

displaced by another particle in suspension. 20µL of diluted particle suspension is dispensed 

onto a thin #1 quartz coverslip and fastened into a steel cell chamber with a lid to minimize 

evaporation and air flow disturbance. This chamber is placed over a 60x, 1.2NA objective on a 

confocal scanning Raman microscope. After placement, the entire optical setup is left to rest for 

several minutes without disturbance until vibrations are dampened. A 785 nm laser set to 65mW 

power is used for trapping and Raman scattering.  Objective z-focus and x-y stage are adjusted 
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to search and trap particles, using a brightfield CMOS camera that detects particle scattering to 

guide the operator. On trapping, the brightfield light source is switched off (laser remains on), 

and three consecutive spectra spanning 90 second increments are acquired.  

 

CHAPTER 2.1.2 EXPERIMENTAL RESULTS AND DISCUSSION 

Before assessing lipoprotein contamination from complex biofluids like human sera, EVs were 

isolated from cell culture supernatant using SKOV-3 cells. To these isolated EVs, different types 

of purified lipoprotein (LDL, VLDL, chylomicron) were spiked-in to measure how accurately 

LTRS can detect the chemical differences to differentiate EVs from contaminating lipoproteins. 

We found that LTRS can detect distinct chemical differences between EVs and lipoproteins as 

well as measure the extent of lipoprotein adsorption or adherence to EVs during their 

coisolation.  

 

LIPOPROTEIN SPIKE-IN SIMULATION 

Four incubations of different lipoproteins with SKOV-3 EVs were performed: (1) SKOV-3 EVs 

with VLDL, (2) SKOV-3 EVs with LDL, (3) SKOV-3 EVs with chylomicrons, and (4) SKOV-3 EVs 

with VLDL, LDL, and chylomicrons. The incubations were assessed by single-particle LTRS and 

visualized using PCA. For each incubation of EV and lipoprotein, about twenty single trapping 

events were recorded, consisting of three consecutive scans spanning five minutes each. It is 

important to note that during trapping, it is unknown whether that object is an EV, a lipoprotein, 

or some combination. Acquisitions of about twenty individual SKOV-3 EVs in absence of 

lipoproteins (indicated by blue circle markers in PC plots in Figures 6 through 11) were recorded 

under the same conditions to compare with the lipoprotein spike-in acquisitions in PCA. In the 

PC plot of the incubation of SKOV-3 EVs with VLDL (Figure 6), 3 population clusters 

(determined by hierarchical clustering using Euclidean spacing in PC space) arise. Clusters are 

annotated in the remaining figures by connecting lines of a given color. The spectral features of 
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the clusters that differ from the global average of all Raman spectra in that dataset can be fit to 

standard pure lipoprotein spectra measured previously in the same optical settings. As shown in 

Fig 8, the clusters can be fit to a VLDL standard using least-squares regression, with accuracy 

determined numerically based on R2 value of the fit.  

 

The red cluster encompasses strong VLDL features; The blue cluster displays some VLDL 

features, while the green cluster displays only EV-type features. The red cluster likely resembles 

pure VLDL, the green cluster likely resembles pure EVs, and the blue cluster may indicate an 

intermediate population of EV’s adsorbed or bound to be VLDLs. The adherence of lipoproteins 

to EVs has been observed in many EV studies and may explain the persisting lipoprotein 

coisolation with EVs.49 50 Similar patterns were observed for other single lipoproteins tested, 

LDL (Figure 7a) and chylomicrons (Figure 7b), where 3 populations arise: one with strong 

 
Figure 6. PC plot of lipoprotein spike-ins reveals LTRS ability to account for VLDL 
contamination. Each point represents a single measurement of a trapped object, either pure 
SKOV-3 EVs (blue circles) or SKOV-3 EVs with VLDL spiked-in (green squares). 3 populations, 
or clusters, emerge from hierarchical clusters and were attempted to fit to a previously measured 
VLDL standard spectra. The red cluster encompasses strong VLDL features, likely pure VLDL. 
The blue cluster displays some VLDL features, suggesting an intermediate population of EVs 
adsorbed or bound to VLDLs. The green cluster shows only EV-type features, likely pure EVs.  
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lipoprotein features, one with some lipoprotein features, and one with only EV-type spectral 

features. In other words, one cluster of pure lipoproteins, one cluster of pure EVs, and one 

cluster of an EV-lipoprotein intermediate arise in each lipoprotein incubation.  

 

 

 

 

Next, I wanted to check whether more complex mixtures of multiple types of lipoprotein (e.g., 

approaching the complexity of a clinical sample) could be distinguished. When incubating 

SKOV-3 EVs with all three lipoproteins, a similar pattern arises from before with 5 populations 

(Figure 8). In PC space, the five clusters are: (1) a population that strongly encompasses VLDL, 

(2) a population that strongly encompasses LDL, (3) a population that strongly encompasses 

chylomicrons, (4) a population that displays some lipoprotein features, and (5) a population with 

     
 

 

 

Figure 7. (A) PC plot of LDL spike-ins reveals LTRS ability to differentiate 
between pure LDL, pure EVs, and EV-LDL intermediates. 3 populations, or 
clusters, emerge from the incubation when fit to an LDL standard. Each point 
represents a single measurement of a trapped object. The red cluster encompasses 
strong LDL features, suggesting those points represent pure LDL particles. The blue 
cluster displays some LDL features, suggesting an intermediate population of EVs 
adsorbed or bound to LDLs. The green cluster shows only EV-type features, likely 
pure EVs. (B) PC plot of chylomicron spike-ins reveals LTRS ability to 
differentiate between pure chylomicrons, pure EVs, and EV-chylomicron 
intermediates. 3 clusters from the incubation emerge when fit to a chylomicron 
standard. Each point represents a single measurement of a trapped object. The red 
cluster encompasses strong chylomicron features, suggesting pure chylomicrons. 
The blue cluster displays some chylomicron features, suggesting an intermediate 
population of EVs adsorbed or bound to chylomicrons. The green cluster shows only 
EV-type features, likely pure EVs.  
 

 

(A) (B) 
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EV-only features. Again, distinct clusters for each lipoprotein, a lipoprotein-EV intermediate, and 

a cluster for pure EVs. The lipoprotein-EV cluster could distinguish which exact LPP was bound.  

 

 

ASSESSMENT OF CLINICAL EV ISOLATION TECHNIQUES  

Now that I have demonstrated the ability of LTRS to assess LPP contamination, I sought to 

examine the influence of EV isolation method on LPP contamination from EVs in complex 

biofluids. EVs were isolated from sera obtained by ovarian cancer patients from the UC Davis 

Health clinical lab, using standard EV isolation techniques such as ultracentrifugation (UC), size 

exclusion chromatography (SEC), and a combination of UC followed by SEC. The isolates were 

assessed by single-particle LTRS and visualized using PCA. New measurements of the isolates 

were graphed on top of the previous lipoprotein spike-ins measurements for comparison.  

 
 

Figure 8. PC plot of all lipoprotein spike-ins reveals LTRS ability to differentiate 
between pure lipoproteins, pure EVs, and EV-lipoprotein intermediates. 5 clusters 
emerge from that incubation. Each point represents a single measurement of a trapped object. 
The red cluster encompasses strong VLDL features. The yellow cluster displays strong 
chylomicron features. The purple cluster displays strong LDL features. The cyan cluster 
displays some lipoprotein features, suggesting an intermediate population of EVs adsorbed or 
bound to lipoproteins. The green cluster shows only EV-type features, likely pure EVs. 
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Single-LTRS of the clinical EVs isolated by SEC (Figure 9) yielded 5 distinct clusters when 

compared to the previous lipoprotein coisolation simulation measurements. The purple cluster 

strongly resembled LDL. The yellow cluster strongly resembled chylomicrons. The red cluster 

strongly resembled VLDL. The green cluster strongly resembled in vitro EVs. Clinical EVs (cyan  

stars) isolated by SEC made up most of the blue cluster, while also grouping in the red (VLDL) 

and green cluster (in vitro EVs). This suggests lipoprotein contamination of SEC-isolated EVs. 

 

In previously reported EV isolation studies, SEC is reported to remove LDL and some VLDL.51 

There is distinct grouping for in vitro EVs (in green) and each lipoprotein (in pink, yellow, and 

 
Figure 9. Clinical EV isolation by SEC reveals lipoprotein contamination, mainly VLDL. 
There is distinct grouping for in vitro EVs (in green) and each lipoprotein (in pink, yellow, and 
red) in the SEC isolation of clinical EVs. Data points from the SEC isolation (the new group of 
light blue stars up top) mostly group in the blue cluster and the red cluster (VLDL) with some 
grouping with the green cluster (in vitro EVs). VLDL contamination is evidenced by close 
grouping with the red cluster. Each point represents a single measurement of a trapped object.  
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red). However, the clinically derived EVs (depicted as cyan stars) show that there is lipoprotein 

contamination, mainly VLDL, as evidenced by their close grouping with the red cluster, as well 

as likely adherence of lipoproteins and clinical EVs indicated by the blue cluster. But there is 

minimal LDL contamination as it seems that we confirm that SEC removes most LDL.  

 

Similar to SEC-isolated EVs, single-LTRS of the clinical EVs isolated by UC (Figure 10) yielded 

5 distinct clusters as well when compared to the previous lipoprotein coisolation simulation 

measurements. The blue cluster strongly resembled LDL. The yellow cluster strongly resembled 

chylomicrons. The teal cluster strongly resembled VLDL. The bright green cluster strongly 

resembled in vitro EVs. Clinical EVs (denoted by orange stars) isolated by UC made up most of 

the pink cluster, while also grouping in the bright green (in vitro EVs) and teal cluster (VLDL). 

 

 

 
 

Figure 10. Clinical EV isolation by UC reveals lipoprotein contamination, mainly VLDL and 
chylomicrons. There is distinct grouping of in vitro EVs in the bright green cluster and 
lipoproteins (in teal, yellow, and blue) in this PC plot. Clinical UC-isolated EVs, indicated here by 
orange stars, make up most of the pink cluster, while also grouping in the bright green (in vitro 
EVs) and teal cluster (VLDL). Each point represents a single measurement of a trapped object.  



19 

 

UC is known to remove chylomicrons and some VLDL.51 Similar to SEC, the clinical UC-isolated 

EVs, denoted by orange stars, show that there is lipoprotein contamination, mainly VLDL and 

chylomicrons. This indicates that purification of EVs from lipoproteins by UC is not very clean.  

 

Since UC and SEC were isolating different subtypes of LPP, we reasoned that sequential use of 

UC followed by SEC may result in the best purity. Clinical EVs were thus dually isolated by UC 

followed by SEC (Figure 11), and 4 distinct clusters emerged when compared to the previous 

lipoprotein coisolation simulation measurements. The blue cluster strongly resembled VLDL and 

chylomicrons. The pink cluster strongly resembled LDL. The cyan cluster strongly resembled in 

vitro EVs. Clinical EVs (red stars) isolated by UC and SEC mainly group with the cyan cluster (in 

vitro EVs) and form a distinct cluster (yellow) that is not chemically similar to lipoproteins. This 

suggests a stronger EV purity than both 1-step EV isolations. The yellow cluster, however, does 

 
 

Figure 11. 2-step isolation of UC and then SEC of clinical EVs yields a higher EV purity 
than 1-step isolations. There is distinct separation of in vitro EVs (the cyan cluster) and 
lipoproteins (the dark blue and pink clusters). The clinical EVs, plotted as red stars, mostly 
group away from all the lipoprotein clusters, suggesting EV purity. The yellow cluster, 
however, does not show characteristics of lipoprotein, suggesting stronger EV purity. Each 
point represents a single measurement of a trapped object.  
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not show characteristics of lipoprotein, which may represent “ultrapure” EVs free of LPP 

contamination. 

 

Here, single-particle LTRS demonstrates its powerful utility to differentiate EVs from structurally 

similar lipoproteins both in the “contaminated” post-isolation EV sample simulation and the 

clinically-isolated EV sample from complex biofluids. In addition, single-particle LTRS could 

measure the extent of lipoprotein coisolation with EVs. Therefore, single-particle LTRS is a 

powerful research tool to use for EV studies or any single-particle study. 

 

 
CHAPTER 2.2 PROJECT 2: ENGINEERED EV CHARACTERIZATION  

This project encompasses similar methodology from the previous one, use of single-particle 

LTRS to assess composition of bioparticles. Here we sought to validate the use of LTRS to 

assess drug loading efficacy and the extent of fusion of drug-loaded liposomes to EVs. Fusion 

of liposomes with EVs for drug loading has been previously established.52,53 Yet the 

characterization of extent of fusion in terms of efficiency, yield, and quantification of drug 

loading, particularly at the single particle scale, has not been demonstrated. Here we used a 

model system of DOPC liposomes loaded with molecular dyes as surrogate “drug cargo” and 

employed several mechanical and temperature driven processes to fuse them with EVs. Prior to 

and following fusion, LTRS was used to extensively characterize particles. DOPC liposomes 

were chosen because of their low phase transition temperature (-16.5℃), which allowed 

experiments to be executed at room temperature. The cargo dyes, rhodamine 6G, calcein and 

HPTS, were chosen purposefully because they have high Raman activity and are more to less 

hydrophobic, respectively, in order to model various types of bioactive cargo. Efficiency of 

encapsulation retention after fusion with EVs was monitored using Raman signal of single 

trapped events. 
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CHAPTER 2.2.1 METHODS  

LIPOSOME SYNTHESIS 

DOPC lipid in a stabilizing chloroform solution is mixed with R6G (water-insoluble) in methanol, 

yielding a 1:1 mol ratio of DOPC:R6G. The water-insoluble lipid/R6G mix is dehydrated under 

nitrogen gas for 30 min to remove traces of organic solvents. The resulting lipid film is then 

rehydrated using 1X PBS buffer and left overnight in a 4℃ refrigerator to fully rehydrate. For 

calcein and 8-Hydroxypyrene-1,3,6-trisulfonic acid trisodium salt (HPTS), which are water 

soluble, instead of adding to the lipid fraction like R6G, they are dispersed in the rehydrating 1X 

PBS buffer to achieve a 1:1 mol ratio of DOPC:HPTS. Similarly, this solution left overnight in a 

4℃ fridge to fully rehydrate. 

To better integrate the dye into the lipid cakes, freeze-thaw cycling was applied to the lipid films 

prior to liposome formation. The rehydrated lipid films and dye in 1X PBS are placed into an 

Eppendorf tube and immersed in liquid nitrogen at -196℃ for 3 min. The tube is then thawed in 

an ice bath for 55 minutes.54  

Liposome suspension is passed through a 0.2μm porous membrane 21 times in a mini-extruder 

(Avanti Polar Lipids). Mechanical extrusion is performed at room temperature (20°C), well above 

the phase transition temperature of DOPC liposomes. Liposomes are applied through a 70-nm 

SEC column as described above to separate loaded liposomes from free dye. 

LIPOSOME-EV FUSION 

EVs from SKOV-3 cells, a model ovarian cancer line, are incubated with the loaded liposome 

suspension for 1 hour on a hot plate at 60℃ (chosen to be above the phase transition 

temperature for EV lipids). The mixture is extruded through a 0.2μm porous membrane 21 times 
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on a heating block at 60℃ to efficiently fuse SKOV-3 EVs to liposomes, as illustrated in Figure 

12.  

 

The loaded liposome suspension is run through a 70-nm SEC column (iZON) and eluted into 13 

fractions of 0.2μL using 1X PBS as the elution buffer. Fraction 1 is used for single-particle LTRS 

because the highest concentration of dye is found in fraction 1 (excluding free dye in the later 

fractions). LTRS was applied to liposomes and liposome-EV fusions in an identical method as 

described above in the previous project.  

 
CHAPTER 2.2.2: LIPOSOME-EV FUSION CHACTERIZATION  

 
NANOPARTICLE TRACKING ANALYSIS (NTA)  

 
NTA is used to visually observe individual particles in suspension and determine size 

distribution, as well as particle concentration. Size distribution is calculated by using the Stokes-

Einstein equation based on each particle’s Brownian motion. Here, we use a NanoSight LM10 

model (Malvern Panalytical Ltd., UK) that is equipped with a 405nm laser and sCMOS camera. 

1mL of each SEC fraction is diluted 1000-fold with ultrapure milliQ water and injected into a 

sample chamber via an automated syringe pump (Harvard Bioscience, MA, USA) after 

Figure 12. Schematic of 
the fusion of drug-loaded 
liposomes with native 
EVs by mechanical 
extrusion. 
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consecutively flushing with ultrapure milliQ water to ensure a particle-free background. Three 

consecutive videos of 90 seconds are recorded with particles being tracked and analyzed by 

NanoSight NTA 3.1 software. NTA results are used to ensure particle size consistency between 

experiments, namely for tracking uniformity of liposome size after dye-loading methods. Particle 

concentration measurements by NTA are used to accurately determine a rough 1:1 molar ratio 

of EV-to-liposome for efficient EV-liposome fusion, as well as to determine the necessary 

dilution factor for single-particle LTRS. 

UV-VIS ABSORPTION 

Dye (R6G or HPTS) concentration in each SEC fraction is measured by a UV-Vis 

spectrophotometer (Nanodrop). For R6G quantification, the excitation wavelength was set to the 

maximum absorption of R6G at 530nm. For HPTS, the excitation wavelength was set to the 

maximum absorption of HPTS at 404nm. 

 

CHAPTER 2.2.3 EXPERIMENTAL RESULTS AND DISCUSSION  

LIPOSOME FUSION TO IN VITRO EVS  

LTRS was employed to trap and measure Raman spectra for DOPC liposomes, SKOV-3 EVs 

from cell culture supernatant, and EV-liposome fusion products. The PC analysis of this data 

(Figure 13) revealed 3 groups that were fit to a DOPC lipid standard previously collected using 

the same optical setup. The group on the right strongly resembles DOPC liposomes, while the 

group on the left displays EV-only features. The group in the middle shows some DOPC 

features and some EV-only features. It is apparent that LTRS can not only differentiate DOPC 

liposomes from EVs, but also can measure the extent of fusion between EV and liposome (e.g., 

the spread in PC score of the fused product (green stars). With this known, we applied LTRS to 

investigate drug loading efficacy of liposomes using “drugs” of varying solubility. 
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LIPOSOME ENCAPSULATION WITH CALCEIN 

Calcein is a common drug substitute used in drug delivery research and is slightly soluble in 

water at 0.2mg/mL.55,56 When calcein is encapsulated in DOPC liposomes and measured using 

single-particle LTRS (Figure 14), empty liposomes and loaded liposomes are distinguishable 

from each other. The amounts of calcein in each liposome vary, meaning drug loading efficiency 

was inconsistent particle-to-particle. After further investigation, calcein has been observed in 

literature to leak from liposomes due to its small size.57 This may have played a part in the non-

 
Figure 14. PC plot depicting 
LTRS differentiating between 
loaded and non-loaded 
liposomes. This PC plot reveals 
that loading efficiency varies 
particle-to-particle. Each point 
represents a single measurement 
of a trapped object. Note: 
calcein’s size has been shown to 
allow mobility across the liposome 
membrane, leading to calcein 
leaking into the surrounding 
solution. This may explain the 
non-uniform calcein loading 
according to the PC plot above. 

Figure 13. PC plot 
reveals extent of EV-
liposome fusion. Three 
clusters arise of loaded 
liposomes (right), loaded 
liposomes fused to EVs 
(middle), and plain, native 
EVs (left). Each point 
represents a single 
measurement of a trapped 
object.   
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uniformity of calcein loading efficacy in DOPC liposomes. This graph captures for the first time, 

the relative amount of calcein in a particle-to-particle basis for synthesized liposomes. 

 

LIPOSOME ENCAPSULATION WITH R6G 

To assess loading of a drug cargo that is water-insoluble, rhodamine 6G (R6G) was used to 

load DOPC liposomes. Given R6G is soluble in methanol (400g/L), a chloroform/methanol 

technique was used to load DOPC liposomes with solubilized R6G. Using UV-vis to detect 

rough R6G concentration (Figure 15), encapsulation efficiency was low. PCA of DOPC 

liposomes measured from single-particle LTRS shows inconsistent loading of R6G (Figure 16). 

The green displays some R6G features, the blue cluster displays strong R6G and DOPC 

features, and the red cluster displays DOPC features. While the blue cluster encompasses 

strong R6G features, the sparsity of loaded DOPC acquisitions makes this loading technique 

inconsistent with low encapsulation efficiency particle-to-particle.  

  

Figure 15. UV-vis estimation of R6G concentration in fractions of DOPC liposome 
suspension post-extrusion and SEC. Fraction 1 was used for single-particle LTRS due to its 
highest concentration of dye (excluding unencapsulated free dye eluted after fraction 5). This 
suggests that most DOPC loading occurs in fraction 1. Encapsulation efficiency appears low. 
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LIPOSOME ENCAPSULATION WITH HPTS 

To assess loading of a drug that was water-soluble (300g/L), HPTS was used to load DOPC 

liposomes. Encapsulation followed the method specified previously. Using UV-vis to detect 

rough HPTS concentration (Figure 17a), encapsulation efficiency was considerably high in 

comparison to R6G encapsulation efficiency. A freeze-thaw cycle, followed by a slow increase 

in temperature, has been shown to increase encapsulation efficiency in liposomes.54 A similar 

freeze-thaw cycle was used prior to mechanical extrusion to increase encapsulation efficiency. 

UV-Vis revealed a slightly decreased encapsulation efficiency compared to no freeze-thawing 

(Figure 17b). 

 
Figure 16. PC plot of DOPC liposomes loaded with R6G reveals low loading efficiency 
particle-to-particle. Three distinct clusters arise when fit to an R6G standard. The green cluster 
displays some R6G features, the blue cluster displays strong R6G and DOPC features, and the 
red cluster displays DOPC features. DOPC loading of R6G is inconsistent particle-to-particle with 
many liposomes being empty (red clusters) or barely loaded (green cluster), but the R6G that is 
loaded into DOPC liposomes is significant (blue cluster). Sparsity of acquisitions in the blue cluster 
suggest low encapsulation efficiency of non-water soluble R6G on average. 
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PCA was performed using single-particle LTRS measurements of HPTS-loaded DOPC 

liposomes without freeze-thawing and HPTS-loaded DOPC liposomes with freeze-thawing 

(Figure 18). Three clusters arise when fit to an HPTS standard. The green displays some HPTS 

features and strong DOPC features, with the blue and red cluster displaying DOPC features. 

Encapsulation efficiency of HPTS in liposomes with and without freeze-thawing is similar. While 

most DOPC liposomes were empty, the successfully loaded liposomes were the most 

consistent thus far.  
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Figure 17. (A) UV-vis estimation of HPTS concentration in fractions of DOPC liposome 
suspension post-extrusion and SEC. Fraction 1 was used for single-particle LTRS due to its 
highest concentration of dye (excluding free dye eluted after fraction 5). This suggests that 
most DOPC loading occurs in fraction 1. Encapsulation efficiency appears to be high. (B) UV-
vis estimation of HPTS concentration in fractions of DOPC liposome suspension after 
freeze-thaw, extrusion, and SEC. Fraction 1 was used for single-particle LTRS due to its 
highest concentration of dye (excluding free dye eluted after fraction 5). This suggests that 
most DOPC loading occurs in fraction 1. Encapsulation efficiency appears lower than without 
freeze-thawing. 
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Comparing encapsulation efficiency of dyes with differing solubilities, the highly water-soluble 

HPTS dye had the highest encapsulation efficiency. Loading uniformity was not observed in any 

of the loadings. Some disparities in the dye encapsulation may be due to liposomes not being 

exactly monodisperse, despite having a tight size distribution. Although optimizing mechanical 

extrusion and freeze-thaw protocols for maximum encapsulation efficiency, single-particle LTRS 

still revealed a non-uniformity of drug loading particle-to-particle. This key finding demonstrates 

the disparity of drug loading on a single-particle basis, which may cause a disparity between the 

amount of drug administered and the exact amount of targeted drug delivery. Here, LTRS has 

demonstrated its ability to assess single-particle drug loading efficacy as well as the extent of 

single-EV modification in a non-destructive and label-free manner. 

 
Figure 18. PC plot of DOPC liposomes loaded with HPTS reveals higher and more 
uniform loading efficiency particle-to-particle. PC plot of DOPC liposomes loaded with 
HPTS both with and without freeze-thawing reveals three clusters. The green cluster displays 
HPTS features, while the blue cluster and red cluster displays mainly DOPC features. DOPC 
loading of HPTS is still inconsistent particle-to-particle with many liposomes being empty 
(blue and red clusters), but the HPTS that is loaded into DOPC liposomes seems consistent 
on average (green cluster). 
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CHAPTER 2.3 PROJECT 3: SYNTHESIZING PLASMONIC NANOAPERTURES FOR LTRS 

CHAPTER 2.3.1 PLASMONIC NANOAPERTURES 

Many EVs, even upwards of 50%, are smaller than the detection limit for typical optical trapping 

(~70 nm), since they do not scatter enough light to be stably trapped. To compensate for low 

scattering from small particles and realize single particle EV trapping of ones less than 70 nm, I 

aim to integrate LTRS with plasmonic nanoapertures. Nanoaperture designs in metallic films have 

been used for decades for single-molecule detection and characterization due their plasmonic 

enhancement properties.25,26 The can be fabricated using focused ion beam (FIB) milling or 

photolithography techniques with nanoscale precision. To create such apertures, single nanohole 

designs have led to spatial resolutions down to 50-nm. Double nanohole (DNH) apertures can 

achieve even greater spatial resolution.58 Gold is the typical metal film used for nanohole designs 

due to its increased stability in air and plasmonic properties. The mechanism by which DNHs can 

increase scattering of particles, thus lower the detection limit for trapping, is via gathering and 

channeling of incident light towards the center, or cusp, of the DNH (Figure 19).59 When incident 

light gathers at the cusp, a field enhancement occurs, leading to an enhanced light-matter 

interaction, and increased scattering.  

  

 
This field enhancement is specifically due to surface plasmon coupling, or coherent collective 

electron oscillations confined in 1D to the metallic surface, that occurs at the small gap of the cusp 

Figure 19. Schematic of a 
double nanohole (DNH) to 
demonstrate the path of incident 
light to the cusp.59 When incident 
light hits the DNH, it gets 
channeled along the outer rim of 
the DNH towards the cusp as 
shown with the arrows. This 
results in a localized field 
enhancement, or “hot spot,” at the 
cusp of the DNH. 
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of the DNH when incident light hits the metal film. These surface plasmons coupling at a gap are 

called gap surface plasmons (GSPs). The smaller the size of the gap, the more interaction and 

coupling of surface plasmons, which results in the strongest field enhancement (Figure 20).60 

Based on experimental results from previous studies, small gaps at the DNH cusp could trap 

smaller EVs more efficiently than larger EVs, contrary to conventional optical traps, since the size 

of the gap at the cusp is commensurate with the size of particles trapped.59 

 
When fabricating DNH apertures in a gold film using FIB milling, a slope at the DNH cusp (Figure 

21b)61 is an inherent result, which adds another dimension of enhancement to trapped particles 

and results in further optical trap sensitivity. In 2D, the sloped geometry, or wedge, works to 

confine plasmon polaritons. The conical shape of the DNH cusp allows for the nanofocusing of 

GSPs and subsequent coupling of GSPs with wedge plasmon polaritons (WPPs) to form “hot 

spots” (Figure 4),60 or areas of peak enhancement.  

 

 

 

 
 

Therefore, the wedge essentially creates a field enhancement that increases with the curvature 

of the metal wedge and thus enhances light-EV interaction. This incidental conical nanostructure 

of DNH confines light at sub-wavelength scales and consequently focuses light beyond the 

diffraction limit, allowing for more efficient trapping of nanoparticles. 

Figure 20. Field enhancement in two directions form plasmonic “hot spots” where 
Raman scattering is drastically enhanced.60 Hot spots tend to appear in areas of 
proximity and at sharp corners. 
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Due to being an optical technique, single-particle LTRS is diffraction-limited and may not be 

able to resolve small EVs. Plasmonic nanoholes have been shown to enhance light scattering 

and optical trapping, even trapping objects as small as single proteins.61,62 Therefore, integrating 

plasmonic nanoapertures with single-particle LTRS could allow for characterization of the full-

size range of EVs (~30-200 nm). 

 

CHAPTER 2.3.2 METHODS 

A gallium focused ion beam was used to mill nanoholes into a gold-coated glass substrate in a 

multistep process. An SEM microscope was used to visualize the milling process. The slow rate 

of FIB milling allows for better control and more precision in milling different shapes, making FIB 

milling an optimal nanofabrication technique for synthesizing plasmonic nanoapertures. 

 

CHAPTER 2.3.3 EXPERIMENTAL RESULTS AND DISCUSSION 

In this ongoing work, different nanohole geometries (Figure 22) were milled into a gold-coated 

substrate with a gallium-ion beam from a dual beam SEM/FIB microscope. Typical double 

nanoholes were milled in Figure 7 on the right. Knowing field enhancement “hot spots” can 

occur at sharp corners, the bowtie (left) and cross-bowtie geometries were milled. With more hot 

Figure 21. SEM image of a 
FIB-milled double 
nanohole (DNH) 
demonstrating the residual 
slope configuration 
remaining after milling.61(A) 
2D visualization of the DNH 
in x and y-direction. (B) 3D 
visualization of the DNH, 
displaying the residual slope 
that allows for an additional 
field enhancement by wedge 
plasmon polaritons (WPP). 
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spots implemented in the nanoaperture design, trapping and enhancement of EV signal may be 

further enhanced. I was able to synthesize apertures of desired size routinely and robustly on 

demand. 

 

 
 
Figure 22. SEM of 3 sets of different ion-induced plasmonic nanohole geometries: 
bowties (A), cross-bowties (B), and double nanoholes (C). The surface of the gold substrate 
after FIB milling shows some scratches and physical alterations as seen from the white areas in 
the SEM image. These physical alterations could be caused by washing the gold substrate 
between samples with ethanol, general handling, or beam damage from the FIB milling process. 
 

CHAPTER 3: CONCLUSION AND FUTURE WORK 

Uncovering the critical functions EVs perform in the body and utilizing their potential for clinical 

application is the future that the EV field is pioneering towards. To do either, EV heterogeneity 

must be well-characterized. The way to undoubtedly characterize EV heterogeneity is by single-

particle techniques, such as single-particle LTRS. In addition to heterogeneity, EV size makes 

single-EV characterization incredibly difficult. Currently, single-particle LTRS compensates for 

small EV size and weak Raman scattering by optically trapping EVs in place for long 

acquisitions, often up to several minutes per EV. However, we plan to integrate plasmonic 

nanoapertures with single-particle LTRS to assess the smallest of EVs with a few more 

installations and modifications to our Raman microscope. 

 

(A) (B) (C) 
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Once native, heterogeneous EVs are characterized, modified EVs can then be characterized. 

Based on the results of the projects, single-particle LTRS is capable of distinguishing EVs from 

highly similar constituents, such as lipoproteins, in complex biofluids. In doing so, single-particle 

LTRS also demonstrates its ability to measure and account for EV heterogeneity with each EV 

acquisition having a unique chemical signature. Single-particle LTRS can then be used to 

assess drug loading efficacy of synthetic liposomes as well as the extent of fusion between 

liposome and EV particle-to-particle. While LTRS does not have the short response time and 

high throughput needed for a clinical tool, LTRS makes for an incredibly powerful research tool 

to investigate native and engineered EVs. Single-particle LTRS has demonstrated the ability to 

account for EV heterogeneity and contaminants in complex biofluid samples while measuring 

drug loading efficacy and extent of EV fusion on a single-particle basis. 
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