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PREFACE 

This dissertation is written based on three journal articles. Chapter 2 is partially based on 

an article that was published in the Journal of Theranostics with emphasis on 3D printing 

towards exosome detection: “E. A. Kwizera, R. O’Connor, V. Vinduška, M. Williams, Y. Wang, 

X. Huang. Detection and Molecular Profiling of Exosomes Using Surface-Enhanced Raman 

Scattering Small Gold Nanorod and Miniaturized Device. Theranostics 2018; 8(10):2722-2738.”  

Chapter 3 is based upon a manuscript that has been submitted to the Journal of 

Nanomaterials: “V. Vinduška, C. E. Gallops, R. O’Connor, Y. Wang, X. Huang. Exosomal 

Surface Protein Detection with Quantum Dots and Immunomagnetic Capture for Cancer 

Detection.” In this chapter, all tables, figures, schematics, and references have been reformatted 

and renumbered to fit into one document. The references and style used withing this chapter 

reflect the standards of Journal of Nanomaterials.  

Chapter 4 is based on the paper “Purification-free Single Exosomes Protein Profiling with 

Fluorescence and Darkfield Imaging for Early Cancer Detection” which is currently in 

preparation by the authors.  
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ABSTRACT 

Vojtěch Vinduška. The University of Memphis. August 2021. Development of Exosomal Protein 

Detection Assays for Cancer Diagnostics using Nanomaterials in Conjunction with Optical 

Spectroscopy and Imaging. Major Professor: Prof. Xiaohua Huang 

 

Cases of cancer are on the rise, and cancer continues to be the major cause of death in the 

world. It has been known for years that the survival rate and possible recovery depend on early 

diagnosis and personalized treatment. However, tumors are in most cases almost undetectable until 

cancer has already invaded the surrounding tissue and begins to metastasize to distant organs at 

which point the treatment is significantly less effective or completely ineffective. And even if the 

tumor is detected, its analysis requires a tissue biopsy, which in many instances is a risky invasive 

procedure that does not allow regular monitoring of the effectiveness of treatment. Therefore, any 

strategy for early cancer identification will be based on the correct identification of cancer 

detection markers found in body fluids in various forms such as proteins, RNAs, and DNA. 

Emerging evidence points to extracellular vesicles, more precisely their subgroup - exosomes, as 

an abundant source in proteins and nucleic acids that reflects the state of the parental cell. In this 

dissertation, we summarize the exosomal biogenesis and composition, influence of exosomes on 

cancer development and progression with emphasis on breast cancer, and major analytical methods 

applied to exosomal protein detection. Further, we report our take on exosomal protein detection 

as a form of novel bulk detection and single vesicle profiling techniques, which are designed for 

liquid biopsy in a clinical environment. Our approaches are based on optical spectroscopy and 

imaging such as surface enhanced Raman scattering (SERS), fluorescence, and dark-field light 

scattering imaging, and are designed to operate with small amounts (8-50 µL) of already diluted 

samples. We demonstrated the potential of 3D printing and its applicability to create a miniaturized 
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device that made it possible to customize detection conditions for nanosized exosomes and 

microvolume samples. Additionally, we developed a simple, fast, and inexpensive bulk method 

for detection of exosomal surface proteins using quantum dots in conjunction with fluorescent 

spectroscopy and we demonstrated its clinical potential on detection of HER2 cancer marker in 

plasma samples from a breast cancer patient. Lastly, we report single vesicle technology (SVT) 

based on dual fluorescent and dark-field imaging to achieve protein profiles at a single exosome 

level. Our SVT can overcome many obstacles that bulk technologies cannot and can bring long-

sought-after early cancer detection into the clinical setting. 
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Chapter 1. INTRODUCTION 

1. Morphology and Composition of Exosomes 

1.1 Morphology of Exosomes 

Exosomes are nanosized membrane-bound vesicles of endocytic origin released by all 

types of eukaryotic cells into extracellular space. They are considered as a subgroup of 

extracellular vesicles (EVs) together with microvesicles, microparticles, prostatosomes, apoptotic 

blebs, and many other small, defined, cell-secreted vesicles.4,5 The morphology and size of 

exosomes are commonly reported as round or cup-shaped vesicles with a diameter in the range 

from 40 to 200 nm,6–8 even though, the definition based on size and morphology is greatly 

challenged by the experimental difficulties associated with accurate purification and enrichment 

of these particles. Current methodologies for the isolation of exosomes cannot unambiguously 

discriminate exosomes from other cell-secreted vesicles like small microvesicles. In addition, there 

is still some uncertainty about protein exosomal markers, since exosomes are enriched with 

different proteins based on the cell of origin or even purification method. For this reason, we can 

expect the definition of the term exosome will continue to shape and evolve with ongoing efforts 

to better track its endocytic origin.9  

1.2 Composition of Exosomes 

The composition of the exosome reflects, to some extent, the molecular composition of the 

originating cell. Their content is made of proteins, lipids, and nucleic acids well encapsulated 

within the lipid bilayer of cellular origin (Figure 1.1).10,11 Exosomes contain both cytosolic and 

membrane proteins. Among those cytosolic proteins belongs tubulin, actin, ESCRT protein 

complex, as well as proteins with enzymatic function like pyruvate kinase, glucose-6-phosphate 
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isomerase, lactate dehydrogenase.12 Further, in exosomes, we can also find many heat shock 

proteins like HSP70 and HSP90, and proteins involved in the translation and transcription of 

genetic material.13 Membrane proteins then include but are not limited to tetraspanins (CD9, 

CD63, CD81, and CD82), integrins, epithelial cell adhesion molecules (EpCAM), members of the 

human epidermal receptor (HER), and major histocompatibility complexes (MHC I and II).14,15 

 

Figure 1.1. The molecular components of exosomes—they are known as a phospholipid bilayer 

(coloured blue) enclosed vesicle which contain various proteins on their surface membrane. 

Internally, their cargo can be comprised of nucleic acids and numerous proteins.1 Reprinted with 

permission from Whitehead, C.A.; Luwor, R.B. (2012) Copyright 2012, Nancy International LTD 

Subsidiary AME Publishing Company.   

Exosomes are composed of a number of lipids. They contain many membrane lipids like 

cholesterol, sphingomyelin, hexosylceramides, phosphatidylserine, and saturated fatty acids as 

well as cytosolic lipids including leukotrienes and prostaglandins.9,16,17 In addition to proteins and 

lipids, exosomes also contain a variety of nucleic acids. Numerous studies have reported the 
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presence of RNAs – messenger RNAs (mRNAs), transfer RNAs (tRNAs), microRNAs (miRNAs), 

viral RNAs, as well as long noncoding RNAs (lncRNAs). Balaj et al. and Kahler et al. also 

reported findings of single-stranded DNA and double-stranded DNA, respectively, inside of 

exosomes.18,19 

2. Exosome Biogenesis, Extracellular Transfer, and Function 

2.1 Biogenesis 

Biogenesis of exosomes and their consecutive release into extracellular space is one of the 

possible outcomes of a complex multistep process that starts with an early endosome. Endosomes 

are primarily set of intracellular sorting organelles in eukaryotic cells. The early endosome goes 

through maturation, a process that is characterized by acidification and changes in protein content. 

The maturation of early endosomes into late exosomes can be distinguished by changes in shape 

and intracellular location. The shape of the early endosome is tubular, and they are in close 

proximity to the cellular membrane. On the other hand, late endosomes are round and near the 

nucleus. The maturation of endosomes can be also observed in the formation of intraluminal 

vesicles (ILVs) by budding of an endosomal membrane.20,21 During this process, a portion of 

cytosol together with proteins, nucleic acids, and other macromolecules gets incorporated into 

newly formed ILVs. The subgroup of late endosomes that progressed through the formation of 

ILVs is known as multivesicular bodies (MVBs).  

The fate of MVBs may vary and may have one of two possible outcomes depending on 

molecular regulatory mechanisms that are not fully understood. One hypothesis suggests that the 

fate of MVBs is dependent on the cholesterol content of those organelles. The MVBs with high 

cholesterol content may fuse with a cellular membrane, resulting in the secretion of ILVs into the 

extracellular region. ILVs that enter extracellular regions are then known as exosomes. If the 
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cholesterol content is low a fusion with a lysosome takes a place and MVBs get degraded along 

with their cargo. Another theory describes ISGylation of MVB proteins inhibiting exosome 

release, and thus promoting the fusion with lysosomes. In this hypothesis, MVBs fusion with a 

cellular membrane is facilitated by Rab GTPases, SNARE proteins, many others.22–24 The fusion 

of MVBs with a cellular membrane is induced by two categories of SNARE proteins, one being 

on the surface of MVBs and the other resides in the plasma membrane. The affinity of SNARE 

proteins for each other causes their binding and initiates vesicle fusion.25   

2.2 Extracellular Transfer 

Secretion of exosomes into an extracellular region filled with bodily fluids allows them to 

act locally or at distant sites. Their presence in blood, urine, saliva, breast milk, amniotic fluid, 

cerebrospinal fluid, and other fluids as well as their release by most of the eukaryotic cells was 

well summarized by Chahar et al.26 The molecular composition of the environment and exosomes 

plays a vital role in their fate. After entering the extracellular region, exosomes can be dissolved, 

their content gets released into extracellular space, and the released molecules can travel on their 

own. An example of such molecules would be TNF, interleukin-β1, and growth factors. The 

second outcome for exosomes is to stay intact, travel as a vesicle, and interact with cells directly 

via docking at the cellular membrane, fusing with the cellular membrane, or being internalized 

through a process known as endocytosis (Figure 1.2). It is important to mention that uptake of 

exosomes does not appear as a random event and recent reports suggest a mechanistic basis of 

entry selection to recipient cell by invoking tetraspanin markers.17,27,28 



5 

 

 

Figure 1.2. Schematic of protein and RNA transfer by EVs. Membrane-associated (triangles) and 

transmembrane proteins (rectangles) and RNAs (curved symbols) are selectively incorporated into 

the ILV of MVEs or into MVs budding from the plasma membrane. MVEs fuse with the plasma 

membrane to release exosomes into the extracellular milieu. MVs and exosomes may dock at the 

plasma membrane of a target cell (1). Bound vesicles may either fuse directly with the plasma 

membrane (2) or be endocytosed (3). Endocytosed vesicles may then fuse with the delimiting 

membrane of an endocytic compartment (4). Both pathways result in the delivery of proteins and 

RNA into the membrane or cytosol of the target cell.2 Reprinted with permission from Raposo, G.; 

Stoorvogel, W. (2013) Copyright 2013, Rockefeller University Press. 

2.3 Function 

Despite a limited understanding of the exact effect that exosomes have on the recipient cell, 

there are many proposed functions of exosomes. In 1987, exosomes were first identified as cellular 

waste disposal vesicles by Johnstone et al.29 This idea was further confirmed by many when 

exosomes were characterized as an alternative way for cellular waste elimination and a mean for 

homeostasis upkeep.30 Nowadays, exosomes are best known as cell-to-cell communicators and 

cargo transporters. As mentioned in section 1.1.2 exosomes can be carriers for signaling molecules, 

proteins, lipids, and nucleic acids including but not limited to miRNA, mRNA, and other small 
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RNAs. The membrane of the exosome provides protection for these macromolecules outside the 

cell. As an example, the exosomal lumen can protect RNAs from RNases while in the extracellular 

region. Intercellular transport of functional RNA via exosomes was reported by Valadi et al.31 

They found that RNAs delivered through the exosomes can still be translated into functional 

proteins.  

Exosomes are directly involved in both, regulation of immune responses and aiding in 

antigen presentation by immune cells. An exosome facilitated transport of antigen between dendric 

cells using major histocompatibility complex (MHC) and subsequent activation of T-lymphocytes 

is one of many examples where exosomes play a key role in up and downregulation of the immune 

system.32 In addition, exosomes can also reprogram recipient cells either as a consequence of 

fusion or through horizontal transfer. As the two membranes are fusing together the exosome 

surface proteins like integrins, annexins, galectin, and intercellular adhesion molecule 1 (ICAM1) 

can be incorporated into a cellular membrane and causing recipient cells to acquire new 

characteristics.33 The reprogramming of the recipient cell can also be induced by the horizontal 

transfer of nucleic acids. These transferred nucleic acids can cause phenotype changes in the 

recipient cells resulting in silencing of protein expression and thus causing inhibition or stimulation 

of various signaling pathways.34 

3. Role of Exosomes in Cancer 

Cancer is a group of diseases characterized by the unregulated proliferation of abnormal 

cells. The gradual growth of abnormal cells leads to the destruction of normal tissue and organs in 

the surrounding area, and in addition, cells of the primary tumor can spread to more distant areas 

in the body via a process known as metastasis. So, it is no surprise that cancer is considered one 

of the most serious types of diseases. Even though there are many types of cancer, only a few of 
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them are common. Ten of these types then account for more than three-quarters of all cancer cases, 

with breast, prostate, and lung cancer being the top three. From a gender perspective, breast cancer 

is a leading source of cancer in women. Just in the United States 281,550 (female) and 2,620 (male) 

new cases are expected in 2021.35 Despite a significantly higher percentage of cases being women, 

breast cancer certainly cannot be ignored even in the male population.  

Breast cancer usually begins with a genetic mutation of a single cell in the milk-producing 

ducts. Unlike a normal cell, the mutated cell has a growth advantage, and its proliferation is 

uncontrolled. The exact cause of the mutation in not entirely clear, but the responsible factors that 

play a significant role in oncogenesis are, but are not excluded to, genetic predisposition, alcohol 

consumption, excess of stress, hormonal disbalance, and diet. The genetic mutation frequently 

occurs on BRCA1 and BRCA2 genes. BRCA1 is located at the 17th chromosome and is involved 

in cancer development in up to 85% of cases. While BRCA2 can be found on the 13th chromosome 

and is detected in up to 84% of breast cancer cases. Both of those genes can be found in the male 

and female genome, but despite their presence, they can break out or remain hidden. Thus, breast 

cancer does not have to break out in each generation of a family tree unless triggered by other 

factors.36,37  

The hormonal imbalance is considered as one of the significant factors that can initiate 

cellular mutation. Among the causes of hormonal imbalance in women belong menarche, late 

menopause, first pregnancy after 30 years of age, short lactation, and extensive use of estrogen 

supplements.38,39 For example, during pregnancy hormone secretion is increased to supply both 

mother and fetus. This hormonal state creates an abundant environment not only for a new life but 

also for tumor growth.40 Another important factor involved in oncogenesis is dietary related. This 

factor includes, but is not limited to consumption of alcohol, an unbalanced and fat-based diet in 
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childhood and puberty, and obesity. For instance, intake of erucic, palmitic, margaric, linoleic 

acids is reported to be linked with an increased risk of breast cancer.41 Lastly, the correlation 

between the excess amount of stress and oncogenesis is still a controversial topic. According to a 

review on psychological stress and breast cancer incidence, 26 articles out of 52 identified and 

linked stressful events and breast cancer.42 The authors of the remaining articles did not find strong 

enough evidence or could not be classified. It is important to mention that occurrence of breast 

cancer increases with age, and every decade probability doubles until menopause. The highest risk 

group are women around the age of 50, while women in their twenties are an exception. However, 

breast cancer in young women is usually more serious and is associated with more aggressive 

forms of the disease.43 

With growing interest in cancer research and new findings in the field of exosomes, it is 

becoming more obvious how exosomes play crucial roles in cancer development (Figure 1.3). As 

described in section 1.2.3 Function, exosomes play a role in cell-to-cell communication, horizontal 

transfer of genetic material, induction or inhibition of protein translation, disposal of cellular 

waste, and regulation of immune responses. Since exosomes are secreted by all types of cells 

including cancer cells then the same exosome’s mechanisms are used against our immune system 

in disease. 
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Figure 1.3. The role of exosomes in breast cancer. Exosomes are released from breast cancer and 

stromal/cancer associated fibroblast cells into the extracellular milieu and tumor 

microenvironment.3 Reprinted with permission from Lowry, M.C.; Gallagher, W.M. (2015) 

Copyright 2015, Oxford University Press.  

3.1 Invasion and Metastasis 

The role of exosomes in breast cancer metastasis and invasion of normal tissue can be seen 

in all metastatic processes. Reports show their involvement from initial steps of local invasion of 

surrounding tissue by primary tumor cells to remodeling of the extracellular matrix for upcoming 

tumorigenesis, acquisition of migration capacity, and distant spread to the most common 

metastasis sites for BC (bone, brain, liver, or lung).44 Exosomal role in metastasis was first reported 

in triple-negative breast cancer (TNBC) cell line Hs578T.45 In this study, authors found the 

exosomal transfer of aggressive phenotypical traits into secondary breast cancer cells including 

SKBR3, MDA-MB-231, and HCC1954. These newly acquired traits caused an increase in 

proliferation, migration, and invasion. Further, angiogenesis in human endothelial cells was also 

increased when exosomes from TNBC were introduced into a normal cell. Other studies then show 

findings such as an enrichment of the enzyme responsible for degradation of extracellular matrix 
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in exosomes derived from TNBC, presence of a migration promoting protein Caveolin-1 in MDA-

MB-231 derived exosomes or specific exosomal miRNA signatures found in HER2 positive breast 

cancer patients.46 

3.2 Immune System 

Despite all the efforts of the immune system to prevent cancer development, the tumor 

cells developed various mechanisms to surpass host defenses and they appear to be ahead in this 

regard. One such mechanism is tumor-derived exosomes. It has been reported that exosomes have 

both positive and negative effects on the immune response.47 There are many ways how tumor-

derived exosomes influence the host immune system and promote tumorigenesis. One of such 

ways is suppression of T cell activity, upregulation of regulatory T cell activity, apoptosis of T 

cells, and suppression of natural killer cells.48,49 Rong et al. reported a potent immunosuppression 

activity, negatively modulating T-cell proliferation through TGF-β when they used exosomes 

isolated from two breast cancer cell lines MDA-MB-231 and BT-474.50 Moreover, a work done 

by Jang et al. showed inhibition of macrophages activity after they transport miRNA miR-16 

derived from murine breast cancer cell through the use of tumor-derived exosomes into tumor-

associated macrophages.51 Further, it has been demonstrated that exosomes derived from MBA-

MB-231 can induce platelet aggregation, a crucial step for circulating tumor cells (CTC) to avoid 

immune system surveillance.52  

3.3 Apoptosis 

A deliberate cellular death also known as apoptosis is a key mechanism in control over the 

healthy cellular balance between cell division and cell death. Avoidance of apoptosis is one of the 

pivotal efforts of tumor cells, and thus it should not be surprising that exosomes take a part in the 
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prevention of such a process. For example, it has been reported that exosomes derived from 4T1 

breast cancer cells suppressed apoptosis in CD133+ stem cell-like tumor cells.53 In this case, 

exosomes not only prevented apoptosis of CD133+ cells but also induced their proliferation. 

Additionally, the work of Dong et al. also shows inhibition of apoptosis by long non-coding RNA-

small nucleolar RNA host gene 14 (lncRNA-SNHG14).54 They were interested in the regulatory 

functions of lncRNA-SNHG14 within exosomes during the formation of chemoresistance in breast 

cancer. They report lncRNA-SNH14 to target apoptosis regulator Bcl-2/apoptosis regulator BAX 

signaling pathway and thus promoting the uncontrolled proliferation of tumor cells. 

3.4 Drug Resistance 

The success of cancer treatment does not only rely on the strength of the medicine, but also 

on the therapeutic’s ability to target the affected area and overcome the cellular mechanisms 

ensuring cellular resilience and self-preservation. Exosomes were first described as a waste 

eliminating vesicles serving to remove all unwanted materials from the cytosol into extracellular 

space. Unfortunately, the same mechanism complicates the work of the newly developed 

therapeutics, which, despite their potentially high efficiency might be disposed from the cell before 

their effect occurs.55,56 In addition, tumor-derived exosomes induce drug resistance in BC by 

causing changes in the tumor immune microenvironment, boosting DNA damage repair, triggering 

a bypass in signaling or pro-survival pathways, and transferring functional cargo to upregulate Erα 

expression and hormone-independent signaling.57,58 Interestingly, a decoy mechanism was also 

observed in HER2 targeting therapeutics. HER2 overexpression in BC patients is mostly 

associated with a poor prognosis.59 Novel HER2 targeting therapeutics show an effective initial 

response, however, their potency significantly diminishes in the first year of treatment.60 After 

administration of these therapeutics, tumor cells initiate a release of HER2 overexpressed 
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exosomes to directly interact with the targeted drug. By doing so exosomes significantly reduce 

the interaction of therapeutics with tumor cells and reduce their effectiveness.  

4. Current Diagnostic Applications of Exosomes with Emphasis on Proteomics  

4.1 Exosomes in Liquid Biopsy 

Over the year’s exosomes have proven to be ideal detection biomarkers for the detection, 

analysis, and monitoring of the disease. Their presence in all body fluids makes it relatively easy 

to obtain a sample without the need for invasive surgery and thus promote periodic medical 

examination. For example, due to their general presence, their isolation is much more convenient 

than the isolation of circulating tumor cells (CTC).61 Exosomes are also highly resistant vesicles 

that allow both short-term storage in 4⁰C, as well as long-term storage in -80⁰C or cryo freezing.62 

In terms of short-term storage, due to their biological stability, they can reduce the costs required 

for their processing and transport. Another advantage of using the exosome as detection 

biomarkers is their macromolecular content, both on the surface of the exosome and inside. 

Exosomes, for example, contain genetic material such as DNA, mRNA, miRNA, lncRNA, etc. 

that provides much more representative information than ordinary cell-free DNA (cfDNA) 

samples.19 For instance the National Comprehensive Cancer Network recommends the usage of 

exosome RNA-based prostate cancer test, which has already aided over 50 000 patients in their  

decision-making process.63 Furthermore, exosomes contain a wide collection of surface proteins 

with few being considered as exosomes specific including CD81, Alix, or TS101,64 thanks to 

which they can be selectively isolated, and their analysis can then help determine the stage and 

course of the disease. In addition, exosomes appear as superior biomarkers in diagnostic accuracy 

compared to other serum-based biomarkers such as carcinoembryonic antigen.65 
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4.2 Quantitative Characterization of Exosomes  

Nanoparticle Tracking Analysis (NTA) is one of the most commonly used methods for 

quantitative characterization of the exosome. This technique works based on video analysis of 

particles in a liquid. The particles are illuminated by a laser and the scattered light is then recorded 

using a CCD or CMOS camera.66,67 The video sequences are then analyzed based on the Brownian 

motion of the recorded particles. The results of NTA provide both concentrations of particles per 

milliliter and particle sizes in the range between 10 and 1000 nm. An additional option for this 

instrument can be the fluorescent mode, used to analyze only selected particles prelabeled with 

fluorophores. 

Dynamic light scattering (DLS) is another possible method of exosome analysis. DLS 

works on a similar basis as NTA. This method will provide a size distribution based on the intensity 

of the scattered light after radiation from the laser source. The particle size is then calculated based 

on the transformation between the fluctuation rates and the diffusivities of the particles.68 The 

larger the particle, the higher the intensity of the scattered light. DLS, unlike NTA, does not 

determine particle concentration in the sample. 

A lesser-known method used to quantify the exosome is Tunable resistive pulse sensing 

(TRPS). With the use of this method, it is possible to measure both the size distribution of 

exosomes and their concentration.69 The measurement with TRPS is based on voltage difference 

generated by the analyzed particles suspended in electrolytes. The voltage pulse is generated every 

time the particle passes through the nanopore. The measured values are then fitted to a standard 

concentration set, and thus size distribution and concentration of the exosome can be calculated. 

Compared to NTA, TRPS offers greater sensitivity and accuracy due to the tunable size selection 
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of used nanopores.70 However, this method, unlike the NTA and DLS, requires more effort in 

terms of maintenance to prevent clogging of particles inside of nanopores. 

4.3 Proteomics 

As previously reported, the protein composition of the exosome is fundamentally affected 

by the cell of origin. Therefore, reliable detection of specific tumor-derived proteins on the surface 

as well as inside of these vesicles is a pivotal idea for the detection and diagnosis of cancer using 

the exosome. From more than 75 current studies, more than 2,300 proteins have been identified to 

be linked with exosomes.71 It is therefore quite obvious that the detection of protein markers from 

exosomal samples has very promising preconditions to help with the early detection of breast 

cancer.71 Western Blot, ELISA, mass spectrometry, and flow cytometry are among the most 

conventional detection techniques in protein analysis.72 However, these techniques usually 

represent a barrier between the potential of exome detection and clinical application, mostly 

because they are time-consuming, require considerable experience, and in many cases require 

complex pre-processing of the sample.73 Therefore, recent advances in improving and simplifying 

these methods, together with the development of new analytical technologies for exosome 

detection, are expected to finally enable the transition between science research and clinical 

application. 
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4.4 Western Blotting 

Western blotting, also known as immunoblotting, is a commonly used and widely 

recognized technique to determine the presence and integrity of proteins in exosomes.74–84 This 

technique consists of three steps: gel electrophoresis, membrane blotting, and probing with 

antibodies.85 Since proteins are separated based on physical properties such as molecular weight 

and charge, the specificity of this technique is very high and can provide useful information on the 

size of different proteins. However, this analysis is very time-consuming and requires the analyte 

to be lysed prior to electrophoresis.86,87 In the case of exosomes, this means that exosomes cannot 

be analyzed as whole vesicles. The group of Maji et al. analyzed the functions of the exosomal 

protein Annexin II (exo-Anx II) using atomic force microscopy and Western Blotting. Exo-Anx II 

is one of the most abundant proteins in exosomes.88 The author aimed to reveal the exact function 

of exo-Anx II in the development and metastasis of breast cancer. Their study was performed both 

in vitro on specific metastatic breast cancer cells MCF10CA1 and MDA-MB-231 and in vivo on 

animal models. Their results revealed almost five times higher expression of this protein in 

exosomes derived from these aggressive types of breast cancer cells in comparison with normal 

and premetastatic cells. Furthermore, the in vivo study revealed the role of exo-Anx II in the 

transformation of the microenvironment in favor of metastasis. Accordingly, based on their 

findings they stated that the function of exo-Anx II is to promote angiogenesis and metastasis. 

4.5 ELISA 

The enzyme-linked immunosorbent assay (ELISA) is one of the gold standards in the field 

of proteomics. Its advantage are cost-effectiveness, good reproducibility, high sensitivity, and 

quantification of data, but the whole process is considerably time and labor intensive and requires 

a relatively large amount of sample and reagents.89 Furthermore, in order to attain appropriate 
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sensitivity, most ELISAs rely on enzyme-mediated signal amplification which may not always be 

linear and may affect the results.90 Nevertheless, ELISA has long been the predominant method 

for detecting analytes in biological samples, both in scientific research and in the clinical setting, 

and also has an inherent application in exome protein analysis.91–97 In example, Moon et al. used 

this technique to document the increased expression of fibronectin (FN) on circulating 

extracellular vesicles in a breast cancer patient to determine whether this protein had the potential 

to become one of the key markers in early detection.98 They targeted blood samples from healthy 

donors, from a patient with breast cancer, from a patient after a successful surgery, from a patient 

with benign tumors, and a patient with non-cancer diseases. Based on their results, they found 

significantly higher FN values in the group with breast cancer compared to all other groups. They 

further report the independence between elevated FN and breast cancer subtype and identified FN 

as a potential marker for early detection. 

4.6 Mass Spectrometry 

The current mass spectrometry-based analytical methods offer high accuracy, sensitivity, 

and resolution for proteomic studies of extremely heterogenous sample.99,100 On the other hand, 

their use is time-consuming, requires significant expertise, comes with limitations and 

disadvantages associated with the coupling methods, and doesn’t not allow analysis of exosomes 

as whole vesicles.72,101 Prior to mass spectroscopy analysis exosomes needs to be fractionated into 

peptide fractions which is usually done by one of these common approaches: 1) Sodium dodecyl-

sulfate polyacrylamide gel electrophoresis (SDS-PAGE), 2) two-dimensional liquid 

chromatography, or 3) isoelectric-focusing based fractionation.72 Nevertheless, MS-based 

proteomic profiling enables the identification and quantification of exosomes derived proteins on 

a large scale, and thus greatly facilitates the creation of data libraries.102–106 For instance, Risha et 
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al. studied a difference in protein composition between metastatic breast cancer MDA-MB-231 

derived exosomes and normal epithelial cell MCF10A derived exosomes.107 Based on these 

differences, they wanted to identify new potential protein markers that could be used for early 

detection of breast cancer. For exosome analysis, they used nano-liquid chromatography coupled 

with tandem mass spectrometry. Using this approach, they were able to identify 726 unique 

exosomal proteins in MDA-MB-231 derived exosomes out of a total of 1,107 exosomal proteins 

identified in both cell lines. Moreover, 87 proteins were characterized as associated with cancer 

and 16 proteins were then classified as important for metastasis. They also identified four surface 

protein markers, Glypican 1 (GPC-1), glucose transport 1 (GLUT-1), metallopreinase and 

disintegrin, as potentially unique to breast cancer. 

4.7 Flow Cytometry 

Although flow cytometers are very expensive instruments that are not built to analyze 

particles below ~ 300-500 nm,72,108,109 at least not in their conventional form, they are still the 

method of choice in protein exosome analysis for many researchers.110–118 Flow cytometry 

provides very accurate quantitative data and can facilitate subpopulation analysis, which makes it 

the most suited for diagnostic and clinical research in comparison to the above-mentioned 

methods.119 However, exosome analysis is notoriously difficult because, compared to cell analysis, 

the size of the extracellular vesicles causes: 1) less fluorescence emitted from each vesicle due to 

fewer number of antigen present on its surface 2) limitation in post stain washing which is 

necessary to minimize background signal.120 In many cases, researchers are thus confronted with 

a high optical background that masks the presence of small vesicles and false-positive signal 

caused by immunoglobulin aggregates.72 New adaptations for flow cytometry consist, for example, 

in the application of micrometer-sized latex beads designed for multivesicular binding or 
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construction of highly sensitive flow cytometry instruments which can distinguish nanoparticles 

<100 nm. The use of highly sensitive flow cytometers thus allows  EVs detection to be performed 

at a single molecular level, as has already been demonstrated on exosomes by Kibria et al.121 With 

their rapid analytical approach for a micro flow cytometer, they were able to measure the 

expression of two targeted proteins, CD44 and CD47, on the surface of an exosome derived from 

either the cell medium or the blood plasma of a healthy individuals and breast cancer patients. The 

CD44 protein marker is associated with tumorigenesis and progression and CD47 is known to 

affect the recognition of the host's defense mechanism, especially macrophage and natural killer 

cell. Using this technique, they were able to differentiate healthy populations from cancer patients 

based on CD47 marker expression. However, their current method has not been able to detect the 

difference between the two groups for the protein marker CD44. As they say, even though more 

improvements are needed in flow cytometry methods, it has great potential in research of exosomes 

and early detection of disease. 

4.8 Miscellaneous Techniques 

Over the past decade, many has also reported other techniques that include novel or unique 

approaches towards detecting of proteomic content of exosomes. Due to the lack of previously 

discussed conventional techniques, researchers have expanded their focus on combining the 

principle of advanced physical detection methods with immune-based EV capture and immune-

labeling probes. Exosome detection has also shifted from standard application to so-called lab-on-

chip format, thus combining the qualities of conventional methods with small volume sample 

requirements and minimal sample processing. These new emerging approaches are based on: 

surface plasmon resonance (SPR),122–127 fluorescence techniques,77,128–134 Interferometric 
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imaging,135 Electrochemical sensing,136–141 colorimetric,142 Micro-Nuclear Magnetic Resonance 

(µNMR),143,144 surface enhanced Raman scattering (SERS).145–147 

5. Overview of Chapter Contents 

In chapter two, we demonstrate how 3D printing can aid in modifying analytical assays 

used in the field of extracellular vesicles. An ongoing effort to reduce the amount of sample 

required in liquid biopsies asks for new tools that are designed to operate with nanoparticles such 

as exosomes on microvolume levels. In this chapter, we discuss the procedure that was used to 

design, print, and assemble a 3D printed miniature device which played a crucial role in the SERS-

based detection assay of surface proteins on exosomes. We also focus on challenges and limitations 

that have emerged when we used different templet designs and ideas to build our microarray 

devices which would be comparable or better in performance to conventional microvolume 

platforms such as 96-well microplate.  

In chapter three, we describe our fluorescence-based protein detection assay which uses 

semiconductor quantum dots probes to target cancer markers on the exosomes. The study aimed 

to create a simple, reliable, and inexpensive assay using conventional fluorescent spectroscopy 

coupled with a novel strategy for photostable fluorescence labeling. In addition, we explain how 

we eliminated the lengthy process of exosome purification by using magnetic beads coupled to 

anti-CD81 Ab and thus created suitable conditions for a possible clinical application. In 

approximately 4 hours, using a three-step procedure, we were able to distinguish exosomes derived 

from three breast cancer cell lines MDA-MB-231, SKBR3, and MCF7, and one normal epithelial 

breast cell line MCF12A. We further successfully applied this method to blood plasma studies 

where we demonstrated its potential by discriminating healthy donors from stage three HER2-

positive breast cancer patients based on HER2 cancer marker expression. 
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In chapter four, we report a Single Vesicle Technology (SVT) which allows protein 

expression profiling of individual exosomes. Due to its high sensitivity and specificity of our assay 

can identify even a very rare exosome population mixed with exosomes of various origins. 

Therefore, the technology opens space for early-stage cancer detection since cancer-derived 

exosomes are naturally mixed in a very complex body fluid environment and are masked by the 

predominant population of exosomes released by normal cells. Similarly, as in chapter three, 

exosomes are first captured based on CD81 exosomal marker expression and subsequently, their 

phospholipid bilayer and proteins of interest are labeled with two consecutive approaches. Here 

we discuss three different approaches we tested to achieve our final double imaging strategy 

combining fluoresce imaging to determine the exact position of each captured exosome and 

darkfield imagining detecting targeted protein expression. 
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Chapter 2. 3D PRINTING FOR EXOSOME DETECTION 

1. Introduction 

Satisfactory conditions for the clinical use of analytical methods require ease of use, 

undemanding sample preparation, low reagent consumption, and, above all, low sample volumes 

within the range of human patients’ accessibility. Standard analytical methods and procedures are 

generally not suitable for achieving these conditions.148,149 Many of these methods and procedures 

used in the bioanalytical field are designed to analyze tissues and cells in which the number of 

tested macromolecules is significantly higher than in the exosome.150 Therefore, it is not a surprise 

that with the increasing growth in evidence of the clinical importance and potential of the exosome 

as valid biomarkers for the host’s medical condition, many new methods and procedures have been 

developed that are specifically scaled down to suit clinical conditions. 3D printing has become a 

key method for creating novel sample arrays and microchips that can precisely operate with micro 

volumes of already diluted samples. 

The original micro fabrications of these microfluidic platforms have been accomplished 

using techniques such as photolithography, micromachining, and injection molding. 131,148,151–160 

Despite their high resolution and accuracy, these techniques are costly, complex in processing, and 

difficult to reproduce. The application of 3D printing in bioprinting and microfluidic has opened 

the door to the creation of new tools that can be used either on their own or applied as modifications 

to already used analytical methods. Nowadays, 3D printing is significantly cheaper, widely 

available not only in laboratory and industrial conditions, and the wide range of software provides 

a simple navigation to design own image, even for free. 

Fused deposition modeling (FDM) and stereolithography (SLA) methods are most often 

used for the common application of 3D printing. FDM is a simple and affordable method of 3D 
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printing. With this method, printing filament is heated and directed through the nozzle to print the 

first layer on the printing bed.161 The printing bed is then lowered and ready for the next layer to 

be deposited. The whole 3D image is printed from the bottom to top, layer by layer. The advantage 

of this method is in the simplicity of the instrument and the possibility of using a large variety of 

different types of filaments, but usually at the cost of lower quality and lower resolution of the 

final product. The SLA printing approach uses a liquid filament bath in which the printing bad is 

submerged in an upside-down position.162 With the help of an ultraviolet laser and X and Y, 

scanning mirrors the liquid filament is hardened on the surface of the printing bed. After hardening 

of each layer, a recoater blade events out the newly deposited layer to make sure that the new layer 

is evenly spread. By repeating these steps, the 3D object is built from the bottom up. The final 

print than must be cleaned in a chemical bath and can additionally require post-cured in an 

ultraviolet oven. 

Multiple recent "proof of principle" laboratory studies have demonstrated various methods 

for isolation, amplification, and characterization of the exosomes in a microfluidic setting based 

on several physical parameters such as mechanical, electromechanical, electrochemical, 

electrostatic potential, optical, non-optical, and others.163 In example, Kheyrabadi et. al reported 

the construction of a specific microfluidic platform with an integrated electrochemical sensor to 

quantify cancer-derived exosomes.164 With the help of SLA 3D printing, they were able to create 

a device that would allow a combination of a fabricated aptasensor and a microfluidic vortexer and 

thus increase the collision rate between exosomes and sensing surface and reduce the required 

sample volume to 10 uL. Meanwhile, Cheung et al. fabricated 3D printed concentration on-chip 

device for liquid biopsy, which allows locally enhance exosome concentration using ion 

concentration polarization (ICP)-based electrokinetic concentrator.165 They reported that with the 
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help of their concentrator device the limit of detection for their fluorescence analysis increased by 

two orders of magnitude when tested on exosomes derived from the MDA-MB-231 breast cancer 

cell line. Further, Zhao et al. created 3D printed mold using SLA print.166 This mold was then used 

to create a PDMS microfluidic cell for exosome engineering applications. To demonstrate the 

applicability of their platform, they inserted a melanoma tumor peptide on the surface of exosomes. 

These engineered exosomes were then used in immune response studies through antigen 

presentation and T cell activation. 

In this chapter we will focus on the techniques that were used to create and assemble 

portable microfluidic device employed in capture and detection of exosomes in a study done by 

Kwizera, et al.146 Our goal was to create a reusable multi-well platform for sample placement, 

which would be freely attachable on a gold-coated substrate with dimensions 75 x 25 x 1 mm. The 

aim of this platform was to achieve the largest possible throughput of individual samples that could 

be detected at the same time on one device, and thus be comparably effective as other high 

throughput platforms such as 96-well ELISA plate (127.7 x 85.4 mm). To fulfil these requirements, 

individual wells had to be less than be 2 mm in diameter to fit such high density of wells on ~6-

fold smaller area of our gold-coated substrate, but still with sufficient spacing between them to 

avoid cross contamination across the samples. Additionally, our goal was to significantly reduce 

amount of sample and reagents required for reliable and reproducible operation within the needs 

of our portable Raman spectroscope. This would not only address unnecessary waste that is often 

typical of commercial platforms (96-well plate) but it also would also make it more suited for a 

clinical application. 
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2. Materials and Methods 

2.1 Au Thin Film Deposition on Microscopy Glass Slides 

A standard microscopy glass slide (75 × 25 × 1 mm) was coated with a 10 nm thick Au 

film by the magnetron sputtering technique using an ORIONAJA system from a 99.99% pure Au 

target. The deposition of the Au layer was performed on a 4 nm titanium layer previously deposited 

from a 99.99% pure titanium target on the glass slide. The slide-target distance was kept at 15 cm 

during the process. The film thickness was controlled by an INFICON SQM-160 quartz crystal 

monitor/controller equipment. The rotating substrate-holder was kept at 80 rpm. The films were 

grown in an atmosphere of argon at 3.0 mTorr and a gas flow of 15 sccm, with the DC power 

supply set to 100 W and the pressure before inserting the argon was 4.0×10-8 Torr. The whole 

process took 4 h. 

2.2 Fabrication of Array Template 

The 3D design was drawn using TinkerCAD (tinkercad.com). Plastic (polylactic acid) 

array templates with specified well size and inter-well distance were fabricated using a MakerBot 

Replicator PC 3D printer. The template was attached to a rubber array via a layer of glue composed 

of 60% silicone and 40% mineral spirit. This rubber array was made from a 1.6 mm thick rubber 

sheet with the same dimensions as the template via puncture. The assembled plastic and rubber 

arrays were used as a template array to make an antibody array on the Au-coated glass slides. 
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3. Results and Discussion 

3.1 Designing of 3D-Printed Template 

To design and draw a plastic template for the future microarray device we used the online 

software TinkerCAD. TinkerCAD is a free software designed for 3D modeling in a web browser. 

With this software, the final layout can be exported in the standard STereoLithography (STL) 

format, which is recognized by the vast majority of 3D printers. The major advantages of 

TinkerCAD are that it is relatively easy to use, and it has a simple interface for 3D modeling. For 

the template, we chose a cuboid with dimensions of 75 x 25 x 4.5 mm (l, w, h), which corresponds 

to the size of a standard microscope glass slide. The cuboidal template and lateral interface for the 

selection of individual geometric shapes are shown in Figure 2.1.A. An important parameter was 

the height of the template 4.5 mm, not only because of the desired volume for a sample application 

(15 µL) but also because previous experience showed that there is a longitudinal bending of the 

template and loss of adhesion of the array from the attached slide in thinner versions. The next 

step was to create an array of perforations that would serve as wells for an individual sample 

application. Since this microarray device was to be operated by a researcher, the size of the 

individual wells could not be less than 2 mm. The distance between the individual wells also could 

not be less than 2 mm to avoid leakage and cross-contamination between the individual samples. 

A series of cylinders were used as a building block to create these perforations. These cylinders 

were drawn in the “Hole” filling mode, which means that such objects are perceived as hollow 

objects when printed (Figure 2.1.B). To meet all the criteria, the final design contained 85 wells 

(17x5) with an individual volume of 56.55 µL. This makes our micro-array device 5.8 times more 

“sample per area” efficient than ELISA plate. Both designs were completed by embedding the set 

of cylinders in a cuboidal template (Figure 2.1.C) and “grouped” into one final layout (Figure 
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2.1.D). The final pattern was exported as STL file and printed on a MakerBot Replicator PC 3D 

printer using Polylactic Acid (PLA) thermoplastic filament. 

 

Figure 2.1. Process of designing a micro-array template in TinkerCAD. (A) Primary shape 

selection of the microarray template with dimension 75 x 25 x 4.5 mm (l, w, h). (B) Cylinders with 

"Hole" filling used as a shape for individual wells. (C) A grouped set of 85 cylinders together with 

a cuboidal template. (D) A finalized design ready for 3D printing. 

3.2 Assembly of Micro-Array Device 

In addition to the largest possible number, specific volume, and diameter of wells, other 

criteria for our design of micro-array template were an impermeable seal between individual wells 

and the possibility to detach the template from the Au surface and reuse it again. Since the seal 

between the microarray template (Figure 2.2 A&B) and the Au slide could not be permanent, we 
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had to choose a waterproof adhesive material. The rubber seal offers sufficient sealing if adequate 

pressure is applied to the link between the template and the Au slide, and at the same time, it offers 

a smoother surface than, for example, a silicone coating. The exact pattern of each perforation was 

traced on a rubber sheet (1.6 mm thick) and the holes were cut out using a mechanical hole puncher 

(Figure 2.2.C).  

 

Figure 2.2. Assembly of micro-array device. (A) The final design of the template in TinkerCAD. 

(B) 3D printed template made of thermoplastic polymer. (C) A gasket rubber sheet cut out 

according to the template layout using a mechanical hole puncher. (D) Bonding the template and 

the rubber cutout using black silicone and mineral spirits. (E) Two-piece set of a micro-array 

device composed of: i) Au slide ii) micro-array template. (F) Combined micro-array device. 

To seal the 3D printed template to rubber cutout, we used black silicon diluted with mineral 

spirits (3:2 ratio) for better spreadability (Figure 2.2.D). The mixture of black silicone and mineral 

spirits was applied to the rubber surface in a ~0.5 mm layer and the coated rubber cutout was 

pressed onto the plastic template. The combined layers were allowed to dry for one day. The dried 

product was cleaned with a scalpel knife and sandpaper and washed with water and ethanol. Using 

binder clips the micro-array template was ready to be pressed on an Au slide and ready to be used 

as a Micro-Array Device for Raman-based exosome detection (Figure 2.2.F). 
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3.3 3D Printing Ideas, Schematics, and Templates 

Initial design on how to adhere the plastic micro-array template to a gold-coated 

microscope slide involved a thick silicone coating (Figure 2.3.A). However, the silicone layer was 

laborious to apply evenly without clogging the perforations and dried imperfections were very 

difficult to clean without damaging the silicone surface. In addition, the silicone surface took a 

long time to dry and was not smooth enough to prevent leakage between the individual wells. For 

this reason, using a gasket rubber has been a much more effective and effort-making solution. In 

Figure 2.3.B, we show the different distributions of the perforations, where we tested whether a 

well diameter lesser than 2 mm allows the researcher to apply the samples. A smaller diameter of 

the wells would increase the number of individual samples that could be tested simultaneously 

with this device, but the narrow shape of the wells prevented liquid to reach the bottom due to 

capillary action. Figure 2.3.C&D shows a proposed design for a thinner micro-array template that 

would solve the problem with capillary action. However, the reduced thickness increased the 

flexibility of the plastic material and did not allow the pressure to be evenly distributed on the 

plastic template when attached to the Au slide. The template would thus require a permanent 

adhesive which would make the template nonreusable again. The bending was addressed in Figure 

2.3.E by additional support from thicker walls around the template. 
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Figure 2.3. 3D printing schematics and templates. (A) Initial design using a thick silicon layer to 

provide a seal between the template and gold-coated slide (27 wells, well Ø = 5 mm). (B) A 

template designed for high throughput performance (444 wells, well Ø = 0.5 mm) (C-D) Thinner 

version of design Fig.3B. The height was reduced from 4.5 to 1 mm to mitigated unwanted 

capillary interactions. A templet was printed at a higher resolution with SLA 3D printer. (E) The 

idea of an SLA printed template. The thin surface is supported with a thicker side and inner frame 

to prevent bending. The template is no longer attached to a gold-coated slide with paper clamps, 

but with wing screws instead. 

4. Conclusion 

3D printing proves to be an effective, affordable, and replicable method in making and 

development of miniature devices and microfluidics systems for the detection of biological 

samples such as exosomes. In this chapter, we demonstrated how we designed and manufactured 

a micro-array template for a Raman spectroscopy application using a freely accessible web design 

software and an FDM 3D printer. Thanks to 3D printing, we were able to quickly modify and 

redesign our layout based on our specific requirements and needs without significant limitations. 
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Our final design allowed the detection of 85 samples simultaneously on one gold slide, which is 

5.8 times more efficient in terms of sample per area than 96-well microplate used in ELISA. 

Demonstrative use and application of our miniaturized device in the detection of protein markers 

on the surface of the exosome is described in Kwizera EA, O'Connor R, Vinduska V, Williams M, 

Butch ER, Snyder SE, Chen X, Huang X. Molecular Detection and Analysis of Exosomes Using 

Surface-Enhanced Raman Scattering Gold Nanorods and a Miniaturized 

Device. Theranostics 2018; 8(10):2722-2738. doi:10.7150/thno.21358. 
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Chapter 3. EXOSOMAL SURFACE PROTEIN DETECTION WITH QUANTUM DOTS 

AND IMMUNOMAGNETIC CAPTURE FOR CANCER DETECTION 

1. Introduction 

Cancer is a heterogeneous disease that is manifested by mutations of certain groups of cells 

in the human body, resulting in uncontrolled growth and damage of surrounding organs. Breast 

cancer is the most common type of cancer and second cause of death in women, but it also poses 

an undeniable threat to health in men. Just in the United States 281,550 (female) and 2,620 (male) 

new cases are expected in 2021.35 Two factors that affect tumorigenesis and tumor advancements 

are genetics/epigenetics changes in the cancer cells and the rearrangement of the components of 

the tumor microenvironment (TME).167 Based on Stephen Paget’s “seed and soil” theory, 

metastases of cancer involve both cancer cell dissemination – “seed” and a special affinity for the 

growth-enhancing environment of specific organs – “soil”.168 The composition of TME is rather 

complex consisting of blood and lymph vessels, fibroblasts, endothelial cells, immune cells, 

cytokines, extracellular vesicles, and extracellular matrix.169–171 In TME, cellular and extracellular 

components contribute to almost all carcinogenesis processes. For instance, extracellular vesicles 

(EVs) from breast and ovarian cancer cells can induce the conversion of healthy mesenchymal 

cells to myofibroblasts, which are abundantly represented in the tumor stroma and induce the 

formation of the tumor microenvironment. EVs induce the expression of tumor growth-promoting 

cytokines (SDF-1 and TGF-β) and their receptors in mesenchymal cells, and thus, activate 

signaling pathways associated with tumor differentiation, progression, and metastasis.172  

Exosomes (EXOs), a subgroup of EVs, are nanosized membrane-bound vesicles of cellular 

origin that are present in a variety of body fluids including blood, saliva, urine, and cerebrospinal 

fluid.173–175 Their continuous secretion via exocytosis is mediated by the fusion of multivesicular 
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bodies with the cell membrane. EXOs represent an important mode of intracellular 

communication.176,177 More interestingly, the molecular composition of EXOs consists of a variety 

of macromolecules including proteins, lipids, nucleic acids, and coding and non-coding RNA that 

are reflective of a cell of their origin.11,178 Research has shown that EXOs can reflect both the nature 

of the parent cells as well as their pathophysiological state through, for example, surface protein 

composition or exosome cargo content.179–181 For instance, the cancer protein marker human 

epidermal growth factor 2 (HER2) is known to be overexpressed in primary cases of cancer.182–184 

Elevated levels of HER2 positive EXOs have been reported in serum samples from breast cancer 

patients in comparison to healthy donors.185 These changes can then contribute to the body’s 

immune responses, resistance to apoptosis, induction of proliferation, and formation of metastatic 

deposits enabling oncogenesis and cancer development.186–188 Thus, molecular detection of EXOs 

in body fluids is very promising for disease detection without invasive sampling.61,77,148,189–200 

Surface proteins are the contact point for cell-to-cell communication. Oncogenic receptors 

often reside within regions of the plasma membrane. This allows for their detection with external 

optical labeling for facile cancer detection. For signal readout, quantum dots (QDs) are extremely 

attractive for exosome labeling and optical detection because they are small (2-10 nm) and they 

have strong fluorescence properties and superior photostability.136,184,201–211 For example, Bai et al. 

used QDs to label and detect EXOs of different surface markers after trapping magnetic bead 

(MB)-isolated EXOs in a microfluidic micropillar chip.205 Kim et al. developed a colorimetric-

based lateral-flow assay to improve exosome detection using QD embedded in silica-encapsulated 

nanoparticles.209 QDs have also been used to improve nanoparticle tracking analysis (NTA) by 

characterizing surface immunophenotypes besides exosome size distribution and 

concentration.210,211   
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In this study, we demonstrate a simple yet effective method for EXOs detection using QDs 

in conjunction with immunomagnetic exosome isolation with MB targeting CD81 exosome 

markers. Tetraspanin CD81 has been proven a reliable marker for exosome identification.212 CD81 

expression is low on platelet cells, a major contributor of normal EXOs in plasma.213 Thus, using 

CD81 capture ligands dramatically decreases the contamination of normal EXOs, enhancing the 

sensitivity of detecting tumor-derived EXOs. Although CD81 is not ubiquitously expressed on 

every exosome, CD81 expressions are common in different cancer EXOs.77,146,214 We use MB 

conjugated with CD81 antibody for exosome capture to eliminate the need for long sample 

purification. For detection, we use highly fluorescent and universal QD 655 linked with secondary 

antibody to recognize primary antibodies that bind to targeted surface protein markers of interest 

on EXOs. This method was tested with different surface markers on EXOs from cell-derived EXOs 

in the breast cancer model. Using the method, we demonstrated that HER2-positive breast cancer 

can be diagnosed with exosome HER2 with high diagnostic power. Due to advantages in 

simplicity, speed, and low sample consumption, our QD-based method with magnetic separation 

holds strong promises for molecular detection of EXOs for basic vesicle research and clinical 

applications. 

2. Materials and Methods 

2.1 Materials 

All reagents were purchased from Sigma-Aldrich (St. Louis, MO) unless otherwise 

specified. Anti-rabbit CD81 antibody was purchased from Boster Biological Technology 

(Pleasanton, CA). Antibodies targeting HER2, epidermal cell adhesion molecule (EpCAM), 

CD24, CD44, CD9, and CD63 were purchased from Biolegend (San Diego, CA). Breast cancer 

cell lines SkBR3, MDA-MB 231, MCF7, and normal breast cell line MCF12A were purchased 



34 

 

from ATCC (Manassas, VA). PRMI and high glucose DMEM media were purchased from VWR 

(Radnor, PA). NHS-activated MBs, QD655 with secondary antibodies, fetal bovine serum (FBS), 

and BCA kit were purchased from Fisher Scientific (Waltham, MA). 

2.2 Conjugation of Capture Antibody to MB 

Prior to the conjugation, 20 µL of 10 mg/mL NHS-activated MBs were washed with 200 

µL of ice-cold hydrochloric acid (1 mM) for 15 sec. The beads were then collected using Qiagen 

12-tube magnets and mixed with 200 µL of anti-rabbit CD81 antibodies (50 µg/mL) for 2 h at 

room temperature (RT). During the first 30 minutes, the mixture was vortexed every 5 minutes for 

15 seconds. Then, the mixture was vortexed every 15 minutes for 15 seconds. After 2 h, CD81 

antibody-conjugated MBs were collected with magnetic stand, the flow-through was saved for 

BCA analysis and the pellet was washed twice with 400 µL of Glycine (0.1 M, pH 2.0) and once 

with 400 µL of UP water. The CD81-MBs were then quenched for 2 h on a rotator at RT using 

400 µL of Ethanolamine (3M, pH 9.0). At the end of the 2 h, CD81-MBs were collected and 

washed once with 400 µL of UP water followed by three consecutive washes with 400 µL of DPBS 

1x. 200 µL of DPBS 1x with 0.05% Sodium azide was then used as a storage buffer and CD81-

MBs were stored at 4 ⁰C until use. 

2.3 Collection and Purification of Cell-derived EXOs 

Breast carcinoma cells MDA-MB-231 (MM231), MCF7, and SKBR3 were cultured in 

Dulbecco’s Modified Eagle Medium (DMEM) (MM231, MCF7) and RPMI 1640 medium 

(SKBR3) supplemented with 10% FBS, 1% penicillin-streptomycin, 1% NEAA at 5% CO2 and 

37 ⁰C. Human breast normal cells MCF12A were cultured in DMEM: Nutrient Mixture F-12 with 

5% fetal horse serum, 1% penicillin-streptomycin, 1% NEAA, 100 ng/mL cholera toxin, 0.5 
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mg/mL hydrocortisone, 10 µg/mL bovine insulin, and 20 ng/mL epidermal growth factor. When 

cells reached a confluency of approximately 70%, the medium was exchanged with serum-free 

medium and incubated for 48 h. Then, EXOs were isolated by differential centrifugation, as 

described previously.146 Briefly, the culture medium was collected and centrifuged at 430g for 10 

min at RT. The supernatant was collected and centrifuged at 16,500g for 30 minutes at 4 ⁰C 

followed by 90 min centrifugation at 100,000g at 4 ⁰C. The supernatant was discarded, and the 

pellet was redispersed in ice-cold sterile Dulbecco’s phosphate buffer solution (DPBS), filtered 

with a 0.22 µm polyethersulfone (PES) filter (Millipore Express), and centrifuged again at 

100,000g for 90 minutes at 4 ⁰C. The final exosome pellet was resuspended in 1 mL of ice-cold 

sterile DPBS and stored at -80 ⁰C until use. 

2.4 Source of EXOs from Patients and Human Donors 

Plasma samples from human epidermal growth factor receptor 2 (HER2)-positive breast 

cancer patients were obtained from BioIVT (Westbury, NY). The samples were not specifically 

collected for our proposed research and we did not have access to the identifying information of 

the subjects. Whole blood samples from different healthy donors were purchased Research Blood 

Components (Watertown, MA). To obtain plasma from whole blood samples, whole blood was 

centrifuged at 2,500g for 15 minutes. The supernatant was collected and centrifuged again to 

obtain the plasma. Both collected and purchased plasma samples were diluted with sterile PBS and 

filtered with a 0.2 µm PES syringe filter (VWR) before use. 
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2.5 Characterization of EXOs with Nanoparticle Tracking Analysis (NTA) 

Plasma and cell-derived EXOs were characterized with NTA using a NanoSight LM10 

microscope (Malvern Instruments, Inc) to determine the concentration and size of EXOs. The 

samples were diluted to keep exosome concertation within the range of 106 to 109 EXOs per mL 

in accordance with the manufacturer’s recommendations. All samples were analyzed in triplicate 

of 40-s videos with camera level set at 12 and detection threshold set at 10. 

2.6  EXOs capture and fluorescent detection  

50 µL of EXOs at concertation 1.00x109/mL from breast cancer cells or human plasma 

were added to 10 µL of CD81 antibody-conjugated MBs (1 mg/mL) and mixed on a rotator for 1.5 

h at RT. The MBs were then washed with DPBS and collected on the 12-tube magnets. The beads 

were resuspended with 50 µL PBS containing 2 ug/mL of target-specific antibodies. The mixture 

was mixed on a rotator for 2 h at RT and washed twice with sterile DPBS and magnetic separation. 

At last, the beads were resuspended with 50 µL of QD655 linked with secondary antibody 

(Invitrogen, 10 nM in BlockAid) and incubated on a rotator for 1 h at RT. After four times washing 

with DPBS and magnetic separation, the sample was resuspended in 50 µL of DPBS and 

transferred into a micro-quartz cuvette for fluorescence characterization. The fluorescence spectra 

were measured using a HITACHI F-2710 Fluorescence Spectrophotometer, with an excitation 

wavelength of 375.0 nm and emission from 600.0 to 700.0 nm. All the spectra were measured with 

the same instrumentation parameters including scanning speed (300 nm/min) and PMT voltage 

(400 V). A sample without a primary antibody was used as a negative control for background 

subtraction.  
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2.7 Enzyme-linked immunosorbent assay (ELISA) 

50 µL of cell-derived EXOs (1.0×109/mL) were added into a 96-well polystyrene plate 

(Nunc MaxiSorp) and incubated at 4 ⁰C overnight. Captured EXOs were washed 3 times with 

DPBS followed by blocking with 200 µL of 1% BSA at RT for 2 h. EXOs were then washed three 

times with DPBS and treated sequentially with following solutions: 50 µL of 2 µg/mL of target-

specific antibodies (2 h, RT), 50 µL of anti-mouse secondary antibody conjugated with horseradish 

peroxidase (HRP, 1:3400 dilution in 1% BSA, 2 h, RT), 100 µL of 3,3′,5,5′ -tetramethylbenzidine 

(TMB, 30 min, RT). Oxidation of TMB was stopped with 100 µL of 2 M sulfuric acid (H2SO4). 

Each step was followed by three times washing with DPBS containing 0.1% tween 20 (DPBST) 

and two times with DPBS. The optical density was measured at 450 nm using a BioTEK ELx800 

microplate reader. DPBS without primary antibody was used as the negative control.  

2.8 Micro BCA Assay 

To confirm successful conjugation of CD81 antibodies to MBs, the unreacted antibodies 

were quantitatively measured using micro BCA assay. The assay was performed according to the 

standard manufacturer protocol. Briefly, 150 µL of Working Reagent (WR, 25:24:1 MA:MB:MC) 

was added into each well together with 150 uL of each standard in a range from 0.0-1.0 µg/mL. 

The microplate was incubated at 37 ⁰C for 2 h. Absorbance was measured with BioTEK ELx800 

microplate reader at 540 nm. 

2.9 Statistical Analysis 

Statistical analysis was performed to compare the expression levels of target proteins 

across different cell lines or between cancer patients and healthy controls using analysis of variance 

(ANOVA) with post hoc Scheffe method. A p-value ≤ 0.01 was considered significantly different. 
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The mean difference between different groups was considered to be significant if the absolute 

value was greater than the minimum significant difference derived from the Scheffe method. The 

marker difference between breast cancer patients and healthy donors was evaluated from 

generalized estimation equations (geepack v1.2-1 in R) to account for the measurement correlation 

within each individual. The diagnostic value of identified markers in breast cancer patients was 

evaluated by receiver operation characteristic (ROC) curve analysis using R packages. 

3. Results and Discussion 

3.1 Design of the Methodology 

Figure 3.1.a shows the schematic design of exosomal surface marker detection using QDs 

in conjunction with magnetic separation with immuno-MBs. The method involves three 

straightforward steps: (1) capturing cell-derived or plasma EXOs with anti-CD81 antibody-

conjugated MBs; (2) labeling surface cancer markers of interest on the captured EXOs with 

specific primary antibodies; (3) detecting the target-specific primary antibodies with secondary 

antibody-conjugated QD655 with fluorescence spectroscopy. To facilitate comparison between 

different samples, we use EXOs of the same concentration (1x109/mL). EXOs were pre-filtered 

with a 0.2 µm filter to get rid of cell debris or other impurities. Thus, the MBs can capture EXOs 

directly from the filtered plasma without further pre-purification due to the specificity of CD81 

antibodies to EXOs.  

We took advantage of exosomal marker CD81 from the tetraspanin family and used it as a 

selective way to capture EXOs to the surface of the beads. CD81 is proven to be the most reliable 

marker to differentiate EXOs from other types of EVs.146 Our previous studies have shown that 

CD81 is highly expressed on EXOs from different breast cancer cell lines, breast cancer patients, 

and healthy donors 146. The anti-CD81 anti-rabbit antibodies were linked to MBs via amide bonds 
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between the NHS-activated beads and the amine groups on the antibodies. The MBs also enrich 

EXOs onto the bead surface to improve detection sensitivity. Based on the size of the MB (1 µm) 

and EXOs (~100 nm), we estimate at least 300 EXOs can be concentrated onto each bead. 

 

(a) 

 

   

(b) (c) (d) 

Figure 3.1. Schematic of the QD-based EXO assay (a) and characterization of QDs (b-d). EXOs 

were captured from biofluids with MB via CD81 monoclonal antibodies. Targeted surface cancer 

marker was recognized with primary antibody and then detected with secondary antibody-

conjugated QD655. Signals were measured with fluorescence spectroscopy to quantify the QDs 

and correspondingly the surface protein markers on EXOs. (b) Absorption spectrum and (c) 

emission spectrum of IgG-QD655. (d) DLS characterization of the hydrodynamic size of IgG-

QD655 and MB. 

 

To further improve detection sensitivity, we chose commercially available far red-

fluorescent QD655 (emission peak around 655 nm) (Figure 3.1.b&c). This QD655 is one of the 

brightest QDs, with quantum yield of 0.6. Especially, the size of QDs is small, usually 2-10 nm. 
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Even after conjugation with secondary antibody, the mean hydrodynamic size is only 

approximately 12 nm (Figure 3.1.d). For signal readout, a regular fluorescence spectrometer is 

used to measure the exosome solution in a microliter cuvette (50 µL). This capture, labeling, and 

detection method is extremely simple and easy to operate, practical for use in research and clinic 

labs.  

3.2 Characterization of the Specificity and Sensitivity 

Using MM231 EXOs as the model, we examined the specificity of the QD-based EXO 

assay. Figure 3.2.a shows the fluorescence spectrum of EXOs targeting high expression marker 

CD44 (olive), in comparison to three controls: EXOs targeting negative marker EpCAM (blue), 

absence of CD44 primary antibody (red), and absence of both EXOs and CD44 primary antibody 

(black). Figure 3.2.b shows the intensity plot of Figure 3.2.a. The results show that a strong 

fluorescence peak from QD655 was observed for EXOs targeting CD44 whereas fluorescence 

signals from QD655 were not detected for the three negative controls, suggesting the high 

specificity of our QD-based EXO assay. The three controls gave similar background signals that 

were most likely due to the scattering of the MBs and EXOs as well as instrumental noise. 

Using SKBR3 EXOs as the model, we examined the sensitivity of our assay using high 

expression HER2 as the protein marker. A series of dilutions of SKBR3 EXOs were made to 

determine the limit of detection (LOD).  Figure 3.2.c shows a mean of fluorescence spectra (n=3) 

of different EXO concentrations and Figure 3.2.d shows the dose-response curve of data from the 

fluorescence peak at 655 nm.  
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(a) (b) 

 

 

 

(c) (d) 

Figure 3.2. Examination of the specificity (a,b) and sensitivity (c,d) of the QD-based EXO assay. 

(a) Fluorescence spectra of MM231 EXOs treated under four different conditions. (b) Intensity 

plot of (a) using the fluorescence intensity at 655 nm. (c) Fluorescence spectra of SKBR3 EXOs 

targeting HER2 at different concentrations. (g) Dose-response curve based on data in (c) using the 

fluorescence intensity at 655 nm. Signals were background corrected using the signals without the 

presence of HER2 primary antibody. Error bar is the standard deviation from triplicate 

experiments. Ab: antibody. 

All data were background corrected using the signals at 655 nm without the presence of a 

HER2 primary antibody. The results showed that the intensity of QD655 fluorescence signals 

increased with the increase of the EXO concentration. Signals reach saturation after 1x1010 

EXOs/mL. The studies showed that the LOD was 9.3×106 EXOs/mL. The concentration of 
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exosomes in human plasma is >109/mL.146 Thus, our assay can detect exosomes at a concentration 

at least 107 times lower than a typical concentration of exosomes in plasma. This sensitivity was 

achieved using an excitation wavelength of 375 nm, scanning speed of 300 nm per min, and voltage 

at 400V. The limit of quantification (LOQ) was determined to be 4.7×107 EXOs/mL. The working 

concertation for the rest of the studies was set to 1.00 x 109 EXO/mL. 

3.3 Validation with ELISA 

To examine the feasibility of our assay for the detection of proteins on the surface of EXOs, 

we analyzed six surface markers on SKBR3 EXOs and compared them with ELISA (Figure 3.3.). 

The six proteins were from three different categories: epithelial marker EpCAM, breast cancer 

markers HER2, CD24 and CD44, and exosome markers CD9 and CD63. These markers have a 

varied expression on the SKBR3 cells, with high expression of HER2, moderate to high EpCAM 

and CD24, and low expression of CD44.215–217  Figure 3a shows the mean fluorescence spectra of 

all the markers (n=3) and Figure 3.3.b shows the expression profile of these markers on the SKBR3 

EXOs based on the data from Figure 3.3.a. The results show that SKBR3 EXOs have a high 

expression HER2 marker, moderate to high expression of CD9, CD63, CD24, and EpCAM, and 

very low expression of CD44 marker. These results are consistent with our previous reports using 

a Raman-based assay.146 

To further validate our results, we measured the expression of the six markers on SKBR3 

EXOs using ELISA (Figure 3.3.c&d). ELISA was performed in an indirect mode, in which EXOs 

were adsorbed onto a 96-well plate, labeled with primary antibodies, and detected with HRP-

conjugated secondary antibodies. Similar to our QD-based method, the ELISA results showed high 

expression HER2, moderate to high expression of CD9, CD63, CD24, and EpCAM, and very low 

expression of CD44. A side-by-side comparison (Figure 3.3.d) shows a strong correlation of the 
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two methods, with a correlation coefficient of 0.972. Compared to ELISA, our QD-based assay is 

much quicker, with a turnaround time of 4.5 h in contrast to 2 days for ELISA. 

 

 

 

 

(a) (b) 

  

(c) (d) 

Figure 3.3. Comparison of QD-based assay and ELISA for the detection of exosome surface 

protein markers. (a) Fluorescence spectra of targeted markers on the surface of SKBR3 EXOs 

using the QD-based method. (b) Protein expression profile based on data in (a) at the mean 

intensity of 655 nm. (c) Protein expression profile of targeted surface markers on the surface of 

SKBR3 EXOs determined using ELISA. Error bar is the standard deviation from triplicate 

experiments. 
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3.4 Detection of Different Protein Markers on EXOs Derived from Different Cell Lines 

  

(a) (b) 

  

(c) (d) 

Figure 3.4. Flow cytometry analysis of different cell surface protein markers for SKBR3 (a), 

MM231 (b), and MCF7(c) breast cancer cell lines and normal breast cell line MCF12A (d). 

Using the QD-based assay, we compared the expression of four common breast cancer-

associated surface protein markers EpCAM, HER2, CD44, and CD24 on three breast cancer cell 

lines, SKBR3, MM231, and MCF7, and compared with those from a normal breast cell line 

MCF12A. Flow cytometry shows distinct expression patterns of these markers on these cell lines 

(Figure 3.4.). SKBR3 is a HER2-positive breast cancer cell line. It also has a strong expression of 

EpCAM and moderate expression of CD24. MM231 is a triple-negative-  
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(h) 

 

  
(i) (j) 

Figure 3.5. Detection of surface protein markers on EXOs derived from different breast cancer 

cells (MM231, MCF7, and SKBR3) in comparison to normal cells (MCF12A). (a-d) Size 

distribution of EXOs measured with NTA. (e-f) Fluorescence spectra of EXOs targeting different 

surface markers. (i) Comparison of protein marker expressions based on the fluorescence mean 

intensity at 655 nm. The p-values among the four cell-lines for markers EpCAM, HER2, CD44, 

and CD24 are 2.3×10-8, 6.2×10-10, 1.3×10-9, and 3.0×10-6, respectively. (j) Heatmap comparison 

of protein expression based on data in (i). Error bar is the standard deviation from triplicate 

experiments. 
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metastatic breast cancer cell line. It is known to have extremely high expression of CD44, but not 

CD24. The MCF cells have strong expression of EpCAM and moderate expression of CD44 and 

CD24. The MCF12A normal cells have a weak expression of EpCAM, HER2, CD44, and CD24. 

NTA characterization (Figure 3.5.a-d) shows the size of EXOs derived from SKBR3, 

MM231, MCF7, and MCF12A was 167 ± 80, 149 ± 65, 145 ± 45, 138 ± 71 nm, 

respectively. Figure 3.5.e-h show fluorescence spectra of each marker on EXOs derived from each 

cell line. Signals were corrected with the background, the fluorescence spectrum without primary 

antibody. Figure 3.5.i is a quantitative comparison of the background-corrected fluorescence 

intensity at 655 nm. Figure 3.5.j is a heatmap comparison using the data from Figure 3.5.i. 

Compared to the protein expression of these markers on cells (Figure 3.4.), it is clear that EXOs 

reflect the surface protein expression of their originating cells. For example, CD44 is highly 

expressed on MM231 EXOs. HER2 is highly expressed on SKBR3 EXOs but it is negative on 

MM231 EXOs and MCF12A normal exosomes. It has a low expression on MCF7 exosomes. 

Expression of EpCAM follows a decreased order of SKBR3, MCF7, MCF12A, and MM231. The 

normal MCF12A EXOs are negative for HER2 but have low expression of CD44 and CD24. 

3.5 Detection of Breast Cancer via Plasma EXOs 

The clinical potential of our QD-based EXO method for cancer diagnostics was evaluated 

using HER2-positive breast cancer as the disease model. HER2- positive BC is one of the major 

BC subtypes. Identification of HER2 overexpression directs effective treatment with trastuzumab. 

For proof-of-concept studies, we analyzed plasma from eight HER2-positive breast cancer patients 

and eight healthy donors. All plasma samples in this study were diluted with 1x PBS and filtered 

through a 0.2 µm PES filter. No further purification was performed. Figure 3.6. shows the size of 

plasma samples from all the human subjects.  The size of EXOs ranged from 107 ± 35 to 189 ± 48 
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nm, without statistically significant differences between healthy donors and cancer patients. Based 

on the concentrations determined by NTA, all samples were further diluted to a concentration of 

1.00×109 EXOs/mL before use. 

    

    

    

    

Figure 3.6. Size distribution of EXOs in plasma from HER2-positive breast cancer patients and 

healthy donors measured by NTA. 

Figure 3.7.a&b show the fluorescence spectrum of EXOs from patients (a) and healthy 

controls (b). The results showed that six cancer patients (75%) showed fluorescence signals from 

0.5 to 2.4 while all eight healthy controls gave signals lower than 0.45. Statistical analysis with 
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ANOVA showed that the mean fluorescence intensity of HER2 expression on the plasma EXOs 

from the cancer patients was significantly different from that of healthy control, with a p-value of 

6.44x10-3 (Figure 3.7.c). The HER2 expression was approximately five times higher than that of 

healthy control (1.240.74 for patient versus 0.250.12 for healthy control). Further ROC analysis 

with sensitivity and specificity showed that exosomal HER2 expression was a strong diagnostic 

marker for HER-positive patients, with AUC = 0.96875. This is consistent with previous studies 

by our group using the Raman method,146 and other groups using surface plasm resonance.126 The 

studies showed our QD-based exosome assay can detect breast cancer via HER2 detection and 

quantification using plasma exosomes from patients. 

  

(a) (b) 

  

(c) (d) 

Figure 3.7. Detection of HER2-positive breast cancer using QD-based EXO assay. (a) Average 

fluorescence spectra (n=3) of HER2-targeted EXOs from each patient with HER2-positive breast 

cancer. (b)  Average fluorescence spectra (n=3) of HER2-targeted EXOs from each healthy donor. 

(c)  Comparison of the exosomal HER2 expression between patient and healthy control. (d) ROC 

curve for detecting HER2-positive breast cancer by QD-based EXO assay. 
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4. Conclusion 

In conclusion, we have demonstrated that exosomal surface markers can be quantitatively 

detected using QDs in conjunction with magnetic separation with microbeads. In this method, 

exosomes were captured and concentrated onto magnetic microbeads followed by recognition of 

targeted surface markers with primary antibody and then detection with secondary antibody-

conjugated QDs. Using this QD-based method, we can specifically and quantitatively detect 

different surface protein markers on exosomes from different breast cancer cell lines. We can also 

differentiate cancer exosomes from normal exosomes using cancer-associated surface protein 

markers. Using pilot clinical samples, we have shown that HER2-positive breast cancer can be 

detected by analysis of HER2 expression on plasma exosomes using QDs in conjunction with 

magnetic separation and enrichment.  Cancer patients show about five times higher HER2 

expression than healthy donors. The high AUC value (AUC = 0.96875) suggests exosomal HER2 

as a strong diagnostic marker for HER2-positive patients. 

Compared to previous methods using QDs, our method is simple and rapid. Our method 

follows a straightforward capture, labeling, and measurement methodology, requiring only 4-5 h 

total time. It does not require extensive pre-preparation of plasma samples and sophisticated 

instrumentation. Detection was simply performed with bulk fluorescence measurement with a 

routine fluorescence spectrometer. The method is also highly sensitive, with LOD of 9.3 ×106 

EXOs/mL that is over 100 times lower than a typical exosome concentration in plasma. Due to the 

advantages in simplicity, high sensitivity, and widely accessible instrumentation, our method can 

be widely used in research and clinical laboratory. We would like to point out that our research 

results need to be further validated with a larger cohort before clinical applications. The throughput 

at the current stage is also limited. However, the method can be adapted for simultaneous analysis 
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of multiple samples using multi-well magnetic microplates such as the EpiMag HT magnetic 

separator. For signal readout, a portable fluorescence spectrometer may be used to measure 

samples directly in the microplates in the absence of the magnets. 
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Chapter 4: PURIFICATION-FREE SINGLE EXOSOMES PROTEIN PROFILING 

WITH FLUORESCENCE AND DARKFIELD IMAGING FOR                                  

EARLY CANCER DETECTION 

1. Introduction 

A critical step towards successful cancer treatment is undoubtedly an early diagnosis.218 

Therefore, there has been an ongoing search for a way to quickly and non-invasively take action 

to detect this disease in time.219–222 One of the possible approaches to achieve this end is the 

relatively new field of extracellular vesicles (EVs). EVs, especially their subgroup known as 

exosomes, appear to be ideal biomarkers that could allow early detection, characterization, and 

treatment monitoring in cancer patients, but also other diseases such as Alzheimer’s disease or 

Frontotemporal dementia.223–225 The significance of EV’s composition in biological function 

motivated the development of various analytical methods to detect proteins, lipids, and genetic 

material. However, it is very challenging to detect these molecular contents. This is mainly because 

of i) small size of vesicles contributing to the low amount of the protein content, ii) interference 

caused by aggregates of proteins, lipoproteins and overall complexity of the sample, iii) refractive 

index that is approximately the same as water and thus complicates direct detection in aqueous 

solution.226,227 

Moreover, the concentration of exosomes in the bloodstream and other body fluids is 

dependent on the number of cells that produce these vesicles, it can be concluded that during the 

early stages there is only a small fraction of EVs from cancer cells in the bloodstream.228 Exosomes 

of cancer origin are thus masked by many non-tumor exosomes from various tissues and 

hematopoietic cells. The heterogeneous composition of exosomes in clinical samples thus further 

limits the sensitivity of the bulk analytical approaches which are in most cases already very sample 
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demanding. In an example, ELISA or Western Blotting requires a minimum of 105-106 EVs to 

measure a single biomarker and more sensitive methods such as nPLEX or μNMR require 102-103 

EVs.72,128 For this reason, there is a need for a detection approach that can detect small amounts of 

cancer cell-derived exosomes that are mixed with a vast majority of non-tumor exosomes and can 

even operate at the single-molecule level in a reasonable amount of time without the need of large 

sample size, labor-intensive purification, and complex sample labeling.  

Current attempts on a single vesicle technology (SVT) are mainly focused on modifications 

of high-resolution flow cytometry-based methods coupled with fluorescent amplification 

labeling.113,121,229–235 However, the small size of EVs causes two major complications i) difficulty 

or literally impossibility to distinguish such small particles from the background, ii) scarcity of 

antigens on EVs’ small surface. Progress to achieve this goal is therefore very slow and limited. 

Löf et al. addressed these limitations by using multiplex and multicolor in situ proximity ligation 

assays (PLA).236 In this study they employed a very complex procedure of a rolling circle 

replication of DNA combined with detection oligonucleotides coupled to fluorophores. The 

growing chain of DNA with the incorporated detection oligonucleotides amplified the signal for 

each targeted protein. Although, this method has proven to be successful and very specific, it is a 

too complex method for general clinical conditions. Further, the method struggles with optical 

cooperation of PLA probes in multi-color application which may cause some EVs to fall below a 

threshold and thus not be correctly detected. Lee et al. waived flow cytometry as a method of 

choice for SVT and constructed a microfluidic device for exosome immobilization and on-chip 

immune-staining and fluorescence imaging.128 Their procedure was based on the subsequent 

addition of three different fluorochromes. After labeling and detecting the first targeted protein 

with the first applied fluorochrome, the signal was quenched before targeting another protein with 
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a second fluorochrome. This way they achieve a method that could detect three different proteins 

simultaneously, and they could potentially increase this number by employing more 

fluorochromes. However, this on-chip method can analyze only one sample at a time and has no 

potential to be scaled up for mass use. Thus, the need for efficient, scalable, and reliable SVT that 

could apply to the general clinical environment is still present.  

In this chapter, we report progress towards an SVT that is capable of sensitive, specific, 

and efficient surface protein profiling of exosomes directly captured from biofluids. Exosomes 

were directly captured from culture medium or plasma based on their CD81 expression, a 

biomarker that differentiates exosomes from other types of extracellular vesicles. We localized the 

captured exosomes by staining their phospholipid membrane with fluorescent dyes and we define 

their positions by fluorescence imaging. Additionally, we targeted surface proteins on individual 

exosomes using either a fluorescent tag coupled with fluorescence imaging or a nanosphere tag 

coupled with darkfield imaging. By combining both images, we thus obtained both the position of 

the individual exosomes and the relative expression of proteins on the exosome surface. Single 

exosome profiling data were then generated within minutes via dual imaging analysis. Our SVT is 

simple and fast and requires only microliters of diluted (typically 20-fold dilution) plasma samples, 

making single exosome molecular analysis easy and practical for clinical use. It would accelerate 

the progress in the exosome field in terms of biomarker discovery and clinical translation. 
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2. Materials and Methods 

2.1 Materials 

All reagents were purchased from Sigma-Aldrich (St. Louis, MO) unless otherwise 

specified. Antibodies were purchased from Biolegend (San Diego, CA). Cholesterol-PEG-Cy5 

fluorescence dye was purchased from Nanocs, Inc (Natick, MA). Gold colloid nanospheres 60 nm 

were purchased from BBI solutions (Portland, ME). Epoxy resin was purchased from Epoxy 

Technology, Inc. (Billerica, MA) and gold coated silicon wafer was purchased from Angstrom 

Engineering (Kitchener Ontario, Canada). All cell lines were purchased from ATCC (Manassas, 

VA). Cell culture media were purchased from VWR (Radnor, PA). Organic fluorophores, quantum 

dots, BlockAid and FBS were purchased from Fisher Scientific (Waltham, MA).  

2.2 Fabrication of Au Multi-well Chip 

Gold was strip down from gold coated silicon wafer disk (100 mm Dia. x 0.525 mm thick) 

using glass slide chips (12.5 x 12.5 x 1 mm) and a heat curing epoxy resin. Briefly, after combining 

epoxy part A and B, a thin layer of the mixture was applied to glass chips and the chips were 

pressed on gold surface of the silicon wafer. The wafer with chips was cured at 150 oC for 2h. 

Individual chips were carefully peeled off with a gold layer pasted on their surface. A piece of an 

electrical tape (12.5 x 12.5 x 0.5 mm) was perforated with 4 mm holes (4 holes per chip) and was 

used as a sample-well template. The surface of each chip was cleaned with nitrogen gas, the 

template was firmly pressed against it, and chamber chip was ready to use.   
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2.3 Preparation of AuNP Tags 

Antibodies of interest were linked with PEG-linker by incubating 20 µg of antibody with 

100-fold molar excess of NHS-PEG-SH (MW 1000) for 2 h at 37 oC. The reaction was quench 

with 50 mM Tris Buffer pH 8 for 5 minutes at RT and then purified three times by a centrifuge 

filtration through a 10 kD filter. The filter content was redispersed with 20 mM HEPES buffer pH 

7. To make 43 pM of AuNP tags, 14,000-fold excess of Ab-PEG-SH is added and vortexed for 1,5 

h at RT. Then 30,000-fold excess of mPEG-SH (MW: 2,000) were added and vortexed for another 

1,5 h at RT. The final mixture is purified three times by centrifugation at 10,000 x rpm for 6 

minutes. The pellet was redispersed in PBST 0.01% with 0.05% Sodium azide and stored at 4 oC 

for later use.  

2.4 Collection of Exosomes from Cell Lines 

Cells were cultured in their respective media with 10% FBS and 1% Pen/Strep (100×) at 

37 °C under 5% CO2. The medium was RPMI 1640 for SKBR3 and Dulbecco’s Modified Eagle 

Medium (DMEM) with high glucose for MDA-MB-231. To collect exosomes, cells were grown 

in conditioned cell culture media (media + 10% exosome-free FBS) for 48 h. To purify exosomes, 

culture supernatant was collected and centrifuged at 430 ×g at RT for 10 min. The supernatant was 

collected and centrifuged at 16,500 ×g at 4 °C for 30 min. The supernatant was collected and 

centrifuged at 100,000 ×g at 4 °C for 70 min. After removing the supernatant, the exosome pellet 

was resuspended in cold sterile PBS and centrifuged again at 100,000 ×g at 4 °C for 70 min. The 

exosome pellet was resuspended in cold sterile PBS and stored at -80 °C until use. The 

concentration and size distribution of exosomes were characterized using NTA with a NanoSight 

LM10 microscope (Malvern Instruments, Inc). 
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2.5 Exosome Capture to Au Substrate  

Anti-CD81 rabbit monoclonal antibody was linked with PEG linker by incubating 20 µg 

of the antibody with 100-fold molar excess of NHS-PEG-SH (MW 1000) for 2 h at 37 oC and then 

purified by centrifugation filtration with a 10KD filter. To capture exosomes, the chamber slide 

was incubated with 25 µg/mL PEG-linked anti-CD81 antibodies in 5% BSA (8 µL for each well) 

for 12 h and then 0.1 mM MU-TEG for 1 h. Then, exosome solutions were added and incubated 

for 3 h, while after first and second hour of incubation the solution was removed and replaced with 

a fresh drop of exosome solution. A combination of washings with PBS-Tween 0.01-0.05% and 

PBS was used for washing after each step, except for the last step when only PBS was used to 

avoid disruption in exosome-cholesterol labeling. 

2.6 Exosome Labeling  

2.6.1 SVT Using Two Organic Fluorophores  

To label targeted protein on exosomes, the surface was block with BlockAid solution for 

30 min at RT. After the blocking step, 5 µg/ml of primary antibody in 1x PBS were added and 

incubated for 2 h at RT followed by addition of a secondary antibody conjugated to organic 

fluorophores (1-5 µg/mL, 1.5-2 h, RT). For amplified labeling, the biotinylated IgG was used as a 

secondary antibody (2-5 µg/mL, 1.5-2 h, RT) followed by addition of fluorophore-streptavidin 

conjugates (2-5 µg/mL, 1 h, RT). To fluorescently label exosome membrane, 5 µM lipophilic dye 

was added for 30 minutes at RT. Sample was washed with 1x PBS 3-5 times after each step.  
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2.6.2 SVT Using Quantum Dot 655 in Conjunction with Organic Fluorophore 

To label targeted protein on exosomes, the surface was block with BlockAid solution for 

30 min at RT. After the blocking step, 5 µg/ml of primary antibody in 1x PBS were added and 

incubated for 2 h at RT followed by addition of a secondary antibody IgG-QDot 655 (1-5 µg/mL, 

1.5-2 h, RT). For amplified labeling, the biotinylated IgG was used as a secondary antibody (2-5 

µg/mL, 1.5-2 h, RT) followed by addition of QDot 655-streptavidin conjugates (2-5 µg/mL, 1 h, 

RT). To fluorescently label exosome membrane, 5 µM lipophilic dye was added for 30 minutes at 

RT. Sample was washed with 1x PBS 3-5 times after each step.  

2.6.3 SVT Using AuNPs in Conjunction with Organic Fluorophore 

To label targeted protein on exosomes, 20 pM of AuNP target-specific tags in 2.5% BSA 

were added and incubated with the captured exosomes for 2 h, while after first hour of incubation 

the solutions were removed and replaced with fresh drops of AuNP tag solutions. To fluorescently 

label exosomes, 5 nM Cholestorol-PEG-Cy5 was added for 15 minutes at 37 oC. A combination 

of washings with PBS-Tween 0.01-0.05% and PBS was used for washing after each step, except 

for the last step when only PBS was used to avoid disruption in exosome-cholesterol labeling.  

2.7 SVT Microscopy Instrumentation 

2.7.1 Nikon Eclipse Ti A1Plus Confocal Microscope 

The microscope is equipped with four lasers made by Coeherent: DAPI ( = 403.4 nm, 

Cube), FITC ( = 488.0 nm, Sapphire), TRITC ( = 561.3 nm, Sapphire), and Cy5 ( = 647.0 nm, 

Cube). Laser filter channels: DAPI 425-475 nm (PMT, blue), FITC 500-550 nm (GaAsP, green), 

TRITC 575-625 nm (GaAsP, red), Cy5 650-720 nm (PMT, far red). The fluorescence images were 
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taken under 20x objective (0.45 S plan Fluor ELWD, air immersion). The image was detected by 

a Andor DU-897 EM-CCD camera.  

2.7.2 Custom Nikon LV 150N Microscope for FL and Dark-field Imaging  

The system was constructed on a customized Nikon LV 150N microscope. A halogen lamp 

was used for bright and dark field imaging. A Melles Griot continuous-wave He laser (Model 05-

LPH-925,  = 632.8 nm) was used to excite a fluorescent dye. The laser beam, after being filtered 

by a band-pass filter, is defocused by a lens so a large area of the sample (192 m in diameter) 

was homogenously illuminated. The fluorescence signal was detected by a Photometrics CoolSnap 

DYNO camera to image single exosomes. Thus, the same area of exosome samples on the chamber 

slide can be simultaneously detected with dark field light scattering imaging and fluorescence 

imaging.  

2.7.3 Image Acquisition with Customized Nikon LV 150N Microscope  

First, the microscope was set to florescence mode and exosomes labeled with Cy5 FL dye 

were excited with a He laser at 632.8 nm. The florescence image was taken under 50x objective 

(WD = 10 mm, air immersion). This image served as the “target” to provide information on level 

of targeted protein expression on surface of exosome. The setup was then switched to a dark field 

mode and an image of same area was captured. The dark field light scattering image served as the 

“mask” to provide the exact location of exosomes. 
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2.8 Imaging Processing and Analysis 

Each set of images, “mask” and target”, is analyzed for a single exosome protein expression 

via Python-based analysis method developed by Dr. Wang’s group. The image processing follows 

three major steps: 1) subtraction of background and large bright areas caused by surface 

imperfections and reagent aggregates 2) conversion of both images into binary images 3) overlay 

of two images to determine locations of exosomes and to extract light scatter intensity signals over 

exosome spot automatically to build a histogram. To analyze the data, the mPEG-AuNP control 

was used to establish the cutoff value of the light scatter signals which was used to identify protein-

positive exosomes and calculate the fraction of protein-positive exosomes Fp. 

2.9 Enzyme-linked Immunosorbent Assay (ELISA) 

50 µL of 2 ug/mL exosomes-capture antibodies (anti-CD81) were added to a 96-well 

polystyrene plate (Nunc MaxiSorp) and incubated at 4 ⁰C overnight. The wells were washed 3 

times with DPBS-Tween 0.2% (DPBS-T) and twice with DPBS 1x. The surface was blocked with 

100 µL of 1% BSA in DPBS at RT for 2 h followed by washing three times with DPBS-T and 

twice with DPBS 1x. 50 µL of 1.00x109/mL isolated exosomes from cell-culture media were added 

into each well for 2 h at RT. After washing 3 times with PBS 1x each well was treated with 

following solution in the order listed: 50 µL of 2 ug/mL of target-specific antibodies (2 h, RT), 50 

µL of anti-mouse IgG Ab conjugated with horseradish peroxidase (HRP, 1:60 dilution in 1% BSA, 

2 h, RT), 100 µL of 3,3′,5,5′ -tetramethylbenzidine (TMB, 30 min, RT). After each step each well 

was washed three times with DPBS 1x, and final oxidation of TMB was stopped with 100 µL of 

2 M sulfuric acid (H2SO4). The absorbance was measured at 450 nm using a BioTEK ELx800 

microplate reader. DPBS with no exosomes was used as the control. 
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3. Results and Discussion 

Figure 4.1. shows an overview of exosome capture on a gold chip. Each gold chip was 

fabricated by a striping method from a gold-coated silicon wafer and was subsequently glued to a 

multi-well template made of an array of perforations with a diameter of 4 mm (~0.5 mm height) 

allowing for each well to hold 8.0 µL of working volume. To capture exosomes, we functionalized 

the gold surface with a long chain of polyethylene glycol-thiol (NH2-PEG-SH, MW 5000) 

conjugated to anti-CD81 antibodies. As previously mentioned CD81 belongs to a tetraspanin 

family and represents an exosomal marker that has been proven to differentiate exosomes from 

other extracellular vesicles.15,237 Although CD81 is not invariably expressed on all exosomes, the 

presence of CD81 positive exosomes is abundant in all exosomes of various cellular origins.  

 

Figure 4.1. Schematic of SVT strategy for exosomes capture and labeling on a multi-well gold 

chip.   

To prevent cross-talking between free binding sites of CD81 capture antibody and 

secondary antibody used in protein labeling step, we used antibodies raised in different hosts. 

CD81 antibody was raised in rabbit, while secondary antibody was raised in goat. To fully saturate 

the functionalized surface and thus prevent non-specific interactions between the exposed gold 

surface and applied molecules (exosomes, antibodies, labeling probes, etc.), we used the short 

hydrophilic polymer 11-mercaptoundecyl tetra (ethylene glycol) (MU-TEG). As we have already 
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demonstrated in our previous studies, this method of surface functionalization appears to be very 

specific and proven for exosome capture.146 

A 

 

B 

 

Figure 4.2. Design of exosome protein profiling from dual image strategy. (A) Transfer of the 

exosomes location from “mask” image to “target” image. (B) Histogram of protein expression 

based on intensity values measured from each exosome location.  

Our SVT is based on the idea of a dual imaging approach (Figure 4.2.). Each selected area 

of functionalized gold surface and captured exosomes captured on it is subjected to two detection 

images using microscopy. The first image, which we call the "mask", is designed to detect the 

exact position, quantity, and quality of captured exosomes. To achieve this goal exosomes are 

stained with lipophilic fluorescence dyes and are detected with a fluorescence microscope. The 

organic dyes we used are the very same which are widely used in the fields of biology and medical 

histology for tissue staining and cellular staining and have been proven to a some extend work for 

exosomes as well.238,239 The types of images we call "target" are designed to record the presence 

and relative amounts of proteins on the surface of individual vesicles, using an antibody conjugated 

detection tag. To reach this goal we tested multiple different approaches including fluorescent 

imaging and dark-field imaging coupled with protein tags such as 1) organic fluorophores 2) 
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quantum dots, and 3) Au nanospheres. Each approach is individually described in the sections 

below. 

When both images were acquired, the exact location of each exosome was transferred as a 

circular area from the “mask” image onto the “target” image. Intensity per area can then be 

measured from the “target” image based on the amount of protein tag bound to the individual 

exosome corresponding to protein expression. Obtained results can be read as exosome count vs 

intensity per area (Figure 4.2.B). 

A

 

B 

 

Figure 4.3. Schematic of molecular exosome detection with two organic fluorophores. (A) Indirect 

protein labeling with standard (unamplified) approach using secondary antibody directly coupled 

to an organic fluorophore. (B) Indirect protein labeling with amplified approach using biotinylated 

secondary antibody and streptavidin coupled to an organic fluorophore. 

3.1 SVT Using Two Organic Fluorophores 

The initial approach towards the development of a single vesicle technology was with the 

help of confocal microscopy and two organic fluorophores with different emission wavelengths. 

The labeling with organic fluorophores represents a very common and practical way of fluorescent 
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staining, which has been used in the field of biology for decades and are currently used to detect 

exosomes as well.130,240–252 The main advantages of organic fluorophores include a wide spectral 

range of available dyes, relatively good photostability, small size, and high brightness. 

Proteins on the surface of exosomes were labeled with an indirect approach using targeted 

primary antibodies and secondary antibodies linked to fluorophores (Figure 4.3.A). A lipophilic 

fluorophore with a different emission wavelength was then used to stain the exosomal membranes 

(Figure 4.4.). Every area on the sample was imaged twice under two different channels 

corresponding to distinct excitation and emission spectra of each dye. Since organic dyes pose 

narrow absorption and excitation bands, the theory suggests that if absorption bands for two 

fluorophores do not overlay each other they can be used simultaneously. However, since exosomes 

are only 40 to 200 nm in diameter, we suggest that their small surface area limits the number of 

individual surface proteins to only a few (~ 1-5 proteins per exosome). The very low number of 

targeted proteins thus limits the number of fluorescent tags. This weak FL signal required many 

times higher levels of laser power than it would be used for cell or tissue imaging. Nevertheless, 

higher excitation power caused fluorescent bleeding between membrane stain and protein tag and 

hence limited what would be a requisite instrument setting as well as narrowed down fluorophore 

that could be coupled together (Figure 4.5.A1,2).  
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Membrane dye Protein dye 

Name λEx/λEm Name λEx/λEm 

DiB 353/442 nm Alexa Fluor 405 - streptavidin 401/421 nm 

DiO 484/501 nm Alexa Fluor 430 - IgG 433/541 nm 

CM-Dil 553/570 nm Alexa Fluor 488 - IgG 496/519 nm 

    Alexa Fluor 555 - IgG 555/565 nm 

    Alexa Fluor 647 - IgG 650/665 nm 

    MagDye 665 ~640/665 nm 
 

 

Figure 4.4. List of tested organic FL dyes. On the spectrogram, the excitation spectra are depicted 

with dashed lines and the emission spectra are depicted with solid lines.  

Another pitfall of organic dyes for SVT application is linked to the physical property of 

these molecules. FL organic dyes are in general hydrophobic and readily aggregate into crystals 

of size 100-500 nm.207 These aggregates tend to adhere to the substrate and mimic the shape and 

size of the exosome (Figure 4.5.B1,2). This phenomenon of organic fluorophores causes false-

positive results in acquired images. Interestingly, aggregation of organic fluorophores is more 

common for red dyes like cyanines and rhodamines due to their poor solubility.253–255 Blue and 

green dyes such as Alexa Fluor 405, 430, and 488 would be more adequate for time- 
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Figure 4.5. FL images of labeled exosomes. (A1-2) Set of images taken from same area using two 

different channels – blue and red for exosomes labeled with DiB lipophilic dye (λEx353/ λEm442 

nm). DiB bleeding into red channel when exited with 640 nm laser (right). (B1-2) Dye aggregation 

of CM-dil dye. Negative control without exosomes (left) vs positive control with exosomes (right). 

(C1-2) Loss of FL signal during long sample processing period. Before amplified protein labeling 

(left), after amplified protein labeling (right). 

intensive protein labeling, but they are not bright enough in comparison to orange and red dyes. 

To address this issue, we tried FL signal amplification using biotinylated secondary antibody and 



66 

 

fluorophore streptavidin conjugates Alexa Fluor 405 (Figure 4.3.B). Each biotinylated antibody 

provides ~7-10 binding sites for streptavidin, thus giving room for signal amplification. However, 

this approach was significantly longer in sample processing, which resulted in a loss of binding of 

either captured vesicles or the FL stain (Figure 4.5.C1,2). 

Even though the method combining two organic fluorophores and confocal microscopy 

seemed to be a promising solution for SVT development, the negative aspects of organic FL dyes 

outweighed their positives. The difficulties associated with organic fluorophores such as photo-

bleeding, insufficient brightness of blue and green dyes, and dye aggregations yield this approach 

unreproducible and elusive. It is also important to note that organic fluorophores are much more 

prone to photo-bleaching, in our case conditions such as a high laser power could negatively affect 

the interpretation of fluorescence intensity between individual images. Organic FL dyes designed 

specifically for EV research thus far still represent a niche in the market. 

3.2 SVT Using Quantum Dot 655 in Conjunction with Organic Fluorophore 

Our next solution to achieve SVT using fluorescent labeling and confocal microscopy was 

to replace organic fluorophore with quantum dots Qdot 655 for protein labeling (Figure 4.6.A). As 

mentioned in Chapter 3, quantum dots are inorganic fluorophore with greater photostability, higher 

signal-to-noise ratio, and 10-20 times higher brightness compared to organic fluorophores.256,257 

The absorption properties of these semiconductors dictate that their highest excitation point on the 

spectrum of visible light is near the UV region (~ 380-400 nm). For this reason, we were using 

two sources of light to excite Qdots 655 either with a DAPI laser (~ 407 nm) or a FITC laser (~ 

488 nm), depending on which organic fluorophore was used as the second dye for membrane 

staining (DiB - Exλ / Emλ: 353/442 nm or CM-dil Exλ / Emλ: 553/570 nm) (Figure 4.6.B). 
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Photomultipliers (PMTs) and filters were set for emission collection from 600 to 700 nm to avoid 

the collection of emissions from the organic fluorescent dyes.  

A 

 

B 

 

Figure 4.6. (A) Schematic of molecular exosome detection with QDot 655. (B) Spectrogram of 

tested FL dyes.  

With this approach, we found several limitations of the Nikon A1 confocal microscope in 

our intended application. Firstly, Nikon recommended PMT mode significantly increased the 

background noise coming from the gold surface and incorrectly subtracted the signal from 

quantum dots leaving dark dots in theirs place instead (Figure 4.7.A2). Furthermore, in the 

standard FL mode, the membrane dye was FL bleeding into a custom QDot channel. To test for 

FL bleeding, we labeled captured exosomes with membrane dye only (no quantum dots were used) 

and took images in both channels (Figure 4.7.B1,2). The main cause of FL bleeding was most 

likely the connection of two factors a) limited effectiveness of the filters that were supposed to 

block the signal lower than 600 nm b) organic dyes which, when sufficiently excited, emitted a 

fluorescent light out of their expected emission spectra. We addressed this problem by using 

different membrane staining dye CM-dil, which had an absorption range placed farther away from 
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the absorption range of the quantum dots. Replacing DiB with CM-dil significantly reduced FL 

bleeding and thus reduced the false positive signal. However, despite solving this complication 

associated with FL bleeding the signal from quantum dots was not strong and detectable under 20x 

dry objective, which was the highest magnification with this instrument (Figure 4.7.D1,2). The 

same conclusion was reached even when protein labeling was amplified via biotinylated secondary 

antibody paired with QDot 655-streptavidin (Figure 4.7.E). 
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Figure 4.7. Sets of images depicting areas under two different FL channels. (A1) Exosome 

membrane stained with DiB. (A2) Nikon recommended PMT mode. Qdot labeled a highly 

expressed protein on surface of exosome. (B1) Exosome membrane stained with DiB. (B2) No 

Qdot control. FL bleeding of DiB into ‘Qdot channel’. (C1) Exosome membrane stained with CM-

dil. (C2) No Qdot control. FL bleeding of CM-dil into ‘Qdot channel’. (D1) Exosome membrane 

stained with CM-Dil. (D2) Highly expressed protein on surface of exosome labeled with QDot 

655. (E) Highly expressed protein on surface of exosomes labeled via amplification method.  
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The limitations associated with instrument setting and effectiveness of the filters and PMTs 

of the Nikon A1 confocal microscope did not allow us to achieve the required detection range, 

which would effectively eliminate the emission signal from organic fluorophore DiB. We found 

that replacing DiB dye with CM-dil, and thus completely avoiding an overlap of excitation spectra 

between quantum dots and membrane dye, provides a solution that can significantly eliminate a 

false positive signal. Nevertheless, after further testing, we found that the 20x dry objective does 

not allow for sufficient magnification of quantum dot-based SVT with Nikon A1 set up and higher 

magnification would be needed for accurate imaging of single vesicles. 

3.3 SVT Using AuNPs in Conjunction with Organic Fluorophore 

Our final strategy for achieving SVT through dual imaging technology was based on 

knowledge from the previous two approaches. To avoid previous complications that occurred 

when we tried relying solely on fluorescence imaging including dye aggregations over longer 

periods, FL bleeding between various dyes, and insufficiently strong signal from a protein label, 

we addressed most of those complications by combining fluorescent microscopy with dark field 

imagining. Figure 4.8.A depicts a schematic of an exosome labeled with a fluorescence dye and 

AuNP.  

To fluorescently label exosome membrane we used Cy5-PEG-Cholesterol. Cyanine5 (Cy5) 

is a near-infrared dye with Exλ / Emλ: 646/660 nm. Cy5 is linked to cholesterol with Polyethylene 

glycol (2,000 Da) which serves as a hydrophilic spacer and mitigates hydrophobicity of cholesterol 

moiety making the overall molecule readily water-soluble. In comparison to lipophilic dyes we 

tested in previous approaches, Cy5-PEG-Chol is much more specific in membrane staining and 

retains longer on the plasma membrane before being partially internalized.258 Under right 
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conditions (~ 37⁰C, 15 min) cholesterol easily fuse with the semifluid lipid bilayer of exosomes 

and functions here as a dye anchor for membrane insertion.  

A 

 

B 

 

 

Figure 4.8. (A) Schematic of molecular exosome detection with AuNP and Cy5-PEG-CLS. (B) 

Spectrogram of AuNP and Cy5-PEG-CLS.  

To find ideal conditions we initial incubated Cy5-PEG-Chol for 45 min at RT according to 

He et al.,259 however, cholesterol fusion depends on the fluidity of the lipid bilayer, which directly 

increases with increasing  temperature. Thus, incubation at 37⁰C not only significantly increase 

cholesterol fusion, but also decrease incubation time to one third and positively increase the 

solubility of Cy5 in PBS solution. The difference in exosomes staining at RT vs 37⁰C is shown in 

Figure 4.9.A-C. 

  



72 

 

A 

 
 

B 

 

C 

 

D 

 
 

E 

 
 

F 

 

Figure 4.9. Evaluation of FL/DF SVT labeling and imaging (A) Cy5 labeled exosomes at 37⁰C 

(FL image). (B) Cy5 negative control without exosomes (FL image). (C) Cy5 labeling of exosomes 

done at RT (FL image). (D) Dark-field image of (A). (E) CD44-AuNP labeled exosomes (DF 

image). (F) Fluorescence image of (E). Exosomes were derived from MM231 cells. 

To label surface proteins of interested we conjugated selected antibodies to Au nanosphere 

(Ø = 60 nm). The conjugated antibodies were stabilized with mPEG-SH (2,000 Da). We tested 

various sizes including 40 nm, 50 nm, and 60 nm to find out which size scatters the light most and 

thus provides highest intensity signal on the dark field image under 50x dry objective (Figure 

4.10.). We also had to keep in mind that exosomes are only 40-200 nm so the AuNP cannot be too 

large to prevent other spheres from binding to multiple proteins on the same exosome. By 

conjugating selected antibodies directly to the nanosphere we eliminated otherwise two-step 

process of indirect labeling, which is known to be prone to cross reactivity and nonspecific binding, 

and we reduced the time for protein labeling from 4 h to 3 h.260 
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Figure 4.10. Evaluation of various sizes of AuNP based on light scattering under DF. (A, D, G) 

40 nm AuNP. (B, E, H) 50 nm AuNP. (C, F, I) 60 nm AuNP. Individual particles (A-C) and labeled 

cells (D-F), images were taken with Olympus IX 71 microscope. Labeled exosomes (G-I) images 

were taken with the custom Nikon LV 150N.  

We believe that the size of individual population pools for our SVT approach must be 

greater than 1000 exosomes to accurately assess the marker expression for each sample. Thus, 

since previous two approaches, we have further explored the ideal conditions for capturing 

exosomes to always achieve such large sample pools. We discovered that, unlike one addition of 

an exosome sample, multiple additions significantly increased the number of captured exosomes. 

This can be explained by the relatively rapid sedimentation of the exosomes in the undisturbed 



74 

 

liquid and thus reduction of the chances for exosomes to interacting with the anti-CD81 capture 

antibody. We tested our theory with one, two, and three additions of exosomes within a total of 3 

hours of incubation time (Figure 4.11.) 

A 

 
 

B 
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D 

 

Figure 4.11. Effect of multiple additions on exosomes capture. (A) Single addition (3 h incubation 

time for each addition). (B) Two additions (1,5 h incubation time for each addition). (C) Three 

additions (1 h incubation time for each addition). (D) No exosomes control.  

Labeled exosomes were imaged by a custom multifunctional system composed of Nikon 

microscope and optical components for bright field, dark field, and fluorescence imaging under 

near-infrared excitation (He laser: 632.8 nm) developed by Dr. Hoang. First, localized exosomes 

were captured by fluorescence imaging to obtain a “mask” image, and then the same area was 
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captured by light scattering dark field imaging to obtain a “target” image. To verify that Cy5-PEG-

CLS or AuNP does not interfere with each other and can be used simultaneously we tested 

membrane labeled and protein labeled exosomes separately under both fluorescence and dark-field 

setting (Figure 4.9.D-F).  

A1 

 

A2 

 

B1 

 

B2 

 

Figure 4.12. FL/DF dual imaging strategy. (A1, B1) Cy5 labeled exosomes (mask). (A2) mPEG-

AuNP labeled exosomes (negative control, target for A1). (B2) CD44-AuNP labeled exosomes 

(highly expressed marker, target for B2). Exosomes were derived from MM231 cells.  

To further verify the FL/DF dual imaging strategy we tested the methodology on MM231 

exosomes by using CD44-AuNP (CD44 is a highly expressed marker in MM231) and we 
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compared it with mPEG-AuNP negative control (Figure 4.12.). A high amount of binding can be 

seen in Figure 4.12.B2 proving the specificity of AuNP conjugates. 

After acquiring “mask” and target” image, both images were analyzed for a single exosome 

protein expression via Python-based analysis method developed by Dr. Wang’s group. Briefly, 

software first subtracts background and large bright areas caused by surface imperfections and 

reagent aggregates. Both images are then turned into binary images. The position of individual 

exosome is automatically detected from the mask image and the signal intensity from target image 

is integrated over the exosome area. The obtained light scattering intensity values were plotted as 

a histogram of exosomes count vs protein expression. To validate our SVT approach, we tested it 

on exosomes collected from model breast cancer cell-lines SKBR3. The exosomes were harvested 

from FBS free media via multistep centrifuge method and size/concertation was determined with 

NTA (SKBR3 exosomes Ø = 165  38). For our proof of concept, we targeted three different 

surface proteins, epithelia cell adhesion molecule (EpCAM) and cancer markers HER2, and CD44. 

According to our flow cytometry data on cells SKBR3 cell-line (Chapter 3, Figure 3.4.) is known 

to have high expression of EpCAM and HER2 and low expression of CD44. The resulting density 

histograms clearly indicate that protein expression on exosomes correlates with protein expression 

of cells (Figure 4.13.A-D). Exosomes derived from SKBR3 shows high expression of EpCAM 

and HER2 (Figure 4.13.F). The FHER2, FEpCAM, and FCD44 for SKBR3 exosomes was 70.3%, 67.6%, 

and 11.0%, respectively.  

Our method was further validated with a sandwich ELISA. We correlated fraction positive 

exosomes (Fp) from Figure 11 to a bulk measurement by ELISA. To stay consistent with the 

FL/DF-SVT and CD81-positive sample population, we performed a sandwich ELISA approach in 

which anti-CD81 antibodies were used to capture exosomes. ELISA measurement also showed the 
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high expression of EpCAM and HER2. A further quantitative comparison of the two methods is 

shown in Figure 4.13.H. The two methods showed a high correlation, with a correlation coefficient 

R2 = 0.98.  
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Figure 4.13. Protein profiling of SKBR3 exosomes. (A) HER2. (B) EpCAM. (C) CD44. (D) 

mPEG. (E) Protein expression profile based on data in (A-D). (F) Protein expression profile of 

targeted surface markers on the surface of SKBR3 EXOs determined using ELISA. Error bar is 

the standard deviation from triplicate experiments. (G) Correlation of the FL/DF SVT assay with 

sandwich ELISA. 
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4. Conclusion and Future Outlook 

Protein analysis of exosomes on a single vesicle level opens door to new advancements in 

exosomal research and clinical application, arguably surpassing bulk analytical methods that are 

commonly used in academic research today. The proteins on the surface of the exosome are the 

key contact point for cell-to-cell communication and represent invaluable insight into biological 

events including oncogenesis, proliferation, and metastasis. Furthermore, given that liquid biopsy 

utilizes protein biomarkers that can be easily obtained from body fluids, this method appears highly 

preferable to costly, impractical, and in many cases dangerously invasive tissue biopsies. 

This chapter expanded on our ideas and approaches that led towards a novel single vesicle 

technology with a great clinical potential. Here we reported a protein analysis assay of CD81 

positive exosomes on a single vesicle level using fluorescence and dark-field microscopy and 

subsequent dual image profiling. To reach our goal, we tested many different strategies for 

exosome capture, membrane staining, protein labeling, and image acquisition, before we achieved 

technology that overcomes the challenges associated with a single exosome molecular analysis. 

Our technology is sensitive, simple, efficient, considered of sample consumption and has plenty 

of room for modification and expansion. The technology quantifies the fraction of exosome 

subtypes based on surface marker expression, which provides great value in informing the number 

of tumor-derived exosomes in biofluids. With proof-of-concept studies we demonstrated the 

technology on two populations of exosomes derived from our model breast cancer cell-lines 

SKBR3 and MDA-MB-231. Further, we validated our findings with widely used methods such as 

flow cytometry and sandwich ELISA. Great attribute of our SVT method is that it can be adjusted 

for any protein marker or cancer cell-line without need of changing the methodology. 
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Further testing and improvement of the DF/FL-SVT will continue in the future by my 

colleagues and research collaborators. The next goal of this project is to demonstrate efficacy and 

clinical potential of our SVT on plasma samples collected from breast cancer patients at all stages 

of cancer progression.  The exosomes from HER2-positive BC plasma samples will be profiled 

for the cancer marker HER2 and results will be statistically compared with a profile of exosomes 

from healthy donors. These studies should provide us with a clear answer to whether we are able 

to detect cancer at early stages based on HER2 expression. The technology itself also has a lot of 

space for it to be improved, especially in in the automation of sample deposition, processing, and 

image analysis. The ultimate goal is to turn this SVT into a robust, accessible, and easy to learn 

tool for routine exosome analysis of various types of cancer. 
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Chapter 5. CONCLUSION AND FURTHER PERSPECTIVES 

In this dissertation, we focused on the possibilities and limitations associated with the 

protein analysis of exosomes. We explained what pivotal roles exosomes play in the onset and 

progression of cancer, and why they are considered by many to be a rich source of cancer 

biomarkers with the potential for non-invasive liquid biopsies. Since oncogenic receptors often 

reside within regions of the plasma membrane, surface protein analysis is one of the primary 

approaches for understanding the role of exosomes in cancer. Many studies have described 

recent advances in the development of a new generation of liquid biopsies through the usage 

of exosomes. However, despite all efforts, the progress is indolent due to conventional 

technologies not being yet fully adapted for the detection of exosomal content, which puts us 

still in the early stages of exosomal research before we can transfer it from academia to the 

medical setting. 

In Chapter 3, we demonstrated 3D printing as an effective tool for creating custom 

devices and modifiers for traditional analytical methods. Using the free web software 

TinkerCAD, we designed several custom micro-array templates, which served as the main 

building blocks for a miniaturized device used in exosome detection. Thanks to easy-to-use 

TinkerCAD software and affordable printing method, we were able to redesign and modify our 

final layout in a very short time, which would not be possible using conventional lithography. 

Our final micro-array device allowed us to detect 85 samples simultaneously on a single gold 

slide, which is 5.8 times more effective in terms of sample per area than ELISA plate. We 

validated our miniaturized device by using it in our SERS-based assay designed for protein 

marker analysis on the surface of the exosome in cancer detection.146 
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In Chapter 4, we reported a simple and rapid method for exosome surface protein 

detection using quantum dot coupled with immunomagnetic capture and enrichment. In this 

method, exosomes were captured by magnetic beads based on CD81 protein expression. 

Surface protein markers of interest were recognized by primary antibody and then detected by 

secondary antibody-conjugated quantum dot with fluorescent spectroscopy. Validated by 

ELISA, our method can specifically detect different surface markers on exosomes from 

different cancer cell lines and differentiate cancer exosomes from normal exosomes. The 

clinical potential was demonstrated with pilot plasma samples using HER2-positive breast 

cancer as the disease model. The results show that exosomes from HER2-positive breast cancer 

patients exhibited a five times higher level of HER2 expression than healthy controls. 

Exosomal HER2 showed strong diagnostic power for HER2-positive patients, with the area 

under the curve of 0.969. This quantum dot-based exosome method is rapid (about 4h 

turnaround time) and only requires microliters of diluted plasma without pre-purification, 

practical for routine use for basic vesicle research and clinical applications. 

In Chapter 5, we discussed the difficulties associated with the detection of cancer-

derived exosomes at an early stage of cancer and how these difficulties could be overcome by 

molecular detection at the single vesicle level. We reported progress toward a simple, efficient, 

and clinically practical single vesicle technology (SVT) for exosome surface protein profiling 

using a dual imaging approach in combination with a purification-free capture platform. The 

exosomes were first captured based on their CD81 expression, their position was detected by 

staining their membrane with an organic fluorophore, and surface proteins of interest were 

detected with AuNP antibody conjugate. Across three different strategies we tested, we found 

that the vast majority of fluorescent dyes are not suitable for use in single exosome applications 
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due to low brightness, low specificity, high hydrophobicity, and associated aggregation. We 

demonstrated our technology on exosomes derived from SKBR3 model cell line by profiling 

them for EpCAM, HER2, and CD44 markers, and we validated our results with conventional 

ELISA. We found high expression of EpCAM and HER2 and low expression of CD44 (Fp = 

70.3%, 67.6%, and 11.0%, respectively), which based on our flow cytometry data also closely 

resembles protein expression on cells. We are aware that our SVT method still needs to be 

further improved and validated. However, meeting our technical needs, the FL / DF-SVT has 

great potential to become a routine analytical technology for exosomal content detection in 

fundamental exosome research or biomarker detection in clinical care. 
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