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ABSTRACT

Microfluidic Electrophoresis platform for Analysis of Pancreatic Cancer Exosomes

by

Kshipra Kapoor

Pancreatic cancer (PaCa) has a dismal prognosis, due to extremely late diagnosis,

aggressive local metastasis, and limited treatment options. Thus, there is an urgent

need for early detection methods for PaCa to increase the likelihood of treatment

success. Liquid biopsy (marker detection in biofluids) is the only feasible approach

for early diagnosis, as the biopsy of pancreatic tissue is not practical in patients

lacking overt symptoms, and only minimally invasive methods can be used for sam-

ple collection. Recent studies demonstrate the use of exosomes as a means to im-

prove the sensitivity of liquid biopsies. Most of the ongoing work utilizes stand-alone

immunoaffinity-based capture of disease-associated exosomes in body fluids. The

drawback of this approach is the heterogeneity of the exosome population, as the

protein marker(s) of interest are typically expressed only by specific tumor subtypes,

and the use of a single marker may result in false-negative or false-positive results or

limit the enrichment capacity.

In this work, we develop the novel principle of exosome fractionation based on

their charge. The feasibility of the approach is based on our findings, which show a

strong correlation between the negative charge of the exosomes and PaCa aggressive-

ness. Further analysis identified the enhanced incorporation of phosphatidylserine
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and DNA fragments in the outer leaflet of exosomal membranes, as the molecular

cause of the highly anionic nature of cancer-derived exosomes. The use of a label-

free separation approach allows us to collect intact exosomes and enables a broader

range of downstream molecular analyses, unavailable in the permanent modifications

by the tagging molecules on exosomes incurred by immunoaffinity techniques. Hence

allowing for a multiplexed detection of biophysical and biomolecular properties of

exosomes. We have designed and developed a prototype microfluidic platform that

uses electrophoresis principles to isolate highly anionic exosomes, which correspond

to the cancer-derived exosome population in patient serum. Further development of

such a device for the detection of highly anionic exosomes in patient sera, would yield

a much-needed tool for early PaCa diagnosis.
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Chapter 1

Introduction

This thesis will support the goal to find new ways to tackle and detect Pancreatic

Cancer (PaCa) at an early stage. 80% of PaCas is pancreatic ductal adenocarcinoma

(PDAC). Although relatively rare (ranked 12th in incidence), PaCa currently accounts

for the 4th most deaths due to cancer and is expected to move to 2nd by 2030 [1].

Lack of early detection, aggressive local metastasis, and limited treatment options

means PaCa diagnosis closely mirrors mortality [2]. Thus, there is a real need to

develop sensitive and affordable diagnostics to identify patients with PaCa early in

order to treat them more effectively and reduce PaCa-associated mortality rates. The

only routinely used serum marker for PaCa is carbohydrate antigen 19-9 (CA 19-9)

however, its elevation is usually a sign of advanced disease, and it can also be related

to a variety of benign and malignant diseases other than PaCa [3].

To identify new and early diagnostic platforms for PaCa, large amounts of research

is leaning towards liquid biopsy - a simple, minimally invasive and painless method

for analysis of liquid biomarkers isolated from body fluids. The potential for the

use of liquid biopsy in PaCa has been investigated, in terms of the exosomes [4].

Exosomes (50-150nm) are a type of extracellular vesicle secreted by all cells, including

cancer cells containing various proteins, RNAs, and DNA from the cell of origin.

Most of the on-going work is focused toward stand-alone affinity-based capture to

sort exosomes from body fluids [5]. One significant drawback of this approach, is
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Figure 1.1 : Joint use of biophysical and biomolecular markers can help in
early diagnosis of pancreatic cancer.

the heterogeneity in the level of genes or other surface proteins on exosomes, even

within the same patient sample. Proving the use of label-free exosome fractionation,

in which biophysical properties of exosomes are exploited for detecting tumorigenic

exosomes will be vital. Our preliminary data show a strong correlation between the

negative charge of the exosomes and PaCa aggressiveness. With the development

of new techniques for investigation of such properties, a new biophysical perspective

is becoming concrete. My thesis aims to combine and initiate the “Exosome as a

multiplex biomarker” approach where we will analyze and fractionate exosomes based

on its physical property – charge and complement this approach with determining

biomolecular markers make up leading to the development of augmented multiple

assays for early diagnosis of PaCa Figure 1.1.



3

1.1 Proposed work

1. To confirm a positive correlation between negative exosome charge

and tumor cell aggressiveness and determine exosomal components respon-

sible for the overall negative charge, including proteins, lipids, oncogenes,

and proteoglycans. Previously, the primary exosomal markers to detect tumor-

derived exosomes included mainly cancer-specific proteins or RNA (predominantly

miRNA). The detection of these markers requires high-sensitivity detection tools,

such as quantitative proteomics or RNA-seq. We aim to quantify biophysical differ-

ences between healthy and cancerous exosomes that also can facilitate for natural

fractionation of cancerous exosome pool present in biofluids, such as a serum, which

can lead to dull, fast and affordable tests for diagnosis of otherwise undetectable

early-stage pancreatic cancer. Our preliminary data point to the changes in exosome

charge with increased PaCa aggressiveness. We propose to expand these results to

provide a solid rationale for the use of exosome charge for PaCa exosome detection.

The resulting methodology should be useful for label-free screening to detect PDAC

exosomes with high sensitivity in patient sera.

This work is been covered in Chapters 3 and 4 of this thesis.

2. To design an on-chip microfluidic electrophoresis device for charge-

based fractionation of exosomes. Proving the use of label-free exosome frac-

tionation, in which the biophysical properties of exosomes (e.g., electric charge, size,

stiffness) are exploited for detecting tumorigenic exosomes is vital. Current exo-

some selection carried out based on their immunoaffinity properties results in false-

negative/positive result because markers of interest are not expressed in all histolog-
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ical tumor types.

This work has been covered in Chapter 5 of this thesis.

3. Perform quantitative analysis of exosome membrane interactions with

the synthetic lipid bilayer using nanomechanical sensing methods (such as

Quartz Crystal Microbalance (QCM)). Exosomes are known to interact with

other cells and transfer biomolecules, such as proteins and nucleic acids among dif-

ferent cells. Researchers have shown that the lipid composition of the cell membrane

plays a vital role in the message or drug delivery process. Making it essential to under-

stand the role phospholipids play while the exosomes interact with cells. Therefore,

determining and quantifying the interaction between exosomes (secreted from healthy

versus cancerous samples) and the phospholipid membranes will provide insight about

the physiochemical properties and dynamics of interaction between exosomes and cell

membranes.

This work has been proposed in chapter 6 of this thesis.

1.2 Summary of contributions

The contribution of this thesis towards the accomplishment of aforementioned objec-

tives is summarized below.

1. To confirm a positive correlation between negative exosome charge

and tumor cell aggressiveness and determine exosomal components respon-

sible for the overall negative charge, including proteins, lipids, oncogenes,

and proteoglycans.
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Our preliminary data point to the changes in exosome charge with increased

PaCa aggressiveness. Our findings suggest that loss of surface proteins on exosomes

with proteinase K treatment, validated by flow cytometry, does not significantly sup-

press the overall exosome charge. Our preliminary findings also indicate a positive

correlation between negative charge of exosomes and the incorporation of a nega-

tively charged phospholipid, Phosphatidylserine (PS) (annexin V positive) on the

surface of exosomes. To access the role of mutant KRASG12D in exosomal nega-

tive charge, we isolated primary cell line (U785) from the advanced tumor of PiKP

PDAC GEMM(13) and maintained in the presence of 1mug/mL doxycycline to en-

sure KrasG12D expression (Kras on). To extinguish oncogenic KrasG12D, doxycycline

was withdrawn from the media (Kras off). Exosomes were extracted from Kras on

and Kras off cell lines.Our preliminary findings indicate that knockdown of mutant

KRASG12D significantly decreased the negative charge on exosome surface and exo-

some production. Next, we proved that the presence of activated KRAS increased the

PS content on the surface of exosomes-extracted from primary Kras On compared to

the Off U785 cell lines.

2. To design an on-chip microfluidic electrophoresis device for charge-

based fractionation of exosomes.

We proposed to create a microfluidic platform that separates cancer derived

exosomes from those emitted by normal cells. This device will use an electric field to

sort exosomes based on their surface charge, which we have found to be a hallmark

of cancerous exosomes. We have designed and fabricated a prototype on-chip elec-

trophoresis device using silicon microfabrication and soft lithography techniques and

performed initial proof-of-principle experiments. To confirm that cancer exosomes



6

experience preferential migration towards positive electrode region, a bias voltage of

25V was applied, and greater migratory force was incurred on highly anionic exo-

somes. By applying 25V bias voltage to mixed populations of neutral and negatively

charged 100-nm particles (silver/gold nanoparticles and DOPC-DOPS liposomes),

we were able to enrich for negatively charged particles selectively. Experiments were

performed for both voltage on and voltage off conditions.

3. Perform quantitative analysis of exosome membrane interactions with

the synthetic lipid bilayer using nanomechanical sensing methods (such as

Quartz Crystal Microbalance (QCM))

Some of our preliminary results showed that the affinity between exosomes and

the cell membrane is possible due to exosome and phospholipid interactions. We

determined mass adsorbed on the sensor due to exosome-phospholipid interaction

increased with increase in exosome concentration over time. We are further quantify-

ing the interaction of various cancer, and healthy-cell derived exosomes with various

phospholipid bilayers.
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Chapter 2

Background and significance

2.1 Pancreatic Cancer

2.1.1 Pancreatic Cancer Statistics and treatment

Pancreatic cancer (PaCa) is one of the deadliest of all the solid malignancies. The

five - year survival rate is only 9.3% [6]. The American Cancer Society estimates

that 56,770 new cases of pancreatic cancer will be diagnosed in the US in 2019 and

45,750 deaths from pancreatic cancer will occur in 2019, making pancreatic cancer

the fourth leading cause of cancer death and is expected to move to 2nd by 2030 [7].

Currently, most individuls are diagnosed at late stages when treatment options are

limited. Early detection of PaCa provides the greatest hope for making substantial

improvements in survival. However, no clinically useful test exists to identify early

PaCa or high-grade pancreatic intraepithelial lesions. Curretly, the only identified

high-risk group for sporadic pancreatic cancer includes individuals with new-onset of

diabetes mellitus [8]. Approximately 20% to 25% of people with pancreatic cancer

develop diabetes within 6 to 36 months before their pancreatic cancer is diagnosed

[9]. With early detection, survival rate can increase 6-fold [8]. Hence, the need for

noninvasive, discriminatory biomarkers for early detection of PaCa is urgent.

As CT scanners became more available in the 1980s, it became possible to diagnose

PaCa in the earlier stages when the disease was still localized and surgically resectable
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Figure 2.1 : Pancreatic cancer statistics by race . (a) Stage at diagnosis and (b)
5-year survival by stage at diagnosis. Reproduced with permission from (Siegel, R.
L., K. D. Miller, and A. Jemal. 2019. Cancer statistics, 2019. CA: A Cancer Journal
for Clinicians Vol 69: Issue 1). License number: 4304311331149.

[10]. Even today though, less than 20% of patients are eligible for surgery at the time

of diagnosis because 50-60% of them present with metastatic disease Figure 2.1(a).

This is often the case because early symptoms are unspecific to PaCa like nausea,

weight loss, back pain, and irregular bowel movements [6]. 5-year survival is extented

to 17% for the patients that receive surgery, but has not improved in 20 years and is

usually due to liver metastases and recurrence [10, 11, 12]. Concerns have also been

raised about inducing dissemination of tumor cells during surgery [13], but given

the poor prognosis of PaCa in general, surgery is still likely to be the best path to

potential cures for PaCa patients.

Gemcitabine was introduced in the late 1990s, and was reported to improve clinical

response rates in patinets with advanced PaCa to 23.8% from 4.8% when patients were

given fluorouracil (5-FU). However, median survival was modestly extended from 4.4



9

months on 5-FU to 5.7 months on gemcitabine [14], but remains a first-line therapy

for all patients with PaCa. New targeted therapies like erlotinib and chemotherapy

combinations like FOLFIRINOX (5-FU, Leucovorin, Oxaliplatin and Irinotecan) and

ABRAXANE (Nab-paclitaxel and gemcitabine) have since been established as first-

line therapies, but still have only resulted in an overall 5-year survival increase of 5%

to 9% in the last 20 years Figure 2.1(b).

Taken together, the end goal is to develop an effective protocol for early detection of

pancreatic cancer that can be used at the primary care level in health care systems to

enable a meaningful improvement in survival rather than a statistical improvement.

2.1.2 Pancreatic cancer risk screening

Due to the low incidence of PaCa, it would not be ideal to do population-based screen-

ing unless a biomarker test was highly specific, affordable, and minimally invasive.

Currently surveillance programs available through clinical trials for high risk patients,

but are few in number and limited to specialized cancer centers [14]. The intent is

to reduce PaCa mortality through treatment of potentially precancerous lesions such

as intraepithelial neoplasms, papillary mucinous neoplasms, diabetes, or chronic pan-

creatitis. However, the underlying biology of these pathologies and the conditions

that determine if they will undergo malignant transformation remain unclear, and

PaCa can also be misdiagnosed as a precancerous lesion [15]. Results from a retro-

spective study of 1656 patients in Asia determined that risk of developing PaCa was

significantly higher in older patients at the onset of chronic pancreatitis and 12-fold

higher risk was observed in heavy smokers, so these factors may be used as baseline

features for determing inclusion in a surveillane clinical trial for progression of PaCa
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[15]. Familial PaCa or other hereditary syndromes are currently the best predictors,

with PaCa risk increasing as more family members are affected [16]. Although some

factors are known to increase risk of PaCa, the approach of how to effectively treat

these early lesions is still not clear. Unlike germline BRCA mutations in breast or

ovarian cancers where preemptive surgery can dramatically reduce cancer risk, PaCa

do not have clear indications, suggesting that performing prophylactic removal of the

pancreas would not be worth the risk [16].

2.1.3 Biomarkers of pancreatic cancer

Carcinoembryonic antigen is also a biomarker used in PaCa but has poorer perfor-

mance than Carbohydrate antigen 19-9 (CA 19-9), with a sensitivity of 50% and a

specificity of 65%, and has largely been replaced with CA 19-9. Carbohydrate antigen

19-9 (CA 19-9) is the most commonly used biomarker for PaCa, with a pooled sen-

sitivity across multiple studies of 73% and specificity of 83% for detecting recurrent

disease [17]. Both of these biomarkers are only recommended for use as recurrence

biomarkers and not for initial diagnosis. CA 19-9 has been reported to predict recur-

rence months before lesions get detectable by imaging. However, the use of CA19-9

alone as a biomarker for the early detection of PaCa reamins challenging [18]. In

addition to the limited sensitivity and specificity [19] and applicability to recurrent

disease only [17], CA 19-9, an epitope of sialylated Lewis group antigen, and approx-

imately 5-10% of the Caucasian population possesses a Lewis a-/b- genotype and

thus does not express CA19-9 levels [19]; therefore, CA19-9 testing would result in

false-negative results and mislead the diagnosis.
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Some serum biomarkers in the earlier phases of development have shown improve-

ment over CA 19-9. For example, Capello et al. recently showed in three independent

validation datasets that combining CA 19-9 with TIMP1 and LRG1 in an enzyme-

linked immunosorbent assay (ELISA) discriminated early-stage PaCa versus healthy

controls with an average sensitivity of 73% and a specificity of 86% [20]. Work from

Melo et al [21]. showed that the cell surface proteoglycan glypican-1 (GPC-1) were

specifically enriched on plasma exosomes and could distinguish between patients with

benign diseases and those with early stage PaCa. The concentration of GPC-1 posi-

tive exosomes in the serum correlated with tumor burden and was a negative predictor

for patient survival. Hu et al. recently confirmed GPC-1 mRNA in serum exosomes

is also predictive of PaCa with a sensitivity of 100% and specificity of 87% for n =

15 healthy, BPD, stage I-II PaCa and stage III-IV PaCa patients [22]. However, a

stand-alone biomolecular approch for PaCa early detection has its own significant

drawbacks e.g. heterogeneity in the level of genes or other surface proteins on ex-

osomes, even within the same patient sample. Other groups have challenged the

efficacy of GPC-1 as a theranostic biomarker for PaCa [23, 24], so additional research

will likely be needed until a majority consensus among the field is reached.

As the current diagnostic paradigm for the diagnosis of PaCa experiences low di-

agnostic accuracy, therefore, to identify new and early diagnostic platforms, large

amounts of research is leaning towards liquid biopsy - a simple, minimally invasive

and painless method for analysis of liquid biomarkers isolated from body fluids [25].

Interestingly, a liquid biopsy can characterize tumor biomarkers, similar to tissue

biopsy, which allows early detection of disease, real-time evaluation of metastasis,

treatment monitoring, empowers examination of primary tumors, and metastases.
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The potential for the use of liquid biopsy in PaCa has been investigated, in terms of

the exosomes [4]. Exosomes (50-150nm) are a type of extracellular vesicle secreted by

all cells, including cancer cells containing various proteins, RNAs, and DNA from the

cell of origin. Evidence demonstrates that exosomes are available in numerous biologic

body fluids; exosomes may in this way be viewed as open indicative biomarkers that

hold incredible potential for recognition of numerous disease conditions, including

cancer [25].

2.1.4 Genetics of pancreatic cancer

A major contributor to the emergence of cancer and its progression is genetic instabil-

ity that leads to multistep mutation accumulation. Identifying functional mutations

in master regulators of key cellular processes often provides insight to the disease’s

aggressiveness and can be used for predicting patient response to therapy and out-

comes. Relative to other cancers, the mutation rate in PaCa is low at 2.64 mutations

per megabase [26, 27], with a small set of frequently mutated genes that have either

been difficult to target therapeutically or had poor performance in clinical trials [28].

KRAS is the primary driver gene that is mutated in PaCa, which has been reported

to occur in 90-95% of cases [28] showing the central importance of KRAS pathway

in PaCa development. Recent exome and copy number variation (CNV) analyses

in PaCa patients revealed mutational landscape of striking complexity, which could

explain the extreme diversity in therapy responses [26] Figure 2.2.

The KRAS activating mutations, e.g. glycine substitution at codon 12 (G12D),

are near-ubiquitous and inactivating mutations in CDKN2A, TP53 and SMAD4 genes

take second place with 50% incidence rates. A loss of CDKN2A function occurs in

about 80-95% of all pancreatic adenocarcinomas, and occurs by mutation, deletion
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Figure 2.2 : Schematic representation of mutational landscape in PaCa.
Adapted from [26]. Mutated genes are arranged in functional groups and frequency
plotted as bars.

or promoter hypermethylation [29]. The TP53 tumor suppressor is mutated in ap-

proximately 50-75% of pancreatic adenocarcinomas, and is inactivated by missense

alterations of the DNA binding domain [30, 31]. SMAD4 or DPC4 is another im-

portant gene that is deleted in about 55% of all pancreatic adenocarcinomas [32].

The prevalence of recurrent mutations is 10% for genes involved in chromatin mod-

ification and DNA damage repair [32, 33, 34]. Surprisingly, the dominant feature of

PaCa mutational landscape is a host of rarely mutated genes, that results in a strik-

ing degree of heterogeneity [35, 36]. The most common occurring Kras mutations in

pancreatic cancer are at codon 12, of which G12D is the most frequent, followed by

G12V. Mutations at G13 and Q61 have also been observed, however, they are not as

common, and may be associated with a better prognosis [37, 38]. Therefore, it is not

surprising that non-selective therapeutic approaches, (identical drugs for the entire

patient population) remain unsuccessful. These and other findings stress the impor-

tance of potential treatment modalities based on the individual mutational landscape
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of a patient. Due to the prevalence and importance of KRAS mutations, several at-

tempts have been made to target them in human clinical trials, but have failed to

improve overall survival. However, recent studies have shown that KRAS mutation

is a prognostic indicator of poor patient outcomes [39], suggesting early detection of

mutations in KRAS could be used to qualify candidates for enrollment in surveillance

clinical trials.

2.1.5 Kras in pancreatic cancer

The Kras oncogene, which is a 21kDa small GTPase, shuttles between an inactive

GDP bound state, and an active GTP bound state [40]. The exchange from an

inactive to active state, to exchange GDP for GTP is aided by guanine nucleotide

exchange factors (GEFs). Additionally, inactivation of GTP bound Kras is mediated

by GTPase-activating proteins (GAPs). An activating point mutation in Kras results

in the blocking of the interaction between Kras and GAPs, thereby inducing Kras to

be constitutively active, and activating all the downstream effector pathways such as

the MEK/ERK and AKT/PI3K pathways that are involved in cell cycle progression,

proliferation, migration, invasion, and metastasis [41].

The frequency of RAS mutations in various cancers is not equally distributed.

In general, throughout all types of cancers, KRAS is the most frequently mutated

isoform, making up 86% of all RAS driven cancers, followed by NRAS (11%) and

HRAS (3%) [42]. In pancreatic cancer in particular, there is almost a 100% frequency

of KRAS mutations among RAS driven gene mutations [42]. As mentioned earlier,

almost all patients that present with pancreatic cancer in the clinic have a Kras

mutation. It is also the earliest genetic alteration, occurring in the pre-neoplastic
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lesions, and increasing in frequency with disease progression [43]. Recent studies and

mouse models have investigated the role of Kras addiction in pancreatic cancer, and

have impressively shown that dampening oncogenic Kras inhibits tumor progression,

despite the presence of other genetic defects [44, 45].

Activating Kras missense mutations result from a single amino acid substitution,

and in PDAC, the most frequent mutations are primarily at G12 (94-98%), followed by

G13 and Q61 at much lower frequencies [42]. At G12, among the eight different amino

acid substitutions that have been identified, the most frequent and predominant mu-

tation is a single amino acid substitution from glycine to aspartic acid (G12D-51%).

The next frequent mutation in PDAC is a glycine to valine substitution (G12V-30%)

[46]. Mutations at G13 and Q61 also result in constitutive activation, those, however

are not as common and may also be associated with a better prognosis in patients

[46, 42].

2.2 Exosomes

2.2.1 Discovery of exosomes

One of the first observations of small, 40 nm diameter vesicles was in 1981 as a

subpopulation of vesicles secreted from rat glioma cells [47]. The term “exosome”

was proposed to refer to these secreted vesicles. The mechanism by which they were

secreted was unknown until two years later with the pioneering work of Clifford V.

Harding and colleagues. In 1967 Wolf used electron microscopy to characterize these

fine particles and discovered that it was rich in complex phospholipids needed for

thrombin generation and was likely involved in blood clotting [47, 48]. This was then

further tested 22 years later when Sims et al. showed that an excessive bleeding
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disorder called ”Scott syndrom” is attributed to a microparticle-formation defect in

platelets [49]. Further confirmation from Webber, Johnson and Crawford, confirmed

Wolf’s findings and further characterized ”platelet-dust” as biologically active vesicles

that are released into the circulation from platelets.

Since Wolf’s discovery of the dust particles - microparticles have been a topic of

exponential interest and have led to debates for defining a microparticle. ”Micropar-

ticles” is now a broad term that is synonymous with ”extracellular vesicles”, and

comprises the vesicle classes exosomes and microvesicles, which are formed through

different processes.

Microvesicles are generally described as vesicles that bud directly from the plasma

membrane and are typically larger (100-1000nm) than exosomes [5]. Exosomes on the

other hand, are released from multivesicular bodies through the endosomal pathway

and are typically 50-160nm in size [50, 5]. Current methods for exosome isolation

often do not distinguish exosomes from microvesicles of a similar size and specific

markers for each population are under active investigation, but in this work the term

”exosomes” refers to vesicles that are <220nm in diameter.

The term “exosome” was first proposed to describe 40-1000nm vesicles released by

normal and neoplastic cell lines [51], but the association of small vesicles with mul-

tivesicular bodies (MVBs) and the endosomal pathway in rat reticulocytes shown by

Harding et al. [52] caused the nomenclature to shift, to a more specific subset of vesi-

cles. Harding Stahl made this discovery when they were studying transferrin receptor

turnover using gold-conjugated transferrin, which revealed localization to small vesi-

cles released from multivesicular endosomes (MVE) (later called multivesicular bodies
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Figure 2.3 : Release of exosomes containing gold-labeled transferrin. The
multivesicular body fuses with the plasma membrane and releases the exosomes con-
tained within. Reproduced with permission from (Harding, C., J. Heuser, and P.
Stahl. 1983. Receptor-mediated endocytosis of transferrin and recycling of the trans-
ferrin receptor in rat reticulocytes. The Journal of Cell Biology 97: 329-339.) License
number: 4306541129446.

(MVB)) into the extracellular space Figure 2.3 [52].

2.2.2 Biogenesis of exosomes

Exosomes undergo following three stages prior to secretion Figure 2.4. First, there

is the biogenesis of intra-luminal vesicles (IVs) within the MVB. The MVB is then

trafficked to the plasma membrane and then fusion results in release of exosomes into

the extracellular space [53]. The exosome biogenesis and trafficking is depicted.

Exosome packaging of cytosolic molecules occurs through two separate routes,

ESCRT- dependent and ESCRT-independent mechanisms. The first requires the four

endosomal sorting complexes required for transport (ESCRT 0, I, II, and III), which
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Figure 2.4 : Schematic representation of exosome biogenesis. Endocytosis
leads to the formation of early endosomes (EE), which become MVBs as ILVs form.
MVBs can then degrade their cargo by fusing with lysosomes, or fuse with the plasma
membrane and release ILVs as exosomes. Reproduced with open access permission
from (Bellingham, S., B. Guo, B. Coleman, and A. Hill. 2012. Exosomes: Vehicles for
the Transfer of Toxic Proteins Associated with Neurodegenerative Diseases? Frontiers
in Physiology 3: 124.)
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are individually comprised of 2-7 individual proteins and associate on the membrane

of endosomes. Together, these complexes associate with other proteins like Alix and

Rab GTPases to facilitate exosome packaging and biogenesis [54, 55]

2.2.3 Exosomal Cargo

Exosome proteins: Exosomes can be defined by the protein they carry. Typically,

an exosome is considered to be enriched for tetraspanins (TSPNs) CD81, CD63 and

CD9 [56, 57, 58]; and components of the endosomal-sorting complex required for

transport (EXSCRT) machinery such as TSG101 [59] and ALIX [5, 60]. Proteomic

analysis of exosomes was first carried out in 1999, using exosomes derived from mouse

dendritic cells [61, 62]. Multiple studies have since been performed with exosomes

from other cell types [63]. These datasets have been compiled into publically available

databases such as Exocarta [64]; EVpedia [65] and Vesiclepedia [66]. These studies

have identified cell-specific exosomal proteins and other proteins which are common

and expressed across different cell types. Proteins from the nucleus, mitochondria, ER

and Golgi are commonly absent from exosomes, suggesting that exosomes represent a

sub-proteome of the cell that particularly reflects membrane and endosomal contents

[53]. Whilst proving the presence of ESCRT-related proteins, such as TSG101 and

ALIX, on vesicles was once considered a definitive indicator of MVE origin, more

recently ESCRT components were also identified adjacent to the plasma membrane

and may also be part of micro-vesicles [67]. Accordingly, the International Society

for Extracellular Vesicles (ISEV) has called for the reporting of multiple proteins

as a minimal requirement in EV studies in their 2018 position statement [68]. The

presentation of proteins on the surface of exosomes is complex and highlights the

heterogeneous nature of exosome.
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Exosomal lipids: Lipids are important components of exosomal membrane and it

is well known that some specific classes of lipids are enriched in exosomes compared to

their parent cells. Exosomes in general are typically enriched for saturated fatty acids,

sphingomyelin (SM), phosphatidylserine (PS), and cholesterol [69, 70, 71, 72]. SM

and cholesterol, in particular, are enriched in lipid rafts, subdomains of the plasma

membrane that are resistant to detergents [73]. Indeed, lipid raft-associated proteins

are features of the exosome surface: e.g. GPI- anchored proteins and flotillins [53].

On exosomes the phospholipid phosphatidylserine is sensitive to binding by the pep-

tide agent Annexin V [74]. Indeed, it is commonplace to use Annexin V to block

phosphatidylserine on exosomes or alter exosome secretion by altering the activity

of neutral sphingomyelinase 2 or sphingomyelin synthase 2 [75], although N- SMase2

inhibition is cell-type dependent and often toxic. Several studies report binding of e.g.

Annexin 5 to exosomes, thus indicating that at least some of the exosomes have PS

in the outer leaflet. It would be very interesting to know the percentage of exosomes

that presumably expose PS, and to investigate whether the exposure of PS is a result

of storage, or if it can be observed just after secretion of exosomes. Furthermore, it is

of great interest to determine the fraction of total exosomal PS that becomes exposed

[76]. Such information can probably be obtained by benefiting from the binding of PS

to Annexin 5 [77] or Tim4 [78]. Thus, it appears, as previously discussed for proteins,

that there is a non-random sorting of lipids onto the bilayer of exosomes.

Exosome nucleic acids Nucleic acids (miRNA, lncRNA, circRNA, mRNA, rRNA,

tRNA, ssDNA, and dsDNA) have also been found in exosomes, but generally seem

to vary depending on their parental cell type [79, 80, 81]. Human cell-derived ex-

osomes were first found to carry nucleic acids when Ratajczak et al. reported the
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presence of mRNA in embryonic stem cell exosomes. This study also revealed that

the mRNA in these exosomes could be translated to protein in recipient cells [82].

Subsequently, Valadi et al. confirmed this finding in human and mouse mast cells

as well, and expanded on it by showing that exosomes also contain small RNAs, in-

cluding microRNAs. They determined that many of the identified mRNA transcripts

were absent in the cytoplasm of the exosome-producing cells, suggesting its packag-

ing into exosomes was an orchestrated process and not random [83]. They showed

that exosomes from normal skin fibroblasts contained exponentially less DNA, sug-

gesting exoDNA packaging may primarily be a feature of cancer cells, or at least

cells with genomic amplifications [81]. Subsequently, our laboratory discovered that

exosomes from PaCa patient serum and cell lines also contained genomic DNA, but

this DNA was primarily double-stranded and composed of large fragments >10kb in

length. ExoDNA from these sources also spanned the entire genome and reflected the

mutational status of the tumor, confirming that the exosomes collected from serum

originated from the tumor [79]

2.2.4 Exosome biomarker utility in PaCa

In pancreatic cancer, a number of RNA/protein biomarkers have been proposed.

Evaluation of exosome size and concentration from the serum of healthy donors and

patients with benign disease or PaCa has also been done, but significant differences

between the three groups haven’t been observed [24, 21]. As mentioned previously,

the promising biomarker in general for PaCa, that is also associated with circulating

exosomes is glypican-1. GPC-1 was found to be a reliable biomarker for distinguish-

ing patients with PDAC versus benign diseases of the pancreas. It was also shown

that GPC-1+ exosomes contained mutated KRAS G12D mRNA, whereas GPC-1-
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exosomes from the same sample did not, suggesting that GPC-1+ exosomes may

be primarily derived from PaCa cells driven by mutant KRAS expression [21]. In

addition, using a novel, highly-sensitive biochip, Hu et al. also found that GPC-1

mRNA levels in exosomes distinguished PaCa patients with the same accuracy as

the previous study [22]. Other groups have challenged the efficacy of GPC-1 as a

theranostic biomarker for PaCa [24, 23], so additional research will likely be needed

until a majority consensus among the field is reached. Also using a biochip, Liang

et al. found that ephrin type- A receptor 2 (EphA2) on plasma exosomes could also

identify PaCa with high accuracy from as little as 1mu L of plasma [84]. In addition,

Costa-Silva et al. identified that migration inhibitory factor (MIF) in circulating exo-

somes may also be a predictor of PaCa liver metastasis [85]. Lastly, studies have also

shown that specific miRNAs in exosomes may also be PaCa biomarkers [86, 87]. As

with all biomarkers, these candidates will need to be further validated and evaluated

in clinical trials, but they offer hope for a disease that desperately needs it.

Exosomes are of particular interest in the biomarker field because they can be non-

invasively and serially collected from every bodily fluid. Furthermore, because they

contain an array of biomolecules, there is potential for simultaneous identification of

multiple biomarkers to increase accuracy for distinguishing between healthy versus

pathogenic states and different stages of disease. In addition, the “mixed bag” char-

acteristic of exosomes increases the potential for identifying unique biomarkers that

help determine responders to therapy and overall patient outcome.
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2.3 Exosomes in PaCa

In addition to their utility as biomarkers, exosomes have been thought to be important

facilitators of intercellular communication through the diverse molecular cargo en-

closed within or associated with their bi-layer, phospholipid membrane [88, 89, 90, 91].

Exosomes have recently become a major focus in cellular crosstalk studies and have

been implicated in the regulation of diverse physiological and pathological processes

such as cellular homeostasis, embryonic development, angiogenesis, innate and adap-

tive immunity, cancer metastasis, and cardiovascular disease [92, 93, 94, 95, 96, 97].

The functions of exosomes in PaCa development and progression have been explored

and implicated in a wide range of processes including tumor microenvironment re-

modeling and metabolism, insulin resistance, immune modulation, and metastasis.

Mu et al. demonstrated in a rat PaCa model that PaCa exosomes carry proteases

and can degrade the ECM upon contact, stimulating tumor cell proliferation and

metastasis [98]. Additionally, Masamune et al. showed how PaCa exosomes inter-

act with stellate cells to stimulate fibroblast activation and fibrogenesis to further

promote tumor progression [99]. Showing the systemic effects of PaCa exosomes,

Wang et al. reported that PaCa exosomes can interact with skeletal muscle cells

and stimulate lipidosis and inhibit glucose intake. In addition, these exosomes could

also inhibit insulin and PI3K/AKT signaling [100]. Lastly, two groups have reported

that PaCa exosomes can promote metastasis by priming the liver microenvironment.

Costa-Silva et al. first showed that PC exosomes can be taken up by Kupffer cells

and stimulate TGF-ß and fibronectin production by hepatic stellate cells, which then

lead to recruitment of bone marrow-derived macrophages to create an inflammatory

microenvironment [85]. Yu et al. subsequently followed up on this work and showed
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that exosomes from highly metastatic cells can increase the metastatic burden of cells

that typically have weak metastatic capacity [101].

As the clinical importance of exosomes as biomarkers for a host of medical con-

ditions becomes increasingly evident, researchers are focusing on the development

of point-of-care platforms for exosome isolation, detection, and analysis from bod-

ily fluids. Moreover, non-invasive blood-based diagnostics are expected to increase

the possibility of early-stage therapeutic intervention. In this thesis work, we have

demonstrated a strong correlation between the negative charge of the exosomes and

PaCa aggressiveness. This finding determined the main goal of my thesis project, to

separate exosomes based on their net charge. This approach is simple, cost effective

and allows downstream molecular analysis of differently charged exosome fractions.

Its high specificity makes charge-based exosome detection a good candidate approach

for early diagnosis of PaCa. We have designed and developed a prototype microfluidic

platform that uses electrophoresis principles to isolate highly anionic exosomes, which

correspond to the cancer-derived exosome population in patient serum. We have ana-

lyzed molecular components of exosomes responsible for their negative potential. This

device can be further developed to isolate and characterize highly anionic exosomes

from the patient’s sera.

2.4 Microfluidic based Bioparticle Separation Technologies

2.4.1 General introduction to the microfluidic technology

The development in the semiconductor device fabrication led to the beginning of

micro-electro-mechanical systems (MEMS) and the success of MEMS opened up var-

ious new branches in science and technology. Lab-on-a-chip (LOC) is a research
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field focused on the integration of preparative steps such as sample preparation, up

concentration and several biochemical operations that are typically performed in lab-

oratories [102]. Furthermore, miniaturization, development of new materials, easy

fabrication and integration enabled design of point of care (POC) type of devices.

POC are medical tools that allow patient disease diagnoses on site, away from the

centralized labs in a timely manner and hence enabling rapid treatment to the pa-

tients. Thereby, reducing costs of diagnosis, improving scalability, access to resource

limited setting and improves early detection. A number of technologies have been

developed in the past two decades with the aim of integrating different LOC systems

towards POC applications. Microfluidics is closely related to LOC concept. Figure

1.1 shows length scale from nano to macro and in this thesis the length scale used

ranges between 100mu m to 4mm.

Microfluidics are systems or devices that enables handling of fluid volume in micro

and nano liter ranges [103]. The drastic reduction in the dimension of channels

increases the surface to volume ratio; thereby changing the characteristic effects on

surface related phenomenon like - surface tension, flow behavior, thermal response

and electrokinetics. Working at the micro scale also helps open doors to combine

and integrate different fields like biochemistry, chemistry, biology, materials science

and physics to ”manipulate” the particles, cells and molecules both in space and

time [104]. Microfluidic systems enable separation of particles and cells based on the

bioparticles physical and biological properties [105].

Separation methods to separate such biomolecules can be classied into passive and

active methods [106]. Passive separation methods do not require any external forces,

but rather utilizes intrinsic phenomenon that arise at microscale. These methods in-
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Figure 2.5 : Illustration of different objects in length scale ranging from
nano to macro. Reproduced with permission from [105].
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clude inertial microfluidics, deterministic lateral displacement (DLD) and hydrophore-

sis [105]. Active separation methods require an external force field, such as acoustic

streaming, electric field, magnetic and optical field for particles and cells separation.

Acoustofluidics is one such method that makes use of suound waves within th efluidic

system for bioparticle manipulation [107]. Optofluidics is a research and technology

area that combines optical elements and microfluidic devices [108]. Integration of

optics together with fluidics enabled the development of miniaturized flow cytome-

try system for single particle or cells analysis for disease diagnostics [109]. Affinity

based separation requires surface markers identified by bioaffinity molecules such as

antibodies, nanobodies, DARPin (designed ankyrin repeat proteins), and affibodies

for cancer cells separation [106].

2.4.2 Fluid dynamics

The movement of liquids or gases is termed as fluid dynamics. Fluid flow is classified

into 1) hydraulics - this describes the fluid flow both theoretically and mathematically

,and; 2) hydrodynamics - which is purely empirical science and practical techniques.

Merging of these two branches has resulted into the emergence of fluid mechanics.

Ancient civilization had enough knowledge to solve certain flow problems. Leonardo

da Vinci (1452-1519) stated the equation of conservation of mass in one-dimentional

steady-state flow. He experimented with waves, jets, hydraulic jumps, eddy forma-

tion etc. The ”motion of fluid” sketch of da Vinci shown in Figure 2.6 was the first

to ingeniously draw the streamline (a line which follows the direction of the fluid

viscosity) and vortices. In the 18-century, the great work by Prof. Isaac Newton,

who deduced the Newton’s law of viscosity, and contribution from Daniel Bernoulli

and Leonhard Euler and other researchers derived a set of theoretical equation for
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Figure 2.6 : Sketches taken from Leonardo da Vinci’s notes(No.1).

non-viscous flow. Further more the progress in hydrodynamics in 19th century led to

the derivation of the equation for movement of a viscous fluid by Louis Marie Henri

Navier and George Gabriel Stokes. In 20th century, advancement in the miniaturiza-

tion technology opened up biomedical applications of classical fluid dynamics by the

introduction of microfluidics.

2.4.3 Major Equation in Microfluidics

The flow of a fluid through a microfluidic channel can be characterized by Reynolds

number, defined as
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Re =
LVavgρ

µ
(2.1)

where L is the most relevant length scale, µ is the viscosity, ρ is the fluid density,

and Vavg is the average velocity of the flow. Because of the small dimensions of

microchannels, the Re is usually much less than 100, often smaller than 1.0. In this

Reynolds number regime, flow is completely laminar and no turbulence occurs. The

transition to turbulent flow generally occurs in the range of Reynolds number 2000.

With laminar flow molecules can be transported in a relatively predictable manner

through microchannels. The fluid flow through a control volume can be described

by the complete Navier-Stokes equations. These equations can be derived from the

principles of conservation of mass, momentum and energy. The conservation of mass

equation states that at all times (for incompressible, steady flow) the mass entering

the control volume is equal to the mass leaving the control volume,

∂ρ

∂t
+∇.(ρν) = 0 (2.2)

where ρ is the fluid density, t is time and ν is the local fluid velocity. This equation

is also often called the ’continuity equation’ because it is based on the assumption

that the fluid medium is continuous. The continuity approximation is valid when the

Knudsen number, the ratio of the mean free path of the fluid λ, to the length scale

of the system, L,

Kn =
λ

L
(2.3)

is less than 0.3. For most fluids, including water, the continuity approximation is

nearly always valid.
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As an analog to Newton’s second law of motion, the conservation of momentum

equation states that the change in momentum within the control volume is equal to

the sum of the forces acting on the control volume. The energy equation is essentially

a statement of the first law of thermodynamics: the energy within a region, due to

work and heat transfer, is constant,

∂µ

∂t
+ ν.(∇.(ε) = ∇.(k∇(T )) +H + Φ (2.4)

Here, µ is the internal energy of the system, k is the thermal conductivity of the

fluid, H is an energy source term and Φ is an energy dissipation term. In general,

the energy equation is coupled with the continuity and momentum equations due to

the variation in density with pressure and temperature. However, for the cases of

incompressible flow such that the density variation is negligible, the energy equation

can be decoupled from the mass and momentum equations.

2.5 Exosome Separation

Extracelllualr Vesicles (EVs) can be broadly classified into three major sub-populations

based on their size and biogenesis: apoptotic bodies (>1000nm), microvesicles (100-

1000nm), and exosomes (50-170nm). As exosomes can be collected from bodily fluid

samples via a minimally invasive liquid biopsy [110, 111]. And since the material

packaged within exosomes originates directly from the parent cell, analysis of this

cargo may enable a snapshot of the host cell state to be obtained in a much simpler

manner than conventional tissue biopsy. The potential for exosomes to contain in-

dividualized information related to disease state, therapeutic response, exposure to

environmental cues, and a myriad of other health factors, all contained in a vesicular

package that can be collected from bodily fluid samples, has generated considerable
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excitement as a pathway to enable personalized medicine [112].

A key challenge lies to be in determining lack of efficient and standard techniques

for isolation and analysis of clinical grade exosomes, as raw biological fluids inherently

contain a high proportion of proteins, other EVs, and cells with similar physical and

biomolecular characteristics as exosomes [113, 114]. Current isolation methods rely

either on size differences between EVs or on targeting specific surface marker [115].

Conventional exosome isolation techniques include: Ultracentrifugation; Precipita-

tion; Filtration; Chromatography; and Immunoaffinity-based approaches.

Ultracentrifugation: Centrifugation technique applies the size differences between

cells, subpopulations of EVs, and proteins. Differential centrifugation is presently the

”gold standard” for exosome isolation [116]. It involves a sequence of centrifugation

steps at progressively higher spin speeds. Large components including cells, apoptotic

bodies and larger vesicles can be separated using standard centrifugation (<20,000

g), whereas ultrcentrifugation (>100,000 g) must be used to purify exosomes from

protein contaminates. High speed and long operation times needed ( 4 h) are some

of its major drawbacks. Additionally, differential centrifugation often results in lower

exosome recovery and contamination with co-precipitated protein aggregates. Thus,

in order to improve the exosome isolation efficacy alternative protocols are under

development [117]. Advantages: No contamination risks with separation reagents,

Large sample capacity and yields large amounts of exosomes. Disadvantages: High

equipment cost; not very portable at point-of-care sites.

Precipitation: To overcome the drawbacks of time-consuming ultracentrifugation

method, several commercial exosome isolation kits have been developed (e.g., Exo-
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spinTM , ExoQuickTM Exosome precipitation, Total Exosome Isolation Reagent from

InvitrogenTM ,PureExo R© Exosome Isolation kit, and miRCURYTM Exosome Isolation

kit). These commercial products use special reagents (e.g., polymeric additives) to

induce precipitation of exosomes, enabling isolation to be performed within 30

min using a standard centrifuge ( 10,000 g). Several studies have compared the

efficiency of exosome precipitation methods with conventional ultracentrifugation,

and found that these commercial kits generally produce higher yields and purity

[118, 119, 120, 121]However, for diagnostic or therapeutic applications, the need to

add precipitation reagents can inhibit recovery of intact exosomes from the polymer

matrix. This is a critical drawback because these residual precipitation matrices could

influence exosome biological activities and characteristics. [122, 123] Advantages:

Easy to use Disadvantages: Co-precipitation of other non-exosomal contaminants

like proteins and polymeric materials which influences the exosome biological activity

and characteristics.

Filteration: Sequencial filtration using the commercial membrane filters (e.g., polyvinyli-

dene difluoride (PVDF) or polycarbonate, pore size 50 450nm) can be used to isolate

cells and large EVs in biological samples. Filteration methods are often combined

with ultracentrifugation, where membranes are used to sieve cells and large EVs, af-

ter which separation of exosomes from proteins is achieved via ultracentrifugation.

For eliminating the need for ultracentrifugation, a few research groups have explored

using commercial ultrafiltration (e.g., Amicon filters, 100kDa Molecular Weight Cut-

Off (MWCO)filters) as a means to separate exosomes from protein contaminants

[106]. Even though filtration is faster than centrifugation, optimization of the operat-

ing procedure is critical to reduce detrimental clogging effects that can lead to lower
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exosome yields. Advantages: Faster, low filter cost. Disadvantages: Often needs

to be associated with one or two more techniques like ultracentrifugation to increase

the exosome purity; membranes get easily clogged leading to vesicle trapping.

Size Exclusion Chromatography (SEC): SEC is another size-based separation

technique applied to exosome isolation. SEC uses a porous stationary phase to sort

macromolecules and particulate matters according to their size. Usually, centrifuga-

tion or filtration is first applied to remove larger cells or EVs, after which commercial

size-exclusion columns can be employed to isolate exosomes [124, 125, 126]. Compo-

nents in a sample with small hydrodynamic radii (like proteins) are retained in the

stationary phase, thus resulting in late elusion. Components with higher hydrody-

namic radii including exosomes, are excluded from entering the pores and are thus

eluted quickly. Therefore, exosomes can be isolated by collecting the eluted fraction

at a specific time. The major consideration in SEC involves in the selection of ap-

propriate matix to achieve optimal efficiency [125]. Advantages: Increased purity

exosomes; gravity flow preserves the integrity and biological activity. Disadvan-

tages: Not high throughput, not trivial to scale up, mix up of the small matrix

molecules with the exosomal throughput.

Immunoaffinity based approaches: The presence of plenty of proteins and re-

ceptors in the exosomal membrane offers an excellent opportunity to develop specific

techniques for the isolation of exosomes by tapping on immunoaffinitive interactions

between those proteins (antigens) and their antibodies, and specific interactions be-

tween the receptors and ligands [127]. A common immunoaffinity-based approach

utilizes antibody coated magnetic beads to capture exosomes that contain the specific

marker in the bodily fluids [106]. Ideally, exosome biomarkers for immunoisolation
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are membrane bound, and highly concentrated on the surface of exosomes from spe-

cific biological sources. Advantages: Excellent for the isolation of specific exosomes;

higher purity than other techniques. Disadvantages: High reagent cost, exosome

tags need to be established, tumor heterogeneity hampers immune recognition, anti-

genic epitope may be blocked or masked.

Microfluidic-based exosome isolation: As the clinical importance of exosomes

as biomarkers for variety of medical conditions becomes increasingly evident, re-

searchers have developed a variety of microfluidic systems for exosome isolation, de-

tection and analysis from bodily fluids [106]. A variety of liquid biopsy platforms

are being employed for exosome isolation from whole serum such as: immunoaffinity

based [128],membrane-filter based [129, 130, 131], trapping on nanowires [132], acous-

tic nanofiltration [133] and deterministic lateral displacement (DLD) sorting [134].

Figure 2.7 summarizes the various isolation methods that have been implemented in

microfluidics platforms for exosome analysis (devices designed majorly for exosome

isolation and also devices that have been integrated with various analysis systems)

Advantages and disadvantages of each technique has been listed in Figure 2.7.

Acoustic isolation: Particles experiences an acoustic radiation force which moves

it to the pressure node (minima) or antinode (maxima). Force direction depends on

the density and compressibility of the particle and medium. Rigid particles move to

the node, while air bubbles move to the antinodes. Acousto-fluidic platforms have

been utilized to separate cells and exosomes from whole blood sample [133] and in

binary separation of exosomes from large microvesicles [135].
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Isolation Approach Advantages and disadvantages Reference 

Acousto-fluidics 
Acoustic Purification of EVs 

Adv: No need for antibodies, No 
damage on biomolecules,No heating 
of solution 
Disadv: Heavy benchtop 
instruments needed for generation of 
acoustic wave 

Mengxi Wu et al PNAS 2017 
Hakho Lee et al ACS Nano 
2015. 
 

Membrane filtration 
1) Pressure Driven filtration  
2) Electrophoresis Driven filtration  
3) Electrophoretic Isolation on 
nanoporous membrane 
4) ExoDisc: double filtration 
5) Double Filtration 
  

 
Adv: Higher purity and size 
controlled recovery of particles. 
Disadv: High clogging issues, skill 
for operations, complex design. 

1) Davies et al Lab Chip 2012 
2) Davies et al Lab Chip 2012 
3) Cho et al Sensors and 
Actuators B 2016 
4) Woo et al ACS Nano 2017 
5) Liang et al Sci Reports 2017 
 

Deterministic Lateral 
Displacement  
Nano-DLD sorting 
 
Nanowire trapping  
Vesicle trapping on array of ciliated 
(NWs) micropillars  
 

Adv: Very low amount of sample 
Disadv: Complex fabrication with 
pillar array, long processing times, 
complex fabrication and design. 

Wunsch et al Nat Nanotech 
2016. 
 
Z Wang et al, Lab Chip, 2013. 
 

Magnetic field 
 

Adv: No damage on cells, no 
heating, suitable for miniaturization  
Disadv: Usually it needs bio-
functionalized beads (antibody-
based isolation) 

 Shao et al, Nat. Commun. 
2015. 
 

DEP-FFF 
Non-uniform electric field 

Adv: Suitability for miniaturization 
of active components, No need for 
antibodies 
Disadv: Possible heating, need to 
evaluate cell integrity due to 
application of electric fields. 

Shim et al; Biomicrofluidics; 
2013; Gascoyne et al; 
Electrophoresis; 2009;S. 
Dash et al Inst. Chem Eng; 
2015 

Immunoaffinity  
 
 

Adv: Simple chip structure(low 
complexity in fabrication), fast 
separation 
Disadv: Antibody requirement, only 
exosomes with targeted proteins can 
be separated, need strategies to 
reduce non-specific adsorption. 

Fang et al. PLoS ONE 2017 

Electrophoresis  Adv: No antibody required, purer 
throughputs as leverages the 
advantage of different mobilities of 
particles of interest from that of 
debris, can be automated 
Disadv: Electric fields can inducd 
damage to the biomolecules, skilled 
labour, possible heating effect at 
higher fields. 

Davies et al., Lab on a Chip 
2012 

Figure 2.7 : Advantages and disadvantages of varies isolation methods that
have been implemented in microfluidic platforms for exosome analysis.
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Membrane based filtration: In pressure driven separation, inlet pressure bias

drives particles through the membrane into the collection chamber, Pressure gradient

leads to EV collection. In electrophoretic isolation on nanoporous membrane, an

electric field applied across a dialysis membrane with a pore size 30nm facilitates

protein migration through the membrane but captures EVs on membrane surface. In

the ExoDisc double filtration method a spinning disc unit contains a sample-loading

chamber, filter-1(600nm) for sorting larger particles and filter-2 for EV enrichment.

Have been employed in isolation of exosomes from mouse whole plasma [129].

Deterministic Lateral Displacement (Nano-DLD) sorting: A gradient of pil-

lar arrays whose geometry determines a critical cutoff diameter Dc. Particles > Dc

will be displaced laterally following a bumping mode throughout the array, while

smaller particles follow straight path enabling particle separation [134]. Have been

employed in isolation of exosomes from fetal bovine serum.

DEP-FFF: DEP is a force exerted on a dielectric particle in a non-uniform electric

field. Depending on the mode and the particle sizes the elution of particles takes

place. Have been employed in isolation of CTCs from whole blood samples [136].

Immunoaffinity capture: Specific capture of exosomes by antibodies is performed.

Antibodies are immobilized on solid surfaces and exosomes that carry the particular

extravesicular protein are targeted and captured by antibodies. Have been employed

in isolation of exosomes enriched for CD63 marker from whole blood samples [128].

An antibody-free analysis: Many techniques have been developed for exosomal

capture and analysis rely on antibodies specific to a target of interest. In terms of
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immunocapture, antibodies specific to proteins on the exosome’s lipid membrane are

leveraged for collection and enrichment on solid surfaces, whereas antibody labeling

provides a basis for many detection and analysis methods. However, such an approach

comes with its own demerits of heterogeneity in the level of protein of interest even

within the same patient sample. Thus, there is interest in antibody-free methods that

can potentially streamline workflows by reducing or eliminating the false-negative/

positive results, incubation times and washing steps required in both immunocapture

and immunolabeling, which could degrade and contaminate the sample. The ability

to use antibody-free techniques also ensures that the biological function of exosomes

is not impacted by the presence of probe species during downstream analysis.

In this thesis, we will utilize a label-free technique to sort exosomes based on

charge. Previous studies have provided fundamental statement that the cell mem-

brane selective permeability is controlled by electric charge [137, 138]. The different

concentrations of molecules on inner and outer sides of the membrane leads to cre-

ation of an electrical potential across the membrane. The cell membrane charge was

found to be altered during tumorigenesis due to its abnormal metabolic transforma-

tion [137]. Therefore, investigation of exosome and cell electrical behavior when they

are subjected to an electric field can furnish information for the purpose of cancer

exosome/cell isolation.
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Chapter 3

Characterization of exosomes

3.1 Materials and Methods

3.1.1 Cell culture

The following human cell lines were used: Panc-1 (American Type Culture Collec-

tion (ATCC)); MiaPaCa-2 (ATCC); T3M4 (Cell bank, RIKEN BioResource cen-

ter); BxPC3 (ATCC); HPDE (ATCC); HPNE (ATCC); HK-2 (ATCC); MDA-MB-

231 (ATCC); MCF7 (ATCC); MCF10A (ATCC). Metridia membrane luciferase ex-

pressing MDA-MB 231 and CD63 GFP labeled MDA-MB 231 cells were gifts from

Dr.McAndrews Kathleen, UT MDACC. Primary U785 cells were isolated from p48-

Cre;R26-rtTa-IRES- EGFP;TetO-KrasG12D p53L/L (PiKP) PaCa genetically engi-

neered mouse model (GEMM) [44] and maintained in [RPMI-1640 (Corning 10-040-

CV), 10% Tet System Approved FBS (Clontech 631106), 1xPenicillin-Streptomycin

(Corning 30-002-Cl)] in the presence of 1 µg/ml doxycycline to ensure oncogenic

Kras expression (Kras on). To extinguish oncogenic Kras, doxycycline was with-

drawn from the media (Kras off). The U785 cell line also expresses aSMA-RFP as it

was isolated from aSMA-RFP positive mouse. All cell lines were routinely tested for

mycoplasma contamination. The primary U785 Kras on cell line was a gift from Dr.

Elena Rodriguez, UT MDACC. All the pancreatic cancer cells (Panc1; MiaPaCa-2;

T3M4; BxPC3; HPDE; HPNE) were cultured in RMPI-1640 supplemented with 10%

(v/v) FBS, 100 U/ml penicillin and 100 µg/ml streptomycin. MDA-MB231; MCF7
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and HK-2 were cultured in DMEM supplemented with 10% (v/v) FBS, 100 U/ml

penicillin and 100 µg/ml streptomycin. MCF10A cells were cultured in DMEM/F12

media supplemented with 5% (v/v) horse serum, 20 ng/ml EGF, 0.5 mg/ml hydro-

cortisone, 100 ng/ml cholera toxin, 10 µg/ml insulin, 100 U/ml penicillin, and 100

µg/ml streptomycin. All cell lines were incubated in a humidified atmosphere at 37oC

with 5% CO2 and 20% O2.

3.1.2 Exosome Isolation

Exosomes were collected from the conditioned media (CM) as described previously

Figure 3.1. Briefly, 5 million cells were grown in 225 cm2 flasks overnight, washed

with PBS, and then incubated in serum-free media for 48 hours. Next, the CM was

sequentially centrifuged at 800 x g for 5 minutes and then at 2,000 x g for 10 min-

utes to remove cellular debris and large vesicles. The cleared supernatant was passed

through a 0.2 µm pore filter and ultracentrifuged (UC) (Beckman) at 100,000 x g

for 3 hours at 4◦C in a SW 32 Ti rotor. The supernatant was discarded and exo-

somes were resuspended in 200µl PBS for downstream processing. For nanoparticle

tracking analysis (NanoSight LM10 Malvern), 10 µl aliquots of exosome suspension

were diluted 1:100 in cell culture- grade H2O and 30 second videos were captured in

triplicate to determine size and concentration.

3.1.3 Nanoparticle Tracking Analysis (NTA)

NTA visualizes nanometer-sized particles in liquid using a laser illumination. A high-

intensity laser beam is sent through a chamber containing the sample under fluid

flow; nanoparticles scatter light that is then detected by a 20x microscope and a

high sensitivity camera. Video files are produced that allow nanoparticles to be
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Figure 3.1 : Schematic of generation of exosomes by high-speed serial
ultracentrifugation (UC). In this thesis we focus on isolating exosomes from the
cell-lines - Human and Murine mentioned in the list above (a). When cultured cells
reached 85% confluency in T-225 flasks, cells were washed with PBS and cultured in
FBS depleted cell medium (RPMI/DMEM) for 48 h (a). After 48 h the conditioned
medium was first subjected to a centrifugation step of 800 x g for 5min at RT to pellet
and remove cells. Next, the supernatant was spun at 2000 x g for 10min to remove
debris and apoptotic bodies. All the following steps were performed at 4◦C. Then, to
collect and pellet the exosomes, this supernatant was subjected to ultracentrifugation
at 100,000 x g for 3 h. The exosome pellet was resuspended in 1x PBS and used for
the downstream characterization (b).
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tracked over multiple frames, the particle velocity to be determined and particle size

(diameter) is then calculated using Stoke’s Einstein equation:

Dt =
TKB

3πηd
(3.1)

Where Dt is the diffusion constant (product of diffusion coefficient D and time t), T

is the temperature, KB is the Boltzmann’s constant, η is the solvent viscosity and d

is the diameter of the particle. NTA allows the detection and tracking of individual

particles. The combination of high- intensity laser beams and low-background optical

configuration allows, in the case of biological particles such as exosomes, the size of

particles to be determined down to a 30 nm resolution. Particle concentrations and

sizes were calculated by NTA with the NanosightTM LM10 system (Malvern Instru-

ments Ltd., Worcestershire, UK) configured with a high-sensitivity sCMOS Camera

System (OrcaFlash 2.8, Hamamatsu C11440, Hamamatsu City, Japan), syringe-pump

and temperature regulated 488 nm laser module. Prior to taking measurements of

biological samples the instrument was tested using 100 nm latex beads (Malvern In-

struments Ltd., Worcestershire, UK). Three videos, of 30 s duration, were recorded

of beads under fluid flow to confirm that size measurements were accurate. Mea-

surements were averaged using the mode. All samples were diluted in cell-culture

grade water (Runcorn, UK) and dilution factor recorded by the NTA 3.1 software

(version 3.1, build 3.1.54). Before commencing the complete video recording a one-

video recording was performed to ensure that less than 100 events were detected per

frame. This short video was used to ensure that the correct dilution factor was being

used to keep the particle concentration within the linear range of the NanosightTM

instrument. Samples were run through the sample chamber and the syringe pump set

to 65 for a constant flow. The temperature control system was set to 25◦C. Particle

size distribution plots were determined by batch analysis of videos using the NTA
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software; the camera sensitivity was set to 14-16 and detection threshold set to 1-3.

3.1.4 Quantification of total exosomal protein

Protein concentrations were calculated using the Micro BCA protein Assay kit (Thermo

Fisher Scientific, inc., UK). Exosomes were diluted 1:15 and compared in duplicate

against a serially diluted Bovine Serum Albumin (BSA) standard curve. Protein

concentrations were then extrapolated from this curve using:

Y = mX + C (3.2)

where Y corresponds to protein concentration and X to the colorimetric measure-

ment. The protein concentrations of whole cell lysates were similarly quantified.

3.1.5 Dynamic light scattering (DLS)

DLS measurements were performed with Malvern Zen 3600 Zetasizer. Samples were

diluted 1:200 in PBS + 0.05% Tween-20 to a volume of 1 mL. Three biological and

three technical replicates were performed, with standard settings (Refractive Index

= 1.331; viscosity = 0.89; temperature = 25oC).

3.1.6 Measurement of ζ-Potential

ζ-Potential measurements were performed with Malvern Zen 3600 Zetasizer. Exo-

somes were isolated via ultracentrifugation (see above) and used 5x109 exosomes/mL

for all the measurements. As controls anionic and cationic liposomes were fabricated

and 5x109 particles/mL were tested to generate a standard curve. A folded capil-

lary zeta cell (DTS 1070) Malvern Paranalytical was used as the zeta cell cuvette to

determine the zeta potentials. Three biological and three technical replicates were
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performed, with settings (Dielectric constant = 80; Refractive Index = 1.331; viscosity

= 0.89; temperature = 25oC).

3.1.7 Murine cells

p48-Cre;R26-rtTa-IRES- EGFP;TetO-KrasG12D p53L/L (PiKP) PaCa genetically en-

gineered mouse model (GEMM) was previously described [44]. This model includes

homozygous floxed P53, inducible oncogenic KrasG12D transgene and p48-Cre (Ptf1α-

Cre) recombinase knock-in [139]. P53 floxed gene was designed with LoxP sites in-

serted into intron 2 and intron 10 of the p53 gene [140]. Inducible KrasG12D transgene

includes tetracycline-operator and CMV promoter (tetO/CMV) followed by Lox-stop-

Lox cassette in front of KrasG12D ORF. The KrasG12D expression is rtTA mediated

and induced by doxycycline administration. Lox-stop-Lox precedes rtTA that is in-

serted in Rosa26 locus followed by EGFP ORF. Deletion of p53 and expression of

rtTA, EGFP and KrasG12D is directed to pancreas with the use of p48-Cre knock-in.

3.1.8 qPCR

For cell culture, Trizol Reagent (Invitrogen #15596026) was directly added to cell

culture dish and total RNA was extracted using Direct-zol RNA MiniPrep Kit (Zymo

Research #R2052) with on-column DNaseI treatment step. 2 µg of RNA was used

for cDNA synthesis by High-Capacity cDNA Reverse Transcription Kit with RNase

Inhibitor (Applied Biosystems #4374966). qPCR was run with Fast SYBR Green

Master Mix (Applied Biosystems #4385612) and primer sets described in foloowing

Table x on QuantStudio 7 Flex Real-Time PCR System (Applied Biosystems). The

transcripts of interest were normalized to 18S transcript levels. Primers for KrasG12D

were designed as described in [141]. The results are expressed as relative fold change.
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Figure 3.2 : Primers employed in this study.

Primer sequences listed in Figure 3.2.

3.1.9 Flow cytometry analysis of exosomes

Exosomes from were isolated from cell lines as described above Figure 3.1 and resus-

pended in 200 µL of PBS. 10µL of Aldehyde/sulphate latex beads (4% w/v) (Invit-

rogen) were added to the solution, and, beads and exosomes mixture was allowed to

mix using a benchtop rotator for 15 minutes at room temperature. PBS (600 µL) was

then added to the solution and mixing was continued overnight at 4◦C. 1M Glycine

(400 µL) was added and mixing was continued for 1 hour at room temperature. The

mixture was then spun down at 12,000rpm at RT for 2 minute. The precipitate

was then resuspended in 100 µL of 10% BSA in PBS, and mixed for 60 minutes

at room temperature. The mixture was spun down at 12,000rpm for 2 minute at

RT and the supernatant aspirated. The beads with the exosomes attached (pellet)

were then resuspended in 40 µL of 2% BSA in PBS, and split equally into six tubes:

for staining for CD81, CD63, CD9, for control (secondary antibody only, IgG alone

and exosome alone). The exosomes bound to beads were then incubated with 1µL

of Mouse anti-human CD63 (BD 556019) ; Mouse anti-human CD81 (BD 555675);

Mouse anti-human CD9 (Sigma SAB4700092); Isotype control: Mouse IgG1 k isotype
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control (BD 555746); Rat Anti-mouse CD63 (BD 564221); Biotin hamster anti-mouse

CD81 (BD 559518); Biotin rat anti-mouse CD9 (BD 558749) in 20 µL volume with

2% BSA, and mixed at RT for 1 hour. The mixture was then centrifuged at 12,000

rpm for 2 minutes at RT, the supernatant aspirated, and the pellet resuspended in 20

µL of 2% BSA in PBS. Secondary antibodies (Alexa Fluor 488 donkey anti-mouse)

were then added and the samples were mixed at RT for 1 hour. The samples were

then centrifuged at 12,000 rpm for 2 minutes at RT, supernatant aspirated, and pellet

resuspended in 200 µL of 2% BSA in PBS. The exosomes bound to the beads were

washed three times with 2% BSA in PBS. CD9, CD63 and CD81 detection on the

beads was analyzed using the LSR Fortessa X-20 (BD Bioscience). Qunatification of

positive exosome for CD81, CD63 and CD9 was performed in FlowJo Version 10.6.1.

3.1.10 Anchorage-independent growth assay

Anchorage-independent growth was examined in soft agar. 50µL of base agar matrix

(CytoSelect 96-Well In vitro Tumor Sensitivity Assay kit; Cell Biolabs) were dispensed

into each well of a 96-well plate. When the agar had solidified on the bottom surface

of each well, 75µL of a cell suspension/soft agar matrix containing 5x103 cells were

layered on top of the agar. This was followed by the addition of 100µL 2x complete

RPMI medium with 10% fetal bovine serum and 1% penicillin-streptomycin After

incubation for 8 days, 125 µL of the 1x Matrix Solubilization Buffer was added to

solubilize the agar matrix completely, and then 100 µL of the mixture was transferred

to a 96-well tissue culture plate and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetra-

zolium bromide was added to each well. The fluorescence produced by the formation

of insoluble formazan product by viable cells was recorded at 570nm.
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3.1.11 Statistical analysis

Statistical analysis was performed using Prism 8 (GraphPad) and data are expressed

as mean ± SD. Statistical significance was determined using Student’s t-test (Un-

paired, two-tailed, ∗ ≤0.05, ∗∗ ≤ 0.005, ∗∗∗ ≤ 0.001, ∗∗∗∗ ≤ 0.0001). All experiments

were done in biological duplicate or triplicate.

3.2 Results and Discussion

Characterization of exosomes can be mainly classified into imaging methods and

non-imaging methods and is used post-exosome isolation, to assess sample purity,

structure, bio-molecular content, and other biophysical characteristics. Exosome pro-

duction from pancreas cell lines (human and murine) and breast cell lines (human)

mentioned above and in Figure 3.1 was measured by NanoSightTM . Nanotracking

analysis (NTA) and dynamic light scattering (DLS) analysis showed that exosomes

had a nearly uniform exosome diameter, with a major peak at approximately 120-

150nm for all cell lines. Figure 3.4, Figure 3.6, Figure 3.7. The histograms showing the

overall size distribution of isolated exosomes shows a uniform distribution Figure 3.3

measured by DLS. Hence, giving the confidence that single population of vesicles is

being isolated. The second parameter measured by NTA was the particle concentra-

tion. It is worth noting that NTA or DLS measures particles without distinguishing

vesicles from other ”coisolates” of the same size. Therefore, other molecular analyses

were also performed to confirm the isolation of exosomes and adhere to the minimal

requirement guidelines recommended by the International Society for Extracellular

Vesicles (ISEV) [68].
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Figure 3.3 : Measurement of hydrodynamic diameter of exosomes using
DLS. Measurement of hydrodynamic diameters of exosomes derived from represen-
tative cell lines (i.e. Panc1, MiaPaCa-2, BxPC3, HPNE, HPDE and MDA MB-231)
using Zetasizer after isolating exosomes from ultracentrifugation. The histograms
show a uniform size distribution giving the confidence that single population of vesi-
cles is being isolated.
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To further confirm if the material detected in the ultracentrifugation pellet is com-

prised of exosomes, the relative concentrations of canonical tetraspanins CD81, CD63

and CD9 were determined by flow cytometry approach for exosomes derived from all

cell lines under study Figure 3.1. Tetraspanins have been defined as a superfamily of

proteins with four transmembrane domains.

Tetraspanins CD9, CD63, CD37, CD81 or CD82 are specially enriched in the mem-

brane of exosomes and they are often used as exosome biomarkers. We determined

the tetraspanin markers CD81, CD63 and CD9 levels in all exosome preparations

was heterogenously distributed Figure 3.5(a, c, d). CD63 marker was highly en-

riched across all the exosome preparations expect for the exosomes derived from the

U785 Kras off cell lines Figure 3.5(b). Interestingly, the exosomes derived from non-

metastatic PaCa cell line - BxPC3 were CD81-negative. To determine if the parent

cell line have low mRNA levels for the CD81 gene we performed qPCR analysis with

18s as the internal loading control Figure 3.5(b). The fold change in CD81 mRNA

levels in BxPC3 cells almost nears zero. Panc1 cells were used as a positive control

and comparator as we found that CD81 is highly expressed in Panc1 exosomes. We

also find the tetraspanin CD9 is not expressed in normal pancreatic epithelial cells

(HPNE).

Although exosomes themselves comprise a heterogeneous vesicle population, also

with respect to tetraspanin expression several studies have also described CD63 and

CD81 to be the most frequently identified proteins in exosomes and are considered

classical markers of exosomes [142].

In terms of minimal requirements for exosome definition and function a posi-

tion paper published in 2018 [68] which suggests that the expression level of e.g.
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Figure 3.4 : Charaterization of exosomes derived from PaCa cell lines.
Exosomes were collected from conditioned media at the indicated time periods.
Particle concentration and size were determined by NanosightTM . Representative
NanosightTM for cell line derived exosomes are shown in (a, d, g). Flow cytometry
analysis of exosomes for common tetraspanin exosome marker with representative his-
tograms is shown in (b, e, h). Quantification of exosomal proteins CD81, CD63 and
CD9 on exosomes for n=3 distinct exosomes isolation performed by FlowJo Version
10.6.1 is shown in (c, f, i). Data are represented as Mean±SD.
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Figure 3.5 : Exosomes derived from multiple cell lines have a heterogenous
tetraspanin expression. CD81 levels of exosomes derived from respective cell lines
(a), fold change in CD81 mRNA levels in BxPC3 cells (b), CD63 levels of exosomes
derived from respective cell lines (c), CD9 levels of exosomes derived from respective
cell lines (d). Data are represented as Mean±SD.

tetraspanins varies a great deal between different types of exosomes [143, 68, 144].

Owing to this, ISEV suggests to demonstrate the presence/absence of three different

transmembrane or lipid bound extracelluar proteins (CD81, CD63, CD9), because

they are enriched or particularly present in exosomes or demonstrate the absence or

the low presence of intracellular proteins like AGO, HSP90 etc. because they are

absent or under-represented in exosomes. Thus the combination of these categories

can allow to demonstrate exosome populations until THE exosome marker ”arrives”.

Figure 3.8 summarizes the molecular characterization of exosomes employed in this

study.

Along with determining the molecular make up of exosomes we next examined

the biophysical properties of exosomes in particular the size and surface charge of

the exosomes. Determining the physicochemical properties of exosomes, such as size,

shape, surface charge and density play a central role in biological interactions and

hence determination of these properties is of utmost importance [145]. In this work,



51

(a) (b) (c)

(HPNE Exosome)

(d) (e) (f)

(HPDE Exosome)

(g) (h) (i)

(HK-2 Exosome)

0
10

0
20

0
30

0
40

0
50

0
60

0
70

0
80

0
90

0
10

00
0.0

5.0×107

1.0×108

1.5×108

2.0×108

2.5×108

Particle Diameter (nm)

Pa
rti

cl
es

/m
l

CD81CD63 CD9
0

20

40

60

80

100

%
 P

os
iti

ve
 b

ea
ds

0
10

0
20

0
30

0
40

0
50

0
60

0
70

0
80

0
90

0
10

00
0.0

5.0×107

1.0×108

1.5×108

2.0×108

2.5×108

Particle Diameter (nm)

Pa
rti

cl
es

/m
l

CD81CD63 CD9
0

20

40

60

80

100

%
 P

os
iti

ve
 b

ea
ds

0
10

0
20

0
30

0
40

0
50

0
60

0
70

0
80

0
90

0
10

00
0.0

5.0×107

1.0×108

1.5×108

2.0×108

2.5×108

Particle Diameter (nm)

Pa
rti

cl
es

/m
l

CD81CD63 CD9
0

20

40

60

80

100

%
 P

os
iti

ve
 b

ea
ds

Figure 3.6 : Charaterization of exosomes derived from normal pancreatic
and kidney epithelial cell lines .Exosomes were collected from conditioned media
at the indicated time periods. Particle concentration and size were determined by
NanosightTM . Representative NanosightTM for cell line derived exosomes are shown
in (a, d, g). Flow cytometry analysis of exosomes for common tetraspanin exosome
marker with representative histograms is shown in (b, e, h). Quantification of exoso-
mal proteins CD81, CD63 and CD9 on exosomes for n = 3 distinct exosomes isolation
performed by FlowJo Version 10.6.1 is shown in (c, f, i). Data are represented as
Mean±SD.
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Figure 3.7 : Charaterization of exosomes derived from normal breast ep-
ithelial and breast cancer cell lines . Exosomes were collected from conditioned
media at the indicated time periods. Particle concentration and size were deter-
mined by NanosightTM . Representative NanosightTM for cell line derived exosomes
are shown in (a, d, g). Flow cytometry analysis of exosomes for common tetraspanin
exosome marker with representative histograms is shown in (b, e, h). Quantification
of exosomal proteins CD81, CD63 and CD9 on exosomes for n=3 distinct exosomes
isolation performed by FlowJo Version 10.6.1 is shown in (c, f, i). Data are represented
as Mean±SD.
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Figure 3.8 : Table summarizing the characterization of exosomes employed
in this study.

non-imaging methods like nanoparticle tracking analysis (NTA) and dynamic light

scattering (DLS), are employed to determine the particle size. Zeta potential, which

is indicative of the particle surface charge, is an important and widely used char-

acterization method of nanometer-sized objects in liquids, such as pharmaceuticals,

liposomes and exosomes [145]. The zeta potential represents the value of the electro-

static potential at the plane of shear and zeta potential values of typically ±30mV are

representative of particle stability. In this study we employed an ensemble approach

to determine the zeta potential of exosomes. The average electrophoretic mobility of

exosomes in suspension under the applied field is determined by Nano ZetaSizerTM

and the zeta potentials of the exosomes are then calculated using the Smoluchowski

approximation given by:

µexo = (
εrε0
η

)ζexo (3.3)

Where η is the viscosity coefficient of the buffer solution, εr and ε0 are the relative

permittivity of the solution and the permittivity of vacuum, respectively.

Quantitative zeta analysis revealed differences on surface charge of exosomes Fig-

ure 3.9 (a, b). Exosomes from cell lines mentioned in Figure 3.1 where isolated
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by ultracentrifugation as described above and zeta potential was measured using

ZetasizerTM (Malvern). The zeta potential of exosomes secreted by the indicated cell

lines is shown in Figure 3.9. We determined in case of exosomes derived from pan-

creas cells, the exosome charge increased with increased PaCa aggressiveness. The

agressiveness of the pancreas cells was determined by the soft agar colony formation

assay and correlated to the exosome charge using Pearson’s correlation test. The

negative surface charge of exosomes correlated with the malignant potential of the

parent pancreas cell lines.
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Figure 3.9 : Quantitative zeta analysis reveals differences on surface
charge of exosomes. Exosomes were isolated as described above and zeta potential
was measured using Zetasizer (Malvern). (a) Zeta potential of exosomes released by
the indicated PaCa cell lines and normal pancreatic epithelial cells. Note that more
aggressive cancer cell lines release exosomes with higher negative z potential. (c) The
correlation between negative value of ζ-potential and aggressiveness tested in soft
agar assay was evaluated using Pearson’s test. Data is represented as Means±SD.
Statistical significance was determined using Student’s t-test (Unpaired, two-tailed,
∗∗∗p ≤ 0.001, ∗∗∗∗p ≤ 0.0001). The results of three independent experiments are
shown. 5x109 exosomes were analyzed per data point.
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Chapter 4

Establish molecular cause for negative exosome

charge

A great challenge in cancer diagnosis is to identify molecular biomarkers specific

and universal to all cencer types [146]. A key application includes detection of bio-

nanoparticles called exosomes from whole blood [147]. The current exosome detection

based on molecular biomarkers has been hampered by limitations in specificity and

sensitivity of the methods. Therefore, new targeting strategies need to explore bio-

physical properties of exosomes and determining the underlying mechanism responsi-

ble for the bio-physical behavior of cancer exosomes, distinctively different from the

normal exosomes. Such quantification will not only provide the fundamental under-

standing of disease processes of cancer but also will aid as a tool for early diagnosis

and hence better treatment.

4.1 Introduction

Lack of early detection, aggressive local metastasis, and limited treatment options

means pancreatic cancer diagnosis closely mirrors mortality. Thus, there is a real

need to develop sensitive and affordable diagnostics to identify patients with PaCa

early in order to treat them more effectively and reduce PaCa-associated mortality

rates. The only routinely used serum marker for PaCa is carbohydrate antigen 19-9

(CA 19-9) however, its elevation is usually a sign of advanced disease, and it can

also be related to a variety of benign and malignant diseases other than PaCa [3].
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To identify new and early diagnostic platforms, large amounts of research is leaning

towards liquid biopsy - a simple, minimally invasive and painless method for analysis

of liquid biomarkers isolated from body fluids. The potential for the use of liquid

biopsy in PaCa has been investigated, in terms of the exosomes. Exosomes (50-

150nm) are a type of extracellular vesicle secreted by all cells, including cancer cells

containing various proteins, RNAs, and DNA from the cell of origin. Most of the

on-going work is focused toward stand-alone affinity-based capture to sort exosomes

from body fluids. One significant drawback of this approach, is the heterogeneity in

the level of genes or other surface proteins on exosomes, even within the same patient

sample. Proving the use of label-free exosome fractionation, in which biophysical

properties of exosomes are exploited for detecting tumorigenic exosomes will be vital.

Previously, the primary exosomal markers to detect tumor-derived exosomes in-

cluded mainly cancer-specific proteins or RNA (predominantly miRNA). The detec-

tion of these markers requires high-sensitivity detection tools, such as quantitative

proteomics or RNA-seq. We aim to quantify biophysical differences between normal

and cancer cell-derived exosomes that also can facilitate for natural fractionation of

cancerous exosome pool present in biofluids, such as a serum, which can lead to dull,

fast and affordable tests for diagnosis of otherwise undetectable early-stage pancreatic

cancer. Our findings from Chapter 3 point to the changes in exosome charge with

increased PaCa aggressiveness Figure 3.9. We propose to expand these results to

provide a solid rationale for the use of exosome charge for PaCa exosome detection.

The resulting methodology should be useful for label-free screening to detect PaCa

exosomes with high sensitivity in patient sera.
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In this chapter, we will identify exosomal constituents responsible for the overall

negative charge, including charged proteins, lipids, cell free DNA, proteoglycans or

major oncogenes that gets mutated in PaCa. The contribution of the proteins will

be assessed by limited proteolysis with Trypsin or Proteinase K; the proteoglycans

will be digested by heparanase. The integrity of exosomes will be determined by the

extent of release of select luminal proteins.

4.2 Materials and methods

4.2.1 Collection of exosomes and cleavage of surface proteins

Exosomes were purified by differential centrifugation processes, as described above

in chapter 3. For the preparation of Proteinase K(ProK)-digested exosomes - puri-

fied exosomes (3x1011) were incubated with 5mg/mL of proteinase K (Sigma-Aldrich

P2308, dissolved in RNase-free water) at 37◦C for 30mins. Followed by a heat inac-

tivation step of 20mins at 50◦C. Then, the samples were washed with PBS and spun

down using ultracentrifugation overnight. An alternate method to cleave the surface

proteins of exosomes was employed - limited trypsin digestion. Purified exosomes

(3x1011) by ultracentrifugation were incubated with 0.15% trypsin (Life Technolo-

gies) for 5min at room temperature to digest the surface proteins only. A 5x protease

inhibitor was added to the entire working solution and no quenching was required.

The samples after limited trypsin digestion were washed by PBS and spun down by

ultracentrifugation overnight. All the washed exosomes were collected and concen-

tration was assessed by NanosightTM (Malvern). All the collected exosome samples

were aliquoted to avoid multiple freeze thaw cycles and were stored at -80◦C until use

to probe for biomolecular and physicochemical properties.
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4.2.2 Collection of exosomes and removal of surface cell free DNA

Isolated exosomes were treated with 2 U/µL TURBOTM DNase (AM2238) in 1X

TURBOTM DNase buffer and incubated for 30min 37◦C. TURBOTM DNase was

inactivated by incubation in 2mM EDTA and heat at 65◦C for 10min. The samples

after DNase digestion were washed by PBS and spun down by ultracentrifugation

overnight. All the washed exosomes were collected and concentration was assessed

by NanosightTM (Malvern). All the collected exosome samples were aliquoted to

avoid multiple freeze thaw cycles and were stored at -80◦C until use to probe for

biomolecular and physicochemical properties.

4.2.3 Lysed exosomes

Isolated purified exosomes (3x1011) were lysed with 1% Triton X-100 for 30min at

37◦C with 5x protease inhibitor. The samples after treatment with 1% triton X-100

were washed by PBS and spun down by ultracentrifugation overnight.

4.2.4 Efficacy of treatment and exosomal integrity

Loss of surface proteins on exosomes with ProK and limited trypsin digestion was

validated by flow cytometry. The aldehyde-sulphate bead flow cytometry approach

as described in chapter 3 was used. Removal of sticking DNA from the surface of

exosomes was evaluated by measuring the cell free DNA (cfDNA) concentrations be-

fore and after the TURBOTM DNase treatment by NanoDropTM spectrophotometer.

Protein quantification of lysed and un-lysed exosomes were determined by micro-

BCATM assay (Thermo Fisher Cat no. 23235). Exosomal integrity after treatments

was determined and quantified by the extent of release of select luminal proteins.

Panc1 cells expressing CD63-GFP in the intra-luminal region were used to extract
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exosomes and test integrity before and after treatment by comparing the GFP levels

of exosomes by single particle detector on the LSR Fortessa X-20 flow cytometer.

4.2.5 Phosphatidylserine (PS) levels on exosomes by flow cytometry

Exosomes were purified by differential centrifugation processes, as described above in

chapter 3. 1x1010 exosomes were resuspended in 200µL of PBS and 10µL of Alde-

hyde/sulphate latex beads (4% w/v)(Invitrogen A37304) were added to the solution,

and, beads and exosomes mixture was allowed to mix using a benchtop rotator for

15 minutes at room temperature. PBS (600 µL) was then added to the solution and

mixing was continued overnight at 4◦C. 1M Glycine (400 µL) was added and mixing

was continued for 1 hour at room temperature. The mixture was then spun down at

12,000 rpm at RT for 2 minutes. The precipitate was then resuspended in 100 µL of

10% BSA in PBS, and mixed for 60 minutes at room temperature as a blocking step.

The mixture was spun down at 12,000rpm for 2 minutes at RT and the supernatant

aspirated. The beads with the exosomes attached (pellet) were then resuspended in

40 µL of 2% BSA in PBS, and split equally into two tubes: for staining for APC-

annexin V and for control (exosome alone unstained). Exosomes were stained with

APC Annexin V BioLegend (Cat no. 640941) diluted in 1x Annexin V binding buffer

rich in calcium ions for 20min at room temperature in dark. The exosomes bound to

the beads were washed three times with 1x Annexin binding buffer in PBS and was

analyzed for Annexin V and hence PS detection on the beads using the LSR Fortessa

X-20 (BD Bioscience). Quantification of positive exosome for PS was performed in

FlowJo Version 10.6.1 and overtone levels were reported.
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4.2.6 Flow cytometry analysis to quantify binding of Annexin V antibody

to beads

To confirm the PS positivity is due to exosomes bound to the beads and not due to

non-specific binding of the antibody to the beads the following control was performed.

200µL of PBS and 10µL of Aldehyde/sulphate latex beads (4% w/v)(Invitrogen

A37304) were incubated without exosomes and was allowed to mix using a benchtop

rotator for 15 minutes at room temperature. PBS (600 µL) was then added to the

solution and mixing was continued overnight at 4◦C. 1M Glycine (400 µL) was added

and mixing was continued for 1 hour at room temperature. The mixture was then

spun down at 12,000rpm at RT for 2 minute. The precipitate was then resuspended

in 100 µL of 10% BSA in PBS, and mixed for 60 minutes at room temperature as a

blocking step. The mixture was spun down at 12,000rpm for 2 minutes at RT and

the supernatant aspirated. The beads with (pellet) were then resuspended in 40 µL

of 2% BSA in PBS, and split equally into two tubes: for staining for APC-annexin

V and for control (beads alone unstained). Beads were stained with APC Annexin V

BioLegend (Cat no. 640941) diluted in 1x Annexin V binding buffer rich in calcium

ions for 20min at room temparature in dark. The stained and unstained beads were

washed three times with 1x Annexin binding buffer in PBS and was analyzed for

Annexin V and hence PS detection on the beads using the LSR Fortessa X-20 (BD

Bioscience). Qunatification was performed in FlowJo Version 10.6.1 and overtone

levels were reported.

4.2.7 Primary U785 cells from PiKP GEMM

Primary cell line (U785) was isolated from advanced tumor of PiKP mouse model (as

described in Chapter 3) and maintained in [RPMI-1640 (Corning 10-040-CV), 10%
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Tet System Approved FBS (Clontech 631106), 1xPenicillin-Streptomycin (Corning

30-002-Cl)] in the presence of 1 µg/mL doxycycline to ensure oncogenic Kras expres-

sion (Kras on). To extinguish oncogenic Kras, doxycycline was withdrawn from the

media (Kras off). U785 cell line was routinely tested for mycoplasma contamination.

Passage 12-13 of ‘Kras on’ and ‘Kras off’ cells was used for assays.

4.2.8 qPCR

The real-time PCR analysis of U785 primary cell line was performed as described in

chapter 3. Primers mentioned in Figure 3.2.

4.2.9 MTT assay

U785 Kras on and Kras off cells were seeded in 96-well plates (2000 cells/well) in

RPMI with or without doxycycline. Cells were cultured for 5 days and assessed by

MTT assay everyday starting from the day of plating (day 0). To perform MTT assay,

cells were cultured for 1 h with MTT reagent (Sigma M2128-1G) at 0.5 mg/ml, then

media was removed and cells were lysed in 100 ul dimethyl sulfoxide. The absorbance

at 540 nm were detected on FLUOstar Omega plate reader (BMG Labtech). Assay

was performed in three biological replicates.

4.2.10 Physicochemical characterization of exosomes

The treated exosomes and exosomes derived from primary U785 cells were analyzed

for their size and concentration by NanosightTM LM10 system (Malvern Instruments)

and their zeta potentials were analyzed by Malvern Zen 3600 ZetasizerTM as described

in detail in chapter 3.
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4.2.11 Statistical analysis

Statistical analysis was performed using Prism 8 (GraphPad) and data are expressed

as mean ± SD. Statistical significance was determined using Student’s t-test (Un-

paired and paired, two-tailed, ∗ ≤0.05, ∗∗ ≤ 0.005, ∗∗∗ ≤ 0.001, ∗∗∗∗ ≤ 0.0001). All

experiments were done in biological duplicate or triplicate.

4.2.12 Software used

Statistical analysis was performed using Prism 8 (GraphPad), FACS data were an-

alyzed and quantified by FlowJo Version 10.6.1, String: Protein-Protein Interaction

Network was used for in-silico mass spec analysis.

4.3 Results and Discussions

4.3.1 ProK treatment digested surface proteins of exosomes without al-

tering their physicochemical properties

The digestion of exosome surface proteins by ProK was evaluated by flow cytometry

approach. Untreated and ProK-treated exosome samples were quantified for CD81

levels on exosome surface. We detected CD81, a tetraspanin exosome marker protein,

using an antibody which reacts against helical and extracellular domains of CD81.

CD81 was significantly lower in ProK-treated and trypsin-treated exosome samples,

which suggests degradation of exosome surface proteins by ProK treatment (Figure 4.1

(a, b)). To determine the integrity of the exosomes post ProK-treatment we quan-

tified the level of protein localized to the interior of exosomes. CD63-GFP labelled

Panc1 exosomes with GFP localized in the intraluminal region of exosomes was uti-

lized. GFP levels of treated and untreated samples were quantified by single-particle
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detector on FACS and no significant difference was observed between the GFP levels

suggesting the intactness of exosomes post treatment as shown in Figure 4.2(a-d). As

shown in (Figure 4.1(c)), untreated and ProK-treated exosomes showed similar size

distribution and majority of the particles were 119±3 nm and 115±3 nm in diame-

ter, respectively. (Figure 4.1(d)) shows that untreated and ProK-treated exosomes

possessed comparable negative zeta potentials, which were -39.4±1 mV and -38.7±2

mV, respectively for Panc1 exosomes. For the murine U785 Kras on cell line derived

exosomes there was no significant difference in the zeta potential of treated and un-

treated samples. These results indicate that ProK can digest the surface proteins of

exosomes, but it minimally alters the physicochemical properties of exosomes.

4.3.2 Possible explaination for highly anionic exosomes surface-Phosphatidylserine

exposure on surface of exosomes

Phosphatidylserine (PS) a negatively charged phospholipid, and has skewed distri-

bution in the plasma membrane and is preferentially located in the inner leaflet of

normal cells [148]. Tumor cells, however, expose PS at the outer leaflet of cell sur-

faces, thereby potentially modulating the bio-signaling of cells. Interestingly, exosome

that are secreted from tumour cells, have externalized PS, and have been proposed

to be involved in the progression of cancer and could be used as a marker for tumour

diagnostics as shown in earlier studies [149] . We next determined the PS levels on

the surface of exosomes secreted from aggressive pancreatic cells where significantly

increased than exosomes secreted from normal pancreatic cells (Figure 4.3(a)). The

higher negatively charged exosomes showed increased levels of PS externalization on

their membranes. In this study, PS externalized on exosome surfaces was evaluated

using a PS-binding protein - annexin V which binds to PS in the presence of calcium
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Figure 4.1 : Zeta potential of exosomes is independent of surface protein
composition. Exosomes were isolated by ultracentrifugation and quantified by NTA.
Proteins associated with the outer leaflet of exosome membrane were digested with
Proteinase K or by trypsin digestion at indicated concentrations for 30 mins at 37C
for ProK and 5mins at RT for limited trypsin treatments. The efficiency of proteol-
ysis was determined by staining for the extra-exosomal portion of CD81 followed by
quantitative flow cytometry (a, b) Size characterization and distribution before and
after the treatment (c). Zeta potential (d) were determined using Malvern Zetasizer.
Our findings suggest that loss of surface proteins on exosomes with ProK treatment,
validated by flow cytometry, does not significantly suppress the overall negative exo-
some charge. Data are represented as Mean±SD. Significant differences were assessed
by Student’s paired two-tailed t-test ∗∗p = 0.005; n.s., = not significant.
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Figure 4.2 : Exosomal integrity after ProK treatment. Exosomes were col-
lected from conditioned media of the intraluminal GFP+ Panc-1 cells. at the indi-
cated time periods. After subjecting to Pro-K treatment exosomes were resuspended
in large volume of PBS followed by ultracentrifugation at 40,000 x g for 15 h to
wash the sample. The pellet was resuspended in PBS and integrity of exosomes
after treatment was determined by the level of select luminal proteins(GFP-CD63)
by single-particle FACS analysis (a, b, c). Quantification of intraluminal GFP-CD63
protein for n=2 distinct exosomes isolations and treatments was performed by FlowJo
Version 10.6.1 is shown in (d). Data are represented as Mean±SD. Significant differ-
ences were assessed by Student’s paired two-tailed t-test n.s., = not significant.
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Panc1 BxPC3 HPNE Beads alone

Figure 4.3 : Phosphatidylserine(PS) levels on the surface of exosomes
correlates to the negative surface charge on exosomes. PS exposure on
exosome surface was examined by using annexin V, which binds to PS in a calcium-
dependent manner. PS levels were determined in exosomes derived from human cells
Figure 4.3(a). Higher anionic/cancer cell derived exosomes (Panc1) showed significant
increase in the levels of PS as compared to low anionic/normal cell derived exosomes
(HPNE) Figure 4.3(b). Data are represented as Mean±SD. Significant differences
were assessed by Student’s t-test (Unpaired, two-tailed t-test ∗ ≤0.05, ∗∗∗ ≤ 0.001)

ions using flow cytometry. The PS positivity for cancer cell derived exosomes was

19.02±1.08% compared to 4.99±1.18% for normal cell derived exosomes as quantified

by overtone method in FlowJo Version 10.6.1. (Figure 4.3(b)).

As proteinase treatment digests proteins located on the surface of exosomes, there

was a possibility that properties of exosomes, such as diameter and zeta potential, are

affected by proteinase treatment. Unexpectedly, although surface proteins were di-

gested by ProK, ProK treatment had little effect on exosome physicochemical proper-

ties (Figure 4.1). It was reported that the negative charge of cancer exosomes was due

to the large amount of sialic acids, which are likely to be removed by ProK treatment

[150]. But on the other hand, there were studies that demonstrate phosphatidylserine,

a negatively charged phospholipid, exists on the surface of exosomes [151, 152]. As

phosphatidylserine is not affected by the ProK treatment (Figure 4.4(a)), the nega-

tive zeta potential of ProK-treated exosomes may be due to negatively charged lipids
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such as phosphatidylserine. We determined the level PS on the ProK and trypsin

treated exosomes and found no significant differences on the levels of externalized PS

on untreated and ProK and trypsin-treated exosomes (Figure 4.4(a)). The PS pos-

itivity for untreated Panc1 exosomes was 20.09±0.49%, for ProK-treated exosomes

was 18.78±0.995%, and for trypsin-treated exosomes was 19.86±1.34% as quantified

by overtone method in FlowJo Version 10.6.1 (Figure 4.4(b)).

Next we synthetically fabricated liposomes with varying PS levels to determine the

anionic charge levels on these liposomes. We found that - synthetically fabricated

liposomes with varying PS levels does not have as high an anionic charge as cancer

exosomes suggesting the role of other phospholipids on the exosomal member can also

contribute to the negative charge (Figure 4.4(c)). Liposomes were gifted by Yi-Lin

from Dr. Biswal’s group.

4.3.3 Cell-free DNA adhering to exosomal surface contributes to negative

surface charge

Cell and cell derived exosomes possess a negative surface charge mainly due to their

negatively charged phospholipid membrane. cfDNA can stick onto the exosomal sur-

face. In order to determine if the cfDNA on the exosomal surface contributes to its

overall negative charge – exosome charge was compared before and after DNase treat-

ment which removed the excess cfDNA sticking on the exosome surface Figure 4.5 (a,

b) as measured by NanoDropTM spectrophotometer. Zeta potential of the untreated

and Dnase treated exosomes was quantified by Malvern Zetasizer Figure 4.5(c). A

significant drop in the negative potentials was observed suggesting the role of cfDNA

in determining the high negative net charge on exosomal surface.
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Figure 4.4 : Phosphatidylserine level on exosome is not affected by the Pro-
teinase K or trypsin - digestion . Phosphatidylserine levels on protein cleaved
exosomes were determined Figure 4.4(a) and no significant differences were deter-
mined between cleaved and uncleaved exosomes Figure 4.4(b). Synthetically fabri-
cated liposomes with varying PS levels does not indicate as high an anionic charge
as cancer exosomes suggesting the role of other phospholipids on the exosomal mem-
ber can also contribute to the negative charge Figure 4.4(c). Data are represented as
Mean±SD. Significant differences were assessed by Student’s t-test (paired, two-tailed
t-test n.s., = not significant.)
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Figure 4.5 : Cell free DNA (cfDNA) adhering to exosomal surface con-
tributes to negative surface charge. cfDNA can stick onto the exosomal sur-
face. In order to determine if the cfDNA on the exosomal surface contributes to its
overall negative charge – exosome charge was compared before and after Dnase treat-
ment which removed the excess cfDNA sticking on the exosome surface (a, b). Zeta
potential of the untreated and Dnase treated exosomes was quantified by Malvern
Zetasizer (c). A significant drop in the negative potentials was observed suggesting
the role of cfDNA in determining the high negative net charge on exosomal surface.
Data are represented as Mean±SD. Significant differences were assessed by Student’s
t-test (paired, two-tailed t-test ∗∗∗p 6 0.001; ∗∗p = 0.005; ∗p = 0.0327)

4.3.4 Potential role of oncogenic KRAS in controlling exosome surface

charge

With a near 100% KRAS mutation frequency observed in PaCa we want to de-

termine next if KRAS in its activated mutant state present internal to the mem-

brane can cause the attraction of negatively charged phospholipids. Researchers have

shown in case of cells, that the presence of the positively charged Polybasic Domains

(PBD) of KRAS proteins attract negatively charged phospholipids like PS, PIP2,

PIP3 [153, 154, 155].

Recent studies [156, 157] support the idea that exosomes represent a heterogeneous

population of vesicles. The differences in size, surface molecules, chemistry, and

mechanical properties among exosome subpopulations all collectively could contribute

to their biodistribution and systemic functions in vivo. Pioneering studies by Lyden
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• HuPC LarLyd = Human
Pancreatic Cancer Large
Lyden dataset

• HuBC LarLyd = Human
Breast Cancer Large Lyden
dataset

• MOPC LarLyd = Murine
Pancreatic Cancer Large
Lyden dataset

• MOBC LarLyd = Murine
Breast Cancer Large Lyden
dataset

• B16 LarLyd = B16F10 Large
Lyden dataset

Figure 4.6 : In-silico proteomics analysis on the publically available pro-
teomics datasets (Lyden et al., 2018) on larger exosomal populations derived
from human and murine pancreatic cancer cells (AsPC-1; Pan02) and human and
murine breast cancer cells (MDA-MB-231-4175; 4T1) and B16F10 murine melanoma
cell line. 448 genes were common across exosomes for all the cells listed in the key.

et al. [156] and Vader et al. [157] identified two distinct subpopulations (large

exosome vesicles, Exo-L, 90-120nm in diameter and small exosome vesicles, Exo-S,

60-80nm in diameter) in exosomes derived from tumorigenic cells. Since our exosome

preparation yields majority of large exosomal vesicles in the size range of 100-120nm

we performed an in-silico proteomics analysis on the publicly available proteomics

datasets from [156] on larger exosomal populations derived from human and murine

pancreatic cancer cells (AsPC-1; Pan02) and human and murine breast cancer cells

(MDA-MB-231-4175; 4T1) and B16F10 murine melanoma cell line. This analysis was

useful in determining the molecular protein-based signatures associated with large

exosomes across all five cancer cell line derived exosomes. A total of 448 genes were

present across exosomes (large) from all five cell lines (Figure 4.6). We then analyzed

the specific pathways that were enriched in the 448 set of genes and to our interest
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Figure 4.7 : String-based protein-protein interaction network – shows pres-
ence of KRAS in cancer exosomes. String network for exosomes identified with
high confidence from the database. Ras family proteins are indicated in red identified
with a FDR = 5.25E-12; SNARE family in purple indentified with a FDR = 2.09E-8;
Endocytosis family in green identified with a FDR = 4.51E-18 and Pi3K family in
yellow identified with a FDR = 1.56E-8.

the KRAS pathway was highly enriched in exosomes derived from human and murine

cancer cells (Figure 4.7).

Kras mutations are a hallmark event in pancreatic cancer and the most common

Kras mutation found in PaCa is G12D [46]. Because the activating point mutation of
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Figure 4.8 : Pancreatic Cancer (PaCa) Genetically Engineered Mouse
Model

the KRAS oncogene on codon-12 is the major event in pancreatic cancer we accessed

the role of mutant KRASG12D in exosomal negative charge. To do that, we isolated

primary cell line (U785) from the advanced tumor of PiKP GEMM as described above

and maintained in the presence of doxycycline to ensure KrasG12D expression (Kras

on) Figure 4.8 To extinguish oncogenic KrasG12D, doxycycline was withdrawn from

the media (Kras off). Exosomes were extracted from Kras on and Kras off cells,

characterization of these exosomes is shown in Figure 4.9 (a, b, c).

Our preliminary findings indicate that knockdown of mutant KRASG12D Fig-

ure 4.10 (c) significantly decreased the negative charge on exosomal surface Fig-

ure 4.10 (a)and exosome production Figure 4.10 (b). Exosome production was nor-

malized per cell number as the knockdown of mutant KRASG12D in the U785 Kras

off cells significantly slower growth rate than the U785 Kras-on cells as evaluated by

MTT assay Figure 4.11.
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Figure 4.9 : Characterization of exosomes derived from murine U785 Kras
on and Kras off cell lines. Data are represented as Mean±SD.
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Figure 4.10 : Induction of mutant KRASG12D significantly increases the
surface charge on exosomes and exosome production . To access the role of
mutant KRASG12D in exosomal negative charge, we isolated primary cell line (U785)
from the advanced tumor of p48-Cre;R26-rtTa-IRES- EGFP;TetO-KrasG12D p53L/L
(PiKP) genetically engineered mouse model (GEMM) and maintained in the pres-
ence of doxycycline to ensure KrasG12D expression (Kras on) for 5days. To extinguish
oncogenic KrasG12D, doxycycline was withdrawn from the media (Kras off) for 5days.
Exosomes were isolated from Kras on and Kras off cells. Our findings indicate that
knockdown of mutant KRASG12D significantly decreased the negative charge on exo-
somal surface (a) and exosome production (b). The knock down of the mutant Kras
was confirmed by Q-PCR analysis (c). Each data point represents n=3 biological
replicates. Data are represented as Mean±SD. Significant differences were assessed
by Student’s t-test (Unpaired, two-tailed t-test; ∗∗∗∗p 6 0.0001; ∗∗∗p = 0.0005;
∗∗p = 0.005.)
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Figure 4.11 : Kras-off cells grow significantly slower then Kras-on cell.
U785 cells were cultured on and off DOX for 5 days.MTT assay was performed in
96w plate with 24 repeats (wells) per cell line. Absorbance was measured every
day starting from day 0, at 540 nm. Data are represented as Mean±SD. Significant
differences were assessed by Student’s t-test (Unpaired, two-tailed t-test; ∗∗∗∗p 6
0.0001).
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Figure 4.12 : Induction of mutant KRASG12D significantly increased the
phosphatidylserine level on exosomes. Representative histogram are shown
in (a) and qunatification in (b). Data are represented as Mean±SD. Significant differ-
ences were assessed by Student’s t-test (Unpaired, two-tailed t-test; ∗∗∗p = 0.0009)

Next, we proved that the exosomes-extracted from primary Kras On U785 cells

had higher PS levels than Kras off U785 cells Figure 4.12 (a, b). We will further

validate the hypothesis that surface charge changes depending on Kras status in ex-

osomes extracted from human non-tumorigenic and tumorigenic cell lines and also

validate the presence of Kras nanoclusters in these exosomes by imaging. We will as-

sess other negatively charged lipids (glycosphingolipids and phosphoinositides), which

could potentially contribute to the overall negative charge.
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Chapter 5

On-chip microfluidic electrophoresis (MEP)

platform for charge-based exosome fractionation

Proving the use of label free exosome fractionation, in which the biophysical prop-

erties of exosomes (e.g. electric charge, size, stiffness) are exploited for detecting

cancer-derived exosomes is vital. Current exosome selection carried out based on

their immunoaffinity properties results in false-negative/positive result as markers of

interest are not expressed in all histological tumor types.

We determined from our preliminary findings in Chapter 3 that exosomes from

PaCa cell lines have an increase in negative zeta potential (and hence the elec-

trophoretic mobilities) than exosomes derived from normal pancreatic cell lines. The

increased negative zeta potential of PaCa-derived exosomes translates into increased

electrophoretic mobility. We exploited this feature to design a device that separates

cancer-derived exosomes from those emitted by normal cells. We proposed to create

a microfluidic platform, in which electric field is applied, whereby negatively charged

cancerous exosomes display greater electrophoretic mobility than healthy exosomes.

We have designed and fabricated a prototype on-chip electrophoresis device using

silicon microfabrication and soft lithography techniques and performed initial proof-

of-principle experiments. To confirm that cancer exosomes experience preferential

migration towards positive electrode region a bias voltage of 25V was applied and

greater migratory force was incurred on highly anionic exosomes.
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5.1 Introduction

Electrostatic interaction is a strong interaction between an exosome and a cell;

hence, evaluating zeta-potential, measures of surface electric charge, of exosomes is

necessary for understanding the mechanisms of intercellular communications [158].

Zeta-potential, which can be estimated from the electrophoretic mobility (EPM), is

one of the electrical properties of exosomal surfaces. We determined from our pre-

liminary findings in Chapter 3 that exosomes from PaCa cell lines have an increase

in negative zeta potential (and hence the electrophoretic mobilities) than exosomes

derived from normal pancreatic cell lines. By exploiting the electrophoretic mobil-

ity difference between cancer-cell derived and normal-cell derived exosomes, we have

designed and fabricated a prototype on-chip electrophoresis device using silicon micro-

fabrication and soft lithography techniques and performed initial proof-of-principle

experiments. By applying 25V bias voltage to mixed populations of neutral and

negatively charged 100-nm particles (silver/gold nanoparticles and DOPC-DOPS li-

posomes) as well as exosomes (derived from normal pancreatic epithelial cells, HPNE

and PaCa cell line, Panc-1), we were able to selectively enrich for of negatively charged

particles. Experiments were performed for both voltage on and voltage off conditions.

The separation was quantitatively assessed using (a) direct charge measurements of

recovered particles/exosomes; (b) pre-labeling of differentially charged particles with

fluorophore tags, which allows detection by single-particle flow cytometry; (c) detec-

tion of characteristic exosome proteins by western blot and FACS.

Cells and cell-derived vesicles possess a negative surface charge due to their neg-

atively charged phospholipid membrane [159], while proteins and other molecules

acquire electric surface charges from their ionizable groups and side chains of amino
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acids, hence possessing an overall negative charge lower in magnitude than those of

vesicles [160].

5.2 Materials and methods

5.2.1 Microfluidic chip design and device fabrication

The main goal of the on-chip Microfluidic Electrophoresis platform (MEP) was to

separate different particles with different mobilities in presence of electric field. The

minimum channel length and electric field needed to separate different particles with

different mobilities were stimulated on COMSOL MultiphysicsR version 5.3a using the

Electrophoretic Transport interface. Flow channel and electrode channel mask was

designed in K-Layout Version 0.25.9 with the desired channel dimensions. Outputcity

CAD services were availed for printing the flow channel and electrode masks.

Detailed fabrication protocol:

Electrode wafer

1. Plasma clean 500µm fused Silica wafer (30 secs)

2. S1805 Spin on and bake photoresist

∗ Spin 10sec 700rpm (100 rpm/s)

∗ Spin 30sec 3krpm (10,000 rpm/s)

∗Bake 1min 110C
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3. Photolithographic patterning

∗Expose: 95 mJ/cm2 with stimulation electrode pattern

∗Soak in MF 321 120 seconds, Agitate

∗Rinse(DI) and Dry, dehydrate 5min 95C

∗Plasma clean (30 secs)

4. Sputter deposit 120nm Platinum

∗Pt, 25W, 3mT, Ar 35sccm and 60 min. Should deposit 120 nm.

5. Liftoff

∗Acetone 1hr on shaker. Rinse with DI water

Flow channel

1. SU-8 3025(Target 20µm)

Spin recipe:

∗10sec 600rpm (ramp 100rpm/s)

∗30sec 4.4k (ramp 300 rpm/s)

2. Prebake: 14min 95C



82

PDMS

Device Assembly 

Figure 5.1 : Schematic On-chip Electrophoresis fabrication process.

3. Expose: 355mJ/cm2 with flow channel pattern

4. Postbake: 5min 65C, ramp 10C/min to 10min 95C

5. Develop: SU8 developer 8.5 minutes. Rinse (IPA) and Dry

6. Hardbake 5min 65C, 10C/min to 20min 150C

Ellipsometer was used to check the channel heights. The electrode wafer was then

diced into 16 individual devices. Once PDMS was cured on the flow channels, PDMS

was peeled off of the wafer cut into 16 devices. Holes were punched for connecting

the tubing. The flow channels and the electrode wafer were aligned, press down and

thermally bonded at 80C for 16hrs. The completed device was then soldered to wires

and the solder connections were insulated using JB-weld epoxy. The schematic of

on-chip electrophoresis fabrication process is shown in Figure 5.1.
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5.2.2 Device preparation

Prior to flow, devices were functionalized overnight with 10% BSA to avoid non-

specific adsorption of exosomes due to hydrophobic nature of PDMS. Voltage supply

details here. Ultrasensitive quartz crystal microbalance (QCM-D) was also utilized

to determine no interaction of exosomes with BSA layer.

5.2.3 Exosomal integrity tests

As the MEP platform utilizes the application of electric field, the exosomal integrity

was tested using the following approaches: : 1) Amine binding dye; In the first as-

say, the exosomal integrity was tested by using an amine binding dye eFluorTM780

eBioscienceTM cat no. 65-0865-18. Exosomes were incubated with eFluor-780, an

amine-binding dye after subjected to 25V pulse. Exosome damage was mimicked by

lysis with urea buffer (positive control). Intact exosomes were used as a negative con-

trol. Fluorescence measurements by flow cytometry (BD LSR Fortessa X-20) single

particle detector showed low values for the intact exosomes and exosomes subjected

to 25V pulse. Lysed exosomes yielded increased fluorescence intensity, which reflects

the dye binding to the luminal proteins upon membrane disruption. 2) GFP-CD63

exosomes; In the second assay the exosomal integrity was tested using MDA-MB231

cells expressing CD63-GFP (a gift from Dr. McAndrews from UTMDACC) in the

intra-luminal region and exosomes were extracted and integrity was tested before and

after voltage application by comparing the GFP levels of exosomes by single particle

detector on the LSR Fortessa X-20 flow cytometer. Exosome damage was mimicked

by lysis with urea buffer (positive control). Intact exosomes were used as a negative

control. 3) Luciferase-labelled exosomes; Exosomes tagged with membrane-anchored

luciferase, with active domain facing out were subjected to 25V pulse, and sonicated
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or lysed as in Assay 1, to simulate membrane rupture. Luciferin (Colentherazine) was

added and luminescence intensity was measured after 2 min at room temperature us-

ing a luminometer (BMG LABTECH) OmegaTM Microplate reader. 4) NTA-based;

Size distribution of the exosomes before and after application of the voltage was com-

pared using NanosightTM LM10 system (Malvern Instruments Ltd., Worcestershire,

UK). 5) Validation: increase in voltage; As a tool to demonstrate exosomal rupture at

high voltages, exosomes were subjected to 75V for 10min. Loss of exosomal integrity

at this high voltage was tested by using Luciferase-labelled exosomes as mentioned in

assay-4 and size distribution was evaluated using NTA NanosightTM LM10 system.

Exosome damage was mimicked by lysis with Triton-X 100 buffer (positive control).

5.2.4 Synthetic nanoparticles and liposomes as proof-of-principle exper-

iments

Separation of synthetic nanoparticles and liposomes under application of electric field

using the MEP platform was tested and used as a proof-of-principle validation of

the device. 100nm FITC-labelled Si-nanoparticles with a ζ-potential of -30mV and

100nm FITC-labelled Au-nanoparticles with a ζ-potential of 1mV were purchased

from NanopartzTM . DOPC+5%DOPS and DOPC+70%DOPS were used in this

study (a gift from Yi-Lin from Rice University).

5.2.5 Exosome isolation

Exosomes were purified by differential centrifugation processes, as described above in

chapter 3. Exosomes employed in this study were extracted from Panc1 cells - PaCa

cell line and HPNE cells - normal pancreatic epithelial cell line.
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5.2.6 Downstream techniques used to characterize the sorted populations

The extent of separation was quantified by analyzing the recovered outlet collection

stream by a) charge measurements on recovered outlets using Malvern Zen 3600

Zetasizer ; b) size and particle count was determined by NTA NanosightTM LM10

system (Malvern) ; c) evaluation of characteristic exosome proteins by western blot

and FACS; d) single-particle FACS to quantify fluorescence shift was performed on

the recovered outlets for voltage on and off conditions.

Western Blot: After running the exosome samples through the chip, the collected

outlets were washed and ultracentrifuged for 15hrs at 40,000 x g. To deduce the

protein levels in both the recovered outlets, the particles from both upper and lower

outlet were lysed using 8 M urea buffer and the lysates were loaded onto acrylamide

gels for electrophoretic separation of proteins under denaturing conditions and trans-

ferred onto PVDF membranes (ImmobilonP) by wet electrophoretic transfer. The

membranes were then blocked for 1 hour at room temperature with 5% non-fat dry

milk in PBS with 0.05% Tween-20, and incubated overnight at 4C with the fol-

lowing primary antibodies: CD63 (E-12) monoclonal (sc-365604) antibody 1:1000

SANTA CRUZ BIOTECHNOLOGY, INC; CD81 (B-11) sc-166029 1:1000 SANTA

CRUZ BIOTECHNOLOGY, INC.Secondary antibodies were incubated for 1 hour

at room temperature. Washes after antibody incubations were done with an orbital

shaker, three times at 15 min intervals, with PBS containing with 0.05% Tween-20.

Membranes were developed with chemiluminescent reagents from Pierce, according

to the manufacturer’s directions.
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Flow cytometry analysis of outlets: After running the exosome samples through

the chip, the collected outlets were washed and ultracentrifuged for 15hrs at 40,000 x

g. The particles from both the outlets were conjugated to the aldehyde sulfate latex

beads and quantified for exosomal markers as described in the experimental methods

section in chapter 3.

Single-particle FACS: Pre-labeling of differentially charged synthetic nanoparti-

cles and liposomes particles with fluorophore tags facilitated quantification of fluo-

rescence shift of the recovered outlets using single-particle FACS detector (BD LSR-

Fortessa X-20). All experiments were performed in voltage on and voltage off condi-

tions to appreciate the differences in voltage on conditions due to the differences of

particle mobility.

5.3 Results and Discussions

5.3.1 Determining major device parameters by zone electrophoresis with

COMSOL Multiphysics

Electrophoresis is a process that separates different species in a sample into distinct

well-resolved peaks, giving us the ability to analyze substances like proteins and nu-

cleic acids. The different species have different mobilities, which causes them to

eventually form separate well-resolved peaks. We determined from our preliminary

findings in Chapter 3 that exosomes from PaCa cell lines have an increase in negative

zeta potential (and hence the electrophoretic mobilities) than exosomes derived from

normal pancreatic cell lines. By exploiting the electrophoretic mobility difference be-

tween cancer-cell derived and normal-cell derived exosomes using electrophoresis we

aim to fractionate higher anionic exosomes (cancer) from a pool of lower anionic exo-
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somes (normal). To do this, we first use the COMSOL Multiphysics - Electrophoretic

Transport interface to determine the minimum electric field and channel length of

the separation region for our microfluidic device to facilitate well resolved separations

between particles with varying ζ-potentials and hence the different electrophoretic

mobilities.

Zone electrophoresis package for COMSOL Multiphysics Version 5.3a (Licenced

access) was utilized to determine parameters of the channel that can facilitate well

resolved separations between exosomes with different mobilities. Parameters were

edited depending on the requirements of this particular study. Zone electrophoresis

is a process in which a sample containing different species is transported through a

continuous buffer system exposed to a potential gradient. In this model, we account

for the transport of four different species: PBS buffer comprising of (Sodium chlo-

ride and sodium phosphate), and two exosome species with varying ζ-potentials and

mobilities as the sample that we are trying to separate. For each of these species, we

specify mobility, acid constant, initial conditions, and boundary conditions. Also, the

self-ionization of water is included as an equilibrium reaction in the model. To better

study the transport of the acid and bases in our model, we use the Electrophoretic

Transport interface, in version 5.3a of COMSOL Multiphysics. This interface is made

for modeling electrophoresis modes, such as zone electrophoresis, isoelectric focusing,

and moving-boundary electrophoresis [161]. The interface also helps solve for the

species concentration, pH, and electrolyte potential distributions.

Governing Equations: Some of the governing equations for the flow regime in

zone electrophoresis include:

The velocity of particles/exosomes for separation under the application of electric
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field is given by:

Vexo = µexoE (5.1)

Where µexo is the exosome electrophoretic mobility and E is the applied electric field.

The exosome electrophoretic mobility can be determined from its ζ-potential using

the Smoluchowski equation:

µexo = (
εrε0
η

)ζexo (5.2)

Where η is the viscosity coefficient of the buffer solution, εr and ε0 are the relative

permittivity of the solution and the permittivity of vacuum, respectively. Hence, we

can determine the time for exosome to transverse the channel of length as L as:

t =
L

Vexo
(5.3)

t =
L2

µexoVexo
(5.4)

The diffusion coefficient δ and the electrophoretic mobility µexoare direct propor-

tionally related by the Nernst-Einstein relation employed in the study:

δ =
µexoKBT

q
(5.5)

δ = µexoRT (5.6)

Where KB is the boltzmann constant, R gas constant and T temperature.

As diffusion contributes to the broadening of the particle stream, the diame-

ter/width of the separation channel (D) can be determined by the relation:

δ = 2Dt (5.7)

δ =
2DL2

µexoVexo
(5.8)

The geometry of our model consists of a separation column (represented by a line in

1D), with a current density applied to the end of the column. The current density
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and the electric fields were optimized to achieve a finer separation between the species

using the zone electrophoresis Multiphysics modelling platform. The current density

(J) was given as:

J = κE (5.9)

Where κ was defined as the conductance and E as the electric field. Conductance

was determined by the channel resistance(R) given by:

R =
12ηL

h3w
(5.10)

Where η is the viscosity of buffer, L length of the microchannel, h height of the

microchannel and w is the width/diameter of the microchannel.

The inlet-1 or the exosome flow rate was determined by the desired throughput

which is (number of exosomes/s) and exosome solution concentration (number of

exosomes/mL). The lower inlet flow rate was significantly higher than the upper inlet

in order to focus all the injected particles towards the upper outlet.

Evaluating the simulation results:

We have used a time-dependent solver to study the electrophoresis in the sepa-

ration channel for a time period of 30 minute. The two species of interest to be

resolved are highly anionic PaCa cell-derived exosomes (Panc1) and normal pancre-

atic epithelial cell-derived exosomes (HPNE). We compare their concentrations at

times 0,0.5min,1.5min and 20mins Figure 5.2(a, b, c, d). These plots indicate as the

time passes and the samples move to the right of the separation column, the distance

between the triangular peaks increases. Hence indicating that, in simulation elec-

trophoresis can successfully separate a mixed sample of Panc1 and HPNE exosomes
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Figure 5.2 : Electrophoresis separating exosomes with different ζ-potentials
into distinct peaks.(a-d) Comparison of the concentration distribution and time
taken by cancer (Panc1) and normal (HPNE) cell derived exosomes to elute the col-
umn. Panc1 exosomes elutes a 4mm separation column at faster rate (t = 1.5min) as
compared to HPNE exosomes (t = 20min) due to differences in their mobilities. These
plots indicate as the time passes and the samples move to the right of the separation
column, the distance between the sample peaks increases. Simulation performed on
COMSOL 5.3a Multiphysics platform using the Electrophoretic Transport interface.

into two well-resolved concentration peaks.

With the major parameters determined from the above simulations, we have de-

signed and fabricated a prototype on-chip electrophoresis device using silicon micro-
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(a) (b) (c)

500µm

Figure 5.3 : On-chip Microfluidic ElectroPhoresis (MEP) platform to frac-
tionate negatively charged exosomes. Shown is the design of the system for
detection and sorting of nanoparticle populations with distinct surface charge. The
suspension of heterogeneously charged particles and buffer are loaded via inlets 1 and
2, respectively and electric field is applied across the 4mm horizontal microfluidic
channel. The dimensions, flow rate and electric field applied are calculated to achieve
separation at desired zeta potentials. Using MEP, we achieved a separation efficiency
of 81.64% to fractionate particles strongly anionic from mixed populations. On-chip
MEP fabricated on glass wafer with 20µm high flow channels by soft lithography
processes. (a) Mask layout; (b) Digital images of actual device; (c) 20x microscopic
image of the aligned flow channel and electrodes.

fabrication and soft lithography techniques Figure 5.3 and performed initial proof-

of-principle experiments. To confirm that cancer exosomes experience preferential

migration towards positive electrode region, a bias voltage of 25V was applied, and

greater migratory force was incurred on highly anionic exosomes.

5.3.2 Surface functionalization prevented non-specific adsorption of exo-

somes to PDMS

Without modifying the PDMS surface due to its hydrophobic nature we experienced

the loss in exosome throughput as seen in Figure 5.4 (a, b, c) Upon functionalizing the

surface with 10% BSA, loss in exosome throughput was greatly reduced Figure 5.4(d,

e, f) We further verified using an ultrasensitive mass microbalance technique that
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Figure 5.4 : Functionalization of PDMS surface prevented non-specific
adsorption of exosomes. Due to the hydrophobic nature of PDMS without any
treatment we observed a significant loss in exosome throughput (a, b, c). Coating
PDMS with 10% BSA overnight reduced the non-specific adsorption of exosomes
and thereby increasing its throughput (d, e, f). Data are represented as Mean±SD.
Significant differences were assessed by Student’s t-test (paired, two-tailed t-test;
∗∗p = 0.005, ns not significant). n = 2 biological replicates.
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Buffer washing (Excess 

BSA)
UC Exosomes incubated 

Figure 5.5 : Ultrasensitive mass microbalance technique - Quartz Crystal
Microbalance with Dissipation (QCM-D) confirmed coated BSA layer
did not interact with exosomes. For QCM usually the change in frequency is
directly proportional to mass adsorption, as observed after washing the excess BSA
the ∆F is near -50Hz and after flowing exosomes past the sensor the ∆F remains
unchanged and hence no mass is adsorbed.

exosomes in flow do not interact with coated BSA. For Quartz Crystal Microbalance

with Dissipation (QCM-D) change in frequency is directly proportional to change

in mass and hence we can determine the amount of mass adsorbed on the sensor

surface. As shown in Figure 5.5 sensor surface was coated with BSA and exosomes

were flown past, but no significant change in frequency was observed - hence we

concluded no exosome mass was adsorbed on the BSA coated sensor Figure 5.5.

QCM-D experiments were performed with Yi-Lin from Dr. Biswal lab. Functionalized

flow channels did not alter the size and markers of exosomes after passing through

the channel as shown in Figure 5.6 (a, b, c) The exosomes collected at the outlet

were washed by ultracentrifugation for 3hr before running them on FACS for the

markers. Exosomes were they attached to the aldehyde-sulphate latex beads, blocked
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Figure 5.6 : Functionalized flow channels does not alter size and markers
of exosomes. The size distribution of exosomes before and after flowing through
the functionalized channels remained unchanged (a, b) along with the marker profile
of the exosomes (c, d).

and stained for exosomal markers as described in detail in chapter 3.

5.3.3 Approaches to determine exosomal integrity to the applied electric

field

The application of electric fields to biological substances is known to have specific

detrimental effects, including electroporation. Transmembrane electrical potential is

the greatest source of stress on cells in an electric field, and for DC electric field, it is

given by:

With the current parameters Figure the DC electric field incurred on the exosomes

is 330V/cm achieving 5mV (Vtm) for a 100nm exosome. Which is much less than

the critical potentials necessary to induce cell lysis (1V) or electroporation (10mV).

I also show in my following discussion that at this electric field the exosomes remain

pretty much intact even after inducing the voltages on the exosomes for a prolonged

time of 20mins.
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Figure 5.7 : Particle separation by electrophoresis. Bias voltage (25V) is ap-
plied so that negatively charged vesicles experience a electrophoretic transmembrane
force(insert eqn) and transmembrane voltage (Vtm = |E|R) . A DC field of 330V/cm
is generated. By applying bias voltage of 25V we achieve Vtm= 2.475mV for a 100nm
exosome.

Assay 1: Testing exosomal integrity by amine and protein binding dye

The first assay is testing of the exosomal integrity by using an amine binding dye

eFluor 780. The basic experimental principle is shown in Figure 5.8(a): since the

dye is membrane impermeable in case of intact exsomes it would only bind to the

surface moieties and in case of damaged exosomes the dye binding to the intraluminal

free amine and protein groups and hence giving out more fluorescence. I next show

in Figure 5.8(b) the gating strategy for this assay: In short, the dye only control is

tested and gated out on the exo+dye control and then on the exosomal population

only we check for APC signaling signals (780 nm that can be detected using a 780/60

band pass filter ) Fluorescence measurements by flow cytometry (BD LSRFortessa X-

20) showed low values for the intact exosomes and exosomes subjected to 25V pulse.

Lysed exosomes yielded higher values due to availability of intraluminal proteins

Figure 5.8(c, d).
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Figure 5.8 : Testing the resistance of exosomes to 25V pulse using
eFluor780 amine binding dye We confirm the absence of any such effects to
the exosomes in the applied voltages necessary for fractionating by using various as-
says. Experimental setup (a) Exosomes treated with 25V pulse or incubated in lysis
buffer prior to adding eFluor 780 (amine binding dye) (b) Gating strategy for sig-
nals detected from single-particle detector on FACS. (c, d) Untreated and voltage
applied exosomes do not have a significant difference in the fluorescence intensity
and increased fluorescence intensity for chemically damaged exosomes(lysed) reflects
the dye binding to the luminal proteins upon membrane disruption. Data are repre-
sented as Mean±SD. Significant differences were assessed by Student’s t-test (paired,
two-tailed t-test; ∗∗∗p60.001; ns = not significant.) n = 3 biological replicates.
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Assay 2: Testing exosomal integrity by membrane luciferase exosomes

Exosomes tagged with membrane-anchored luciferase, with active domain facing out

Figure 5.9 (a) were subjected to 25V pulse, and sonicated or lysed as in Assay 1,

to simulate membrane rupture. Luciferase substrate was added and luminescence

intensity measured after 2 min at room temperature. In this case, overall lumines-

cence decreased after rupture or lysis but remained unchanged after voltage pulse as

measured by the luminometer Figure 5.9 (b). Size distribution before and after appli-

cation of the desired voltage remained unchanged Figure 5.9 (c). High voltage of 75V

was applied to the exosomes for 20mins in a 1mm gap cuvette with metal electrodes

on side which lead to exosomal damage as seen by variation in the size distribution

and decreased luminescence intensity, damaged or ruptured exosomes were used as

positive control. Figure 5.9(b, d).

Assay 3:Testing exosomal integrity by CD63 GFP+ Exosomes Exosomal

integrity after application of voltage was determined and quantified by the extent of

release of select luminal proteins. MDA MB231 cells expressing CD63-GFP in the

intra-luminal region were used to extract exosomes and test integrity before and after

treatment by comparing the GFP levels of exosomes by single particle detector on

the LSR Fortessa X-20 flow cytometer Figure 5.10 (a, b).

By the above assays we determine that the integrity of exosomes was not com-

promised by the desired electric field and this voltage can be applied for exosome

fractionation in our MEP platform.
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Figure 5.9 : Testing the resistance of exosomes to 25V pulse using mem-
brane luciferase exosomes and size characterization.Exosomes from cells ex-
pressing membrane-anchored luciferase treated with 25V pulse, sonicated (ruptured)
or lysed (using Tritin X-100) prior to adding Luciferase substrate Colentherazine (a).
Decreased luminescence intensity reflects the disruption of the membrane and Lu-
ciferase dilution (b). Size characterization was evaluated using NTA nanosight before
and after application of pulse (c). High voltage of 75V was applied to the exosomes
for 20mins in a 1mm gap cuvette with metal electrodes on side which lead to exosomal
damage as seen by variation in the size distribution and decreased luminescence in-
tensity(b,d). Data are represented as Mean±SD. Significant differences were assessed
by Student’s t-test (paired, two-tailed t-test; ∗∗p60.01; ns = not significant.) n = 2
distinct tests.
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Figure 5.10 : Testing exosome integrity to 25V by GFP+ exosomes. In-
tegrity of exosomes after voltage application was determined by the level of select
luminal proteins (GFP-CD63) by single-particle FACS analysis (a). Quantification
of intraluminal GFP-CD63 protein for n = 3 distinct exosomes isolations and treat-
ments was performed by FlowJo Version 10.6.1 is shown in (b). Data are represented
as Mean±SD. Significant differences were assessed by Student’s t-test (paired, two-
tailed t-test; ∗∗∗p60.001; ns = not significant.) n = 3 biological replicates.
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5.3.4 Capability to sort synthetic nanoparticles on charge - proof-of-

concept

Enrichment of highly negative silver(Ag) nanoparticles(NPs) Pre-made

FITC-labelled 100nm Ag NPs with -30mV ζ-potential were used for initial proof-

of-principle experiments. The suspension of silver charged particles and buffer are

loaded via inlets 1 and 2, respectively and electric field is applied across the 4mm

horizontal microfluidic channel. As the particles are pre-labelled the separation is

quantitatively assessed by detecting a) fluorescene shift in the recovered outlets by

single-particle flow cytometry and b) particle count on the recovered outlets by NTA

nanosightTM . Experiments were performed for both voltage on and voltage off condi-

tions. A significant shift in fluorescence intensity was observed in particles recovered

from upper outlet after application of voltage as compared to the lower outlet Fig-

ure 5.11 (b). When particles from the recovered outlets were quantified by nanosight,

no significant difference in concentrations were observed during voltage off conditions

- suggesting the movement of particles in lower outlet would be due to disffusion.

However, in the voltage on condition maximum negatively charged Ag NPs were en-

riched in the upper outlet Figure 5.11 (c). Hence, allowing the enrichment of highly

negative particles in upper channel by MEP-process.

Capability to sort mimicked exosomes(Liposomes) nanoparticles based on

charge: Mimicked exosomes ”Liposomes” of 100nm and different lipid systems were

employed in this study. Liposomes with 95% DOPC and 5% DOPS, and, 70% DOPC

and 30% DOPS used for these sets of experiments were a gift from Yi-Lin from Dr.

Biswal’s group. Liposomes with 5% PS had a charge near neutral -4.3±1.4mV and

liposomes with 70% PS were highly anionic at -30.1±2.1mV. These sets of liposomes
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Figure 5.11 : Selective fractionation of highly negative silver nanoparticles
by on-chip microfluidic electrophoresis (MEP) platform. Siver nanoparti-
cles and buffer were loaded via inlets 1 and 2 at 1000µ/sec and 1600µ/sec flow rates
(a) positive and negative 25volts were applied as shown. Experiments were performed
in volatge on and off conditions. Recovered outlets were quantified by single-particle
flow cytometry for fluorescnce detection(b) and particle count was determined by
NTA nanosightTM (c).
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were representative of exosomes derived from normal pancreatic epithelial cells and

PaCa cells. By applying 25V bias voltage to mixed populations of neutral and nega-

tively charged 100-nm particles (DOPC-DOPS liposomes), we were able to enrich for

negatively charged particles selectively in the upper outlet Figure 5.12 (a, b). Experi-

ments were performed for both voltage on and voltage off conditions. The separation

of 5% PS and 70% PS liposomes was quantitatively assessed using (a) direct charge

measurements of recovered liposomes; (b) particle count by nanosight of the recovered

liposomes Figure 5.12 (b, c).

5.3.5 Capability to sort exosomes based on charge with good yield

We next tested the ability of our MEP platform to sort exosomes derived from PaCa

cancer cells and normal pancreatic epithelial cells. As the increased negative zeta

potential of PaCa-derived exosomes translates into increased electrophoretic mobility.

We exploited this feature to design a device that separates cancer-derived exosomes

from those emitted by normal cells. We proposed to create a microfluidic platform,

in which electric field is applied, whereby negatively charged cancerous exosomes

display greater electrophoretic mobility than healthy exosomes. To confirm that

cancer exosomes experience preferential migration towards positive electrode region

a bias voltage of 25V was applied and greater migratory force was incurred on highly

anionic exosomes.

Condition were no voltage was applied was tested Figure 5.13 (a) and due to particle

diffusion particles were observed in both upper and lower outlets Figure 5.13 (b, c). ζ-

potential charaterization on the recovered outlets had no significant difference for the

voltage off conditions Figure 5.13 (d). The recovered exosomes were then chemically
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Figure 5.12 : Capability to sort mimicked exosomes(Liposomes) nanopar-
ticles based on charge : Liposomes with lipid contents of 95% DOPC and 5%
DOPS and 30% DOPC and 70% DOPS were fabricated and size was characterized by
NTA(Nanosight) and surface charge was determined by zetasizer. By applying 25V
bias voltage (a) to mixed populations of almost neutral and highly negatively charged
100-nm particles (DOPC-DOPS liposomes), we were able to fractionate higher an-
ionic liposomes (70% PS) in the upper outlet from low anionic liposomes (5% PS)
which were enriched in lower outlet. Experiments were performed for both voltage on
and voltage off conditions (b, c, d). Data are represented as Mean±SD. Significant
differences were assessed by Student’s t-test (Unpaired, two-tailed t-test; ∗∗∗∗p 6
0.0001; ns = not significant.) n = 3 independent runs.
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lysed and probed for CD81 tetraspanin by subjecting to SDS-PAGE Figure 5.13 (e).

No significant differences between the recovered outlet populations were observed in

the voltage off conditions.

In the voltage on condition Figure 5.14 (a), cancer exosomes experience preferen-

tial migration towards positive electrode region, a bias voltage of 25V was applied,

and greater migratory force was incurred on highly anionic exosomes. The separation

was quantitatively assessed using Figure 5.14 (b)Particle count; Figure 5.14 (c) direct

charge measurements of recovered particles/exosomes; Figure 5.14 (d, e) detection of

specific exosome proteins by western blot and FACS. Significant differences in parti-

cle concentrations, charge and protein levels were determined between the recovered

particles from both the outlets in the voltage on condition.

Cells and cell-derived vesicles possess a negative surface charge due to their neg-

atively charged phospholipid membrane, while proteins and other molecules acquire

electric surface charges from their ionizable groups and side chains of amino acids,

possessing an overall negative charge lower in magnitude than those of vesicles. We

further evaluated this by chemically lysing the exosomes by urea buffer and washing

the lysate with PBS by 15hrs UC and determing the charge. The charge in lower

outlet could be contributed by the cfDNA fragments Figure 4.5 or albumin protein

present in the exosome preparation by UC Figure 5.15.

Hence, suggesting us that our MEP platform can also be used as a purification

step, in order to get rid of the protein and cfDNA debris often observed in exosome

preparations by UC.
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Figure 5.13 : Sorting exosome based on charge - Voltage off condition.
In the voltage off condition, highly anionic Panc1 exosomes were loaded from upper
inlet 1 and buffer from lower inlet 2 (a). The separation was quantitatively assessed
using (b, c) particle count of outlets; (d) direct charge measurements of recovered
particles/exosomes; (e) detection of characteristic exosome proteins by western blot
and FACS analysis. Data are represented as Mean±SD. Significant differences were
assessed by Student’s t-test (Unpaired, two-tailed t-test; ns = not significant.) n = 3
independent runs.
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Figure 5.14 : Sorting exosome based on charge - Voltage on condition . (a)
MEP platform setup thermally bonded, characterization of sorted particles by (b)
NTA measurements, (c) Zeta Potential,(d) FACS analysis on recovered outlets to
probe CD9 marker (e) Western blot to probe of CD63 exosomal marker protein on
outlet populations. The charge in lower outlet could be contributed by the cfDNA
fragments or albumin protein present in the exosome preparation by UC. Data are
represented as Mean±SD. Significant differences were assessed by Student’s t-test
(paired, two-tailed t-test;∗∗∗∗p60.0001; ns = not significant.) n = 3 independent
runs.
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Figure 5.15 : Evaluate addition control – lysed exosome zeta potential .
Exosomes where lysed by Triton-X at the indicated concentrations. Protein quan-
tification of lysed and un-lysed exosomes were determined by micro-BCA assay (a,
b). Proteins and other molecules acquire electric surface charges from their ionizable
groups and side chains of amino acids, hence possessing an overall negative charge
lower in magnitude than those of exosomes. Zeta potential of un-lysed and chemically
lysed exosomes by 1% TritonX-100 treatment (c) was measured along with a control
of serum albumin(BSA), the most abundant protein in blood. As proteins and cfDNA
carry lower negative potential implying that vesicles will experience a greater elec-
trophoretic migratory force than proteins due to their greater surface charge. Hence
we can potentially use our setup as a purification platform to get rid of debris of
proteins and cfDNA sedimented during the UC preparation of exosomes. Data are
represented as Mean±SD. Significant differences were assessed by Student’s t-test
(paired, two-tailed t-test;∗∗p = 0.005.)
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Next, we wanted to determine if the MEP platform can fractionate cancer derived

exosomes from those emitted by normal cells. To do so we loaded a mix of Panc1

(PaCa) cell derived exosomes and HPNE (normal pancreatic epithelial) cell derived

exosomes through upper inlet 1 and buffer through lower inlet 2 Figure 5.16 (a). The

outlets were recovered and separation efficiency was determined by direct charge mea-

surements Figure 5.16 (b) and by FACS analysis of exosomal markers CD9 and CD81

Figure 5.16 (c, d). In the voltage off conditions there was no significant difference

between two outlets in charge and exosomal marker levels. However, in the voltage on

condition, there was a large drop in the ζ-potential of the lower outlet in comparison

to the upper outlet, suggesting the enrichment of high anionic particles in the upper

outlet in comparison to lower. As Panc1 exosomes possess large negative charge we

feel the highly negative exosomes get enriched in the upper outlet during the voltage

on configuration as shown in Figure 5.16. We next evaluated the biomolecular status

of these recovered outlets by FACS and determined that during the voltage on con-

dition, the lower outlet was significantly less positive for CD9 exosomal marker than

the upper outlet - again suggesting higher enrichment of cancer cell derived exosomes

in the upper outlet Figure 5.16 (c). From our previous characterization of HPNE

exosomes in chapter 3 we had determined that HPNE exosomes do not express CD9

levels on their surface. We next quantified the levels of CD81 exosomal marker in the

recovered outlets, and in the voltage on condition lower outlet expressed high levels

of CD81 marker suggesting the enrichment of normal cell derived HPNE exosomes in

the lower outlet Figure 5.16 (d)

The significantly higher level of ζ-potential observed in lower outlet in voltage on

condition in comparison to almost neutral HPNE exosomes Figure 5.16 (b) can be
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attributed to the mix of less anionic particles such a serum proteins, cfDNA or some

exosomes been lysed along the run with the normal exosome pool. The slight increase

in the levels of CD9 Figure 5.16 (c) in the lower outlet during voltage on condition

determined by FACS could be attributed to the diffusion of some percent of cancer

cell derived Panc1 exosomes.

Taken together, we proposed to create a microfluidic platform that separates cancer

derived exosomes from those emitted by normal cells. This device uses an electric

field to sort exosomes based on their surface charge, which we have found to be a

hallmark of cancerous exosomes. We have designed and fabricated a prototype on-chip

electrophoresis device using silicon microfabrication and soft lithography techniques

and performed initial proof-of-principle experiments.

5.3.6 Switched electrode configuration, to eliminate the bias due to flow

channel resistance

In order to eliminate the bias due to flow channel resistance, we switched our electrode

configurations and determined the particle deflections. As discussed in Figure 5.17

with the reverse electrode setting shown in Figure 5.17 (a) with respective loaded

inputs we were able to enrich the increased anionic particles at the lower outlet. The

separation efficiency was determined by quantifying the shift in fluorescence between

the two recovered outlets. We observe that majority of the particles recovered from

lower outlet had a significantly higher fluorescence shift. The overtone positivity

for lower outlet particles determined by FlowJo Version 10.6.1 had a 96.26% higher

positive signal than the upper outlet recovered particles. The fluorescence was de-

termined from single particle detector on the LSR Fortessa X-20 flow cytometer. In
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Figure 5.16 : Fractionation of cancer derived exosomes from those emit-
ted by normal cells using MEP platform (a) MEP platform setup thermally
bonded, characterization of sorted particles by (b) Zeta Potential, (c, d) FACS analy-
sis on recovered outlets to probe CD9 and CD81 exosomal markers. The significantly
higher level of ζ-potential observed in lower outlet in voltage on condition in com-
parison to almost neutral HPNE exosomes (b) can be attributed to the mix of less
anionic particles such a serum proteins, cfDNA or some exosomes been lysed along
the run with the normal exosome pool. The slight increase in the levels of CD9 (c)
in the lower outlet during voltage on condition determined by FACS could be at-
tributed to the diffusion of some percent of cancer cell derived Panc1 exosomes Data
are represented as Mean±SD. Significant differences were assessed by Student’s t-test
(Unpaired, two-tailed t-test; ∗p = 0.02; ∗∗p = 0.004; ns = not significant.) n = 3
independent runs.
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the volatge off condition no significant difference between the fluorescence intensities

of particles recovered from two outlets was determined, in comparison to the voltage

on condition. Suggesting the enrichment of more anionic particles in the lower outlet

Figure 5.17 (c). Thereby, eliminating the channel resistance bias.
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Figure 5.17 : Swiched electrode configuration to sort high anionic particles.
MEP platform setup thermally bonded with electrode configuation (a), Recovered
outlets were quantified by single-particle flow cytometry for fluorescnce detection (b,
c) A fluorescence shift of 96.26% was quantified suggesting higher anionic particle
enrichment in the lower outlet. Data are represented as Mean±SD for n = 2 runs.
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Chapter 6

Conclusions and future work

Summary of the proposed work mentioned in this thesis are:

Proposed work 1: Establish the existence and molecular cause for negative-

exosomal charge and its positive correlation to tumor cell aggressiveness.

The rationale behind this work: Previously, the primary exosomal markers to detect

tumor-derived exosomes included mainly cancer-specific proteins or RNA(predominantly

miRNA). The detection of these markers requires high-sensitivity detection tools,

such as quantitative proteomics or RNA-seq. In this work, we aimed to quantify

biophysical differences between normal and cancer cell derived exosomes that also

can facilitate for natural fractionation of cancerous exosome pool present in biofluids,

such as a serum. The resulting methodology should be useful for label-free screening

to detect PaCa exosomes with high sensitivity in patient sera.

Summary of Proposed Work 1: Our data point to the changes in exosome charge

with increased PaCa aggressiveness. Our findings suggest that loss of surface pro-

teins on exosomes with proteinase K treatment, validated by flow cytometry, does

not significantly suppress the overall exosome charge. We find indicate a positive cor-

relation between negative charge of exosomes and the incorporation of a negatively

charged phospholipid, Phosphatidylserine (PS) (annexin V positive) on the surface

of exosomes. To access the role of mutant KRASG12D in exosomal negative charge
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and determined that knockdown of mutant KRASG12D significantly decreased the

negative charge on exosomal surface and exosome production. Next, we proved that

the presence of activated KRAS increased the PS content on the surface of exosomes-

extracted from primary Kras On compared to the Off U785 murine PaCa cell lines.

Proposed work 2: To design an on-chip microfluidic electrophoresis device

for charge-based fractionation of exosomes.

The rationale behind this work: Proving the use of label-free exosome fractionation,

in which the biophysical properties of exosomes (e.g., electric charge, size, stiffness)

are exploited for detecting tumorigenic exosomes is crucial. Current exosome selection

carried out based on their immunoaffinity properties results in false-negative/positive

result because markers of interest are not expressed in all histological tumor types.

Summary of Proposed Work 2: We fabricated a microfluidic platform that sepa-

rates cancer derived exosomes from those emitted by normal cells. This device will use

an electric field to sort exosomes based on their surface charge, which we have found

to be a hallmark of cancerous exosomes. We have designed and fabricated a proto-

type on-chip electrophoresis device using silicon microfabrication and soft lithography

techniques and performed initial proof-of-principle experiments. To confirm that can-

cer exosomes experience preferential migration towards positive electrode region, a

bias voltage of 25V was applied, and greater migratory force was incurred on highly

anionic exosomes. By applying 25V bias voltage to mixed populations of neutral and

negatively charged 100-nm particles (silver/gold nanoparticles and DOPC-DOPS li-

posomes), we enriched for negatively charged particles selectively.
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Future work:

Future work 1: Our preliminary data point to the changes in exosome ζ-potential

surface charge with increased PaCa aggressiveness. We propose to expand these re-

sults to provide a solid rationale for the use of exosome charge for PaCa exosome

detection. We will isolate exosomes from the sera of orthotopically implanted hu-

man tumors (Panc1 cells in nude mice) and p48-Cre;R26-rtTa-IRES- EGFP;TetO-

KrasG12D p53L/L (PiKP) PaCa genetically engineered mouse model (GEMM), and

determine its potential distribution. The aggressiveness of the mouse tumors will be

determined by pathology and we will use n=30 (n=15 106 Panc1 cell injected and n =

15 PBS injected) mice to compare the change in the exosome charge distribution. We

will further validate the hypothesis that surface charge changes depending on Kras

status in exosomes extracted from human non-tumorigenic and tumorigenic cell lines

and also validate the presence of Kras nanoclusters in these exosomes by imaging. We

will assess other negatively charged lipids (glycosphingolipids and phosphoinositides),

which could potentially contribute to the overall negative charge.

Potential pitfalls and alternative approaches : The proposed experiments are straight-

forward, and we have experience in using the proposed methodologies. If neither

proteins, nor polysaccharides contribute to exosome charge, we will focus on phos-

pholipids and, if necessary, incorporate HPLC experiments to assess phospholipids

other than PS.

Future work 2: Next experiments will be performed using whole blood from mice

bearing orthotopically implanted PaCa tumors; from the GEMM described in Chap-

ter 3; and de-identified samples from MDACC tissue bank. Exosomes will be iso-
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lated using UC and subsequently fractionated using on-chip exosome microfluidic

electrophoresis (MEP) device. The negatively charged fraction will be collected, and

their origin will be interrogated using PCR and ELISPOT for mutant human Kras

(KrasG12D) and assessed for exosomal PaCa marker Glypican-1. Because exosomes

cumulatively represent the entire genome of the donor cells29 Kras mutations will be

detected using mutation-specific PCR.

Potential pitfalls and alternative approaches : We do not foresee problems regarding

the experimental aspect of this aim as we have the required expertise and access

to state-of-the-art technology. However, it is possible that the throughput can be

limited in case of exosomes derived from biological fluids and may not achieve the

desired particle-level resolution (how sharp the split is) due to narrow range of ζ-

potential differences. To circumvent that problem if it arises, we plan to modify the

dimensions of the chip and automate it – in order to achieve the desired separations.

With simulations we were able to separate particles with narrow mobility range using

a longer separation channel as compared to the current dimensions and achived the

desired separation between peaks. Particle diffusion may be a problem, but we expect

the impact to be minimal.

Perform quantitative analysis of exosome membrane interactions with a

synthetic lipid bilayer and membrane preparations from different cell types-

Proposed work 3 Rationale: Exosomes are known to interact with other cells and

transfer biomolecules, such as proteins and nucleic acids among different cells. Re-

searchers have shown that the lipid composition of the cell membrane plays a vital role

in the message or drug delivery process. Making it essential to understand the role

phospholipids play while the exosomes interact with cells. Therefore, determining and
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quantifying the interaction between exosomes (secreted from normal versus cancerous

samples) and the phospholipid membranes will provide insight about the physiochem-

ical properties and dynamics of interaction between exosomes and cell membranes.

Strategy : We will utilize two approaches: 1) nanomechanical sensing methods, such

as Quartz Crystal Microbalance with Dissipation (QCM-D) which translates the bio-

chemical interactions into electrical signals, thus enabling us to quantify the exosome-

phospholipid interaction. The experiments will utilize liposomes formed with various

phospholipids that are enriched in cell membrane like – Phosphatidylcholine (PC),

Phosphatidylethanolamine (PE), Phosphatidylserine (PS), to mimic the biological

membrane. Those liposomes will form planner bilayer on the silica-coated quartz

sensor. Purified exosomes from healthy and cancerous samples will flow past the

supported membranes, and mass binding between exosomes and lipid bilayers will be

determined. From this mass binding, a binding affinity constant will be derived to

quantify the exosome affinity for a particular composition of the lipid bilayer. Some

of our preliminary results showed that the affinity between exosomes and the cell

membrane is possible due to exosome and phospholipid interactions. We determined

mass adsorbed on the sensor due to exosome-phospholipid interaction increased with

increase in exosome concentration over time. We are further quantifying the interac-

tion of various cancer, and healthy-cell derived exosomes with various phospholipid

bilayers. 2) As molecular interactions are key in cellular signaling, they are often

ruled or rendered by the mobility of the involved molecules. In the second approach,

we are developing tools that will determine such mobility and potentially extract the

interaction dynamics of exosomes with model cell membranes using fluorescence re-

covery after photobleaching (FRAP). In this approach, using a fluidic channel with

a model membrane (Supported Lipid Bilayers (SLBs), we will measure the diffusion
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of lipid in SLB while exosomes interact with SLBs. For the FRAP experiments, a

microfluidic flow cell will be created, and an SLB will be formed by injecting fluores-

cent large unilamellar vesicles (LUVs) made from lipids into the microfluidic channel.

The fluidity and mobility of the lipids with and without the exosomes will be charac-

terized by measuring the fluorescence using confocal microscopy. The high-intensity

laser light source will photo-bleach a spot of 25µm. After photobleaching, the fluo-

rescence intensity of the bleached area will increase with time and will reach a value

comparable to that before bleaching. The lateral diffusion coefficient will be quan-

titatively determined from the rate of fluorescence intensity recovery and using the

diffusivity coefficient equation. The effect of different exosomes interacting with lipid

membrane will be determined by the difference in the lateral diffusion coefficient. Po-

tential pitfall: In this approach, as we are only considering the effect of phospholipid

but compositions of the cell membrane include protein, cholesterol, sterol and more,

are not yet considered, which might also affect the interaction between exosomes and

cell membrane. To overcome the problem, we are adding the significant composition,

such as glycoprotein, cholesterol into our model membrane system. The other way

we are trying is to culture the cells on the sensor directly. From those two possi-

ble solutions, we will get data closer to the real system and better understand the

exosome-phospholipid interaction.
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[123] A. Gámez-Valero, M. Monguió-Tortajada, L. Carreras-Planella, K. Beyer, F. E.
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[143] J. Lötvall, A. F. Hill, F. Hochberg, E. I. Buzás, D. Di Vizio, C. Gardiner, Y. S.

Gho, I. V. Kurochkin, S. Mathivanan, P. Quesenberry, et al., “Minimal experi-

mental requirements for definition of extracellular vesicles and their functions:

a position statement from the international society for extracellular vesicles,”

2014.

[144] M. P. Oksvold, A. Kullmann, L. Forfang, B. Kierulf, M. Li, A. Brech, A. V.

Vlassov, E. B. Smeland, A. Neurauter, and K. W. Pedersen, “Expression of

b-cell surface antigens in subpopulations of exosomes released from b-cell lym-

phoma cells,” Clinical therapeutics, vol. 36, no. 6, pp. 847–862, 2014.

[145] R. Vogel, A. K. Pal, S. Jambhrunkar, P. Patel, S. S. Thakur, E. Reátegui, H. S.
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