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Abstract

Extracellular Vesicles (EVs) are spherical nano-bio-particles that cells continuously se-

crete. The secreted EVs can migrate and be absorbed by other cells, affecting the bio-

chemistry of the recipient cells. Considering the heterogeneously of cells in a tissue, and

the fact that a single cell can secrete EVs with different contents, the population of EVs in

body fluids is highly heterogeneous. This extensive heterogeneity motivates the develop-

ment of technologies that can analyze the contents of single EVs.

This thesis proposes a membrane-interfaced nanofluidic device for confinement and

analysis of a single EVs. The membrane serves as a bonding lid sealing off a nanoslit

with embedded cavity bioreactors. The membrane can be deflected via the application of

pneumatic pressure during an experiment; this reduces the height of the nanoslit, tending

to confine EVs in the bioreactor structures.

The average time required for a confined particle to leave the confinement status de-

pends on the surface charge of the particle as well as the slit height controlled via mem-

brane actuation. Therefore, the surface charge of particles which is related to their surface

chemistry can be estimated by measuring the average time that the particle takes to leave

the confinement status. We isolated and confined EVs secreted from brain-cell lines. We

used the nanofluidic device to measure the EVs’ surface charge. We observed that the

average surface charge of the EVs secreted from a Glioblastoma astrocytoma (U373 a type

of brain cancer) cell line is less than the surface charge secreted from a Normal Human

Astrocytoma (NHA) cell line.
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After confirming the possibility of EVs confinement, we modified the nanofluidic de-

vice to include the possibility of adding detection reagents inside the bioreactors while

the target molecule is fully-confined. We added extra microchannels to load detection

reagents. A set of parallel nanochannels was implemented adjacent to the nanocavities

which were connected to the reagent loading channels outside the membrane area. This

modification lets us bring the detection reagents very close to the nanocavities while the

membrane is fully actuated. By creating a gap of several nanometers slit height using

our flexible membrane, detection reagents that are smaller than the target molecules can

diffuse inside the nanocavities while the target molecules are fully confined. After con-

centrating NAs molecules in the nanocavities array, the confined NAs are amplified using

Loop-mediated isothermal Amplification and Rolling Circle Amplification methods.
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Abrégé

Les vésicules extracellulaires (VE) sont des nano-bio-particules sphériques que les cel-

lules sécrètent en continu. Les VE sécrétés peuvent migrer et être absorbés par d’autres

cellules, affectant la biochimie des cellules réceptrices. Compte tenu de l’hétérogénéité

des cellules dans un tissu et du fait qu’une seule cellule peut sécréter des VE avec des

contenus différents, la population de VE dans les fluides corporels est très hétérogène.

Cette grande hétérogénéité motive le développement de technologies capables d’analyser

le contenu d’un seul VE.

Cette thèse propose un dispositif nanofluidique à interface membranaire pour le con-

finement et l’analyse d’un seul VE. La membrane sert de couvercle de liaison scellant

une nanofente avec des bioréacteurs à cavité intégrés. La membrane peut être déviée

via l’application d’une pression pneumatique au cours d’une expérience ; cela réduit la

hauteur de la nanofente, tendant à confiner les VE dans les structures du bioréacteur.

Le temps moyen nécessaire pour qu’une particule confinée quitte l’état de confine-

ment dépend de la charge de surface de la particule ainsi que de la hauteur de fente

contrôlée via l’actionnement de la membrane. Par conséquent, la charge de surface des

particules qui est liée à leur chimie de surface peut être estimée en mesurant le temps

moyen que la particule met pour quitter l’état de confinement. Nous avons isolé et con-

finé les VEs sécrétés par les lignées de cellules cérébrales. Nous avons utilisé le dispositif

nanofluidique pour mesurer la charge de surface des VE. Nous avons observé que la

charge de surface moyenne des VE sécrétés par une lignée cellulaire d’astrocytome de
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glioblastome (U373 un type de cancer du cerveau) est inférieure à la charge de surface

sécrétée par une lignée cellulaire d’astrocytome humain normal (NHA).

Après avoir confirmé la possibilité d’un confinement des VEs, nous avons modifié le

dispositif nanofluidique pour inclure la possibilité d’ajouter des réactifs de détection à

l’intérieur des bioréacteurs pendant que la molécule cible est entièrement confinée. Nous

avons ajouté des microcanaux supplémentaires pour charger les réactifs de détection.

Un ensemble de nanocanaux parallèles a été mis en œuvre à côté des nano-cavités qui

étaient connectées aux canaux de chargement de réactif à l’extérieur de la zone mem-

branaire. Cette modification permet d’amener les réactifs de détection très près des nano-

cavités alors que la membrane est pleinement actionnée. En créant un espace de plusieurs

nanomètres de hauteur de fente à l’aide de notre membrane flexible, les réactifs de détection

plus petits que les molécules cibles peuvent diffuser à l’intérieur des nano-cavités tandis

que les molécules cibles sont entièrement confinées. Après avoir concentré les molécules

d’AN dans le réseau de nano-cavités, les AN confinés sont amplifiés à l’aide des méthodes

Loop-mediated Isothermal Amplification (LAMP) et Rolling Cricle Amplification (RCA).

iv



Acknowledgements

Ph.D. at McGill University has been an extremely instructive period of my life. I would

like to thank my supervisors, Dr. Sara Mahshid and Dr. Walter Reisner. Dr. Mahshid

with her hard work, enthusiasm for bringing science to technology, and great team man-

agement has promoted me to catch the goals of my Ph.D. project in the most effective and

reliable ways. I want to give my special thanks to my great co-supervisor Dr. Walter Reis-

ner. I found Prof. Reisner as one of the most intelligent and knowledgeable people I have

ever seen. His insightful comments on my project have been very problem-solving, and

without his comments, this fast progress in my project was not possible. I will definitely

be thankful to Dr. Walter Reisner for whole my life. I am happy that I had the chance to be

in touch with Prof. Janusz Rak at the Research Institute of the McGill University Health

Centre, for the biological aspects of my research. Despite he is very busy with many

projects, he passionately and diligently answered my raised questions. And, I am also

grateful to Laura Montermini for her helping and teaching me to prepare the required

biological samples for my experiments. I thank all my doctoral committee members, Dr.

Adam Hendricks, Dr. Milica Popovic, and Dr. Christine Lucas Tardif who spared their

precious time for my dissertation and improved my research with their informative com-

ments.

I am fortunate that I had the chance to work with many intelligent and hard worker

researchers. First, I would like to thank Xavier Capaldi, a member of Dr. Reisner’s group,

who as an artist in nanofabrication, helped me with the fabrication procedure in clean-

room. I would like to thank my labmate, Zezhou Liu, for being supportive and discussing

v



different aspects of our experiments around the clock. I want to give special thanks to my

friend and advisor Seyed Vahid Hamidi, a postdoc student in Dr. Mahshid’s lab, for

his unstinting help in biological experiments. To all my labmates in Dr. Reisner and Dr.

Mahshid’s labs, Lili, Matheus, Roozbeh, Hamed, Arash, Mahsa, Tamer, Sripadh, Carolina,

for providing a friendly and relaxed atmosphere for research.

I thank all staff of LMN at INRS, Nanotools at McGill, LMF at polytechnique de mon-

treal, especially Boris Le Drogoff, Dr. Zhao Lu, and Marie-Hélène Bernier who patiently

trained me to work in the cleanrooms.

vi



Contribution to original

knowledge

The thesis proposes a membrane-interfaced nanofluidic device for the confinement and

analysis of single EVs to address the heterogeneity. The device consists of a membrane

that acts as a sealing lid, enclosing a nanoslit with embedded cavity bioreactors in real-

time. By applying pneumatic pressure, the membrane can be deflected, reducing the

height of the nanoslit and confining EVs within the bioreactor structures.

The nanofluidic device is used to measure surface charge of EVs by evaluating the

time they take to leave the confinement status. By measuring this time, the surface charge,

related to their surface chemistry, can be estimated. The thesis demonstrates the isolation

and confinement of EVs secreted by brain-cell lines and measures their surface charge

using the nanofluidic device. The findings reveal that EVs secreted from a Glioblastoma

astrocytoma (a type of brain cancer) cell line exhibit a lower surface charge compared to

EVs secreted from a Normal Human Astrocytoma (NHA) cell line.

Building upon this, the nanofluidic device is further modified to enable the addition

of detection reagents inside the bioreactors while the target molecule remains fully con-

fined. Additional microchannels are included to load detection reagents, and parallel

nanochannels connected to the reagent loading channels allow close proximity to the

nanocavities within the fully actuated membrane. By creating a narrow gap, smaller

detection reagents can diffuse into the nanocavities while the target molecules remain
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confined. The confined nucleic acid molecules are then amplified using Loop-mediated

isothermal Amplification and Rolling Circle Amplification methods.

In summary, this thesis presents a novel nanofluidic device that utilizes a membrane-

interfaced system to confine and analyze single EVs. It demonstrates the measurement

of EVs’ surface charge and introduces modifications that enable the addition of detection

reagents for further analysis and amplification of confined molecules.
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Chapter 1

Introduction

1.1 Motivation

Motivation for EVs analysis: Cancer is Canada’s leading cause of death (28% of deaths

among all other causes including heart diseases). In Canada, out of every four people, one

dies because of cancer. [211] The cancer mortality rate can be dramatically decreased by

early detection. The current approved methods for cancer detection are based on imaging

methods such as Magnetic Resonance Imaging (MRI) or molecular tests (such as Poly-

merase Chain Reaction (PCR) which is a gold standard method for the detection of can-

cer mutations) on tissue biopsies by a specialist. All these tests are usually performed

when noticeable symptoms are observed by the patient. At this late stage, controlling the

disease is highly challenging. In the United States, 52% of all primary brain tumors corre-

spond to glioblastoma multiforme (GBM): as the most common brain tumors [114]. Based

on a report from 2022 for all cases between 2015-2019, the five-year post-diagnosis sur-

vival rate is still low, despite all the invasive treatments such as surgery combined with

radiation and chemotherapy [162]. The survival rate has not improved since 2005 [159].

Molecular and cellular heterogeneity in GBM is the main reason for the low survival

rate. The tumor heterogeneity arises at two levels:
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1- Inter-tumor heterogeneity refers to heterogeneity arising between different patients

diagnosed with GBM carrying different mutations. For example, a GBM tumor can be

classified based on the existence of isocitrate dehydrogenase (IDH) 1/2 mutations or co-

deletions in chromosomes 1p and 19q into three groups: IDH mutant-1p19q co-deleted,

IDH mutant,1p19q intact, and IDH wild-type gliomas [216]. Also, each group might have

different alternations as well such as EGFR, TERT promoter, PDGFRA, CIC, FUBP1 [133].

2- Intra-tumor heterogeneity refers to heterogeneity in a single tumor. A wide range

of transcriptional programs, cell states (i.e., differentiation or stemness), and proliferation

capacity can be observed by looking at individual cells of a single tumor. The individual

tumor cells compete continuously for nutrients, oxygen, and space in their environment.

Based on the genomics and functionality of cells, the cells undergo some adaptations and

modify their particular microenvironment by creating localized clones to survive; other-

wise, will die or stay quiescent. Therefore, the intra-tumor heterogeneity is genetic (the

genome of cells) and the cells’ environment variations. In the case of glioblastoma, the

genetic mutations can be aneuploidy (variation in the number of chromosomes), gains in

chromosome 7, losses in chromosomes 9, 10, 13, and 22, or a combination of these alter-

ations [103,213]. As well as spatial changes, tumors also experience longitudinal changes.

For low-graded glioma, only 10% of mutations are clonal (subsequently passed down to

all its daughter cells) and 60% of the mutations are subclonal (occurs in only a subset of

cells) [216]. For example, it is confirmed that H3K27M, ATRX, and NF1 mutations are

clonal and TP53, BRAF, PDGFRA mutations are subclonal in pediatric GBM [237]. The

existence of these subclonal mutations confirms the perpetual molecular alteration during

tumor growth.

Furthermore, treatment methods such as chemotherapy or radiotherapy, although

they can eradicate a portion of clones, also give rise to clonal genetic or environmental

changes that promote treatment resistance.. Temozolomide (TMZ) is a type of chemotropy

that is mainly used for GBM treatment [215]. In tumor recurrence after treatment with

TMZ, the number of mutations per megabase can be increased from 0.2-4.5 to 31.9-90.9,
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in which, 97% of these mutations are associated with the TMZ treatment [93]. The mu-

tated clones can grow again and create a resistant tumor and the treatment method is no

longer effective.

Figure 1.1: Tumor Heterogeneity a) Cancer heterogeneity arises at two levels: inter-tumor

heterogeneity and intra-tumor heterogeneity b) The heterogeneity is rooted in genomic or

epigenomic reasons. c) As well as spatial changes, a tumor can be evolved over time.

Single cell/clonal analysis provides detailed information regarding the incredible de-

gree of intra-tumor heterogeneity. This information can then be used to select a combi-

nation of drugs tailored to the specific properties of the given tumor cells/clones. For

example, in one study, single tumor cells were extracted from 12 tumor tissue clones, and

grown to establish single-cell clones. Several genomic profiling methods such as single

nucleotide polymorphism (SNP) arrays, RNA sequencing, and whole genome sequenc-

ing (WGS) were performed on 6 clones from the grown cells [5]. None of the drugs were

individually effective on all clones. For example, when EFGR genome expression was tar-

geted using Afatinib, although most of the clones were suppressed, two of the clones re-
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sisted. However, CDK 4/6 inhibitor (Abemaciclib) and PI3K inhibitor (Buparlisib) could

suppress each of the Afatinib-resisted clones. Therefore, a combination of drugs based

on the specific genomic signature of single tumor cells/clones can provide more effective

treatment. Yet, early detection of cancer due to the limited resolution of tumor imaging

methods (MRI) especially for invasive cancers [84], and real-time monitoring due to the

considerable risk posed by invasive tissue biopsy are almost impossible. Accordingly, an

approach for early cancer detection and real-time monitoring of treatment is needed to be

able to decrease the cancer mortality rate.

Liquid biopsy is a promising potential replacement for surgically based invasive solid

biopsy [132]. Liquid biopsy refers to analysis approaches based on the extraction of bi-

ological fluids including blood (plasma and other cells), urine, saliva, and cerebrospinal

fluid (CSF). Different types of cancer biomarkers can be found including proteins, circu-

lating tumor RNA/DNA (ctRNA/DNA), circulating free tumor cells, and Extracellular

Vesicles (EVs) [128]. Liquid biopsy has two key advantages. Firstly, the biomarkers ex-

tracted via a liquid biopsy can contain information from cells that are not easily accessi-

ble with surgery (e.g., brain tumors). Secondly, body fluids can be extracted with much

less risk in comparison to tissue biopsy avoiding surgical complications such as bleeding

caused by biopsy needles insertion, damage to nearby organs, anesthesia-related risks,

and infection by skin incision [132]. For these reasons, liquid biopsy is a promising ap-

proach for early cancer detection and the monitoring of cancer progression during treat-

ment.

Extracellular Vesicles (EVs) in particular have shown promising results for cancer de-

tection [128]. EVs are mostly compared with ctDNAs as another liquid biopsy biomarker.

• Single EVs carry different types of biomarkers such as proteins, DNA/RNA, lipids,

and metabolites (e.g., carbohydrates) simultaneously [221].

• EVs are generated from living cells, while ctDNAs can be released inside body fluids

after cellular apoptosis [79].
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• EVs preserve their inner contents from degradation using phospholipid calculation.

In contrast, ctDNAs half-life in tissues and body fluids is 15-120 min before being

degraded depending on their size and configuration (ssDNA or dsDNA) [112, 176].

• Cancer cells generate more EVs than healthy cells by increasing growth factors so

that diagnostically relevant EVs originating from cancer cells are present at high

levels relative to background signals from normal cells [55].

• EVs have demonstrated functionality in the formation of premetastatic niches; and

consequently, can likely be used to detect tumors with metastatic potential before

metastasis occurs [250].

Figure 1.2: Extracellular vesicles (EVs) are interesting biomarkers since: 1- EVs preserve

their cargoes from degradation; 2- a large number of EVs can be found in a body fluid;

3- EVs are involved in different physiological activities of cells; 4- a single EV simultane-

ously carry different biomarkers including proteins, nucleic acids, and lipids; 5- EVs are

continuously generated by the different cell types.
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EVs in growing tumor cells play an important role which makes them a promising

cancer biomarker. EVs can regulate immune system functionality by affecting immune

cell chemistry. This modulation can suppress and decrease the number of immune cells

and subsequently affect the maturation of immune cells and how they interact with cir-

culating tumor cells [1, 24, 126, 266]. Also, EVs can regulate the tumor microenvironment

(TME). For example, some studies show that EVs can affect the immune system indirectly

by promoting the generation of Tumor-Associated Macrophages (TAM). Macrophages are

a type of white blood cell that kill microorganisms and regulates the functionality of other

immune cells. TAM cells are produced while a tumor grows and seem to protect the tu-

mor tissue from immune system attack. Recent studies show that tumor-derived EVs

preserve the tumor tissue from immune system attack by TAM polarization [179]. More-

over, EVs can facilitate tumor growth by regulating fibroblast cells. Fibroblast cells gen-

erate a cellular scaffold in the extracellular environment by secreting extracellular matrix

(ECM) components and collagens. EVs lead to the formation of an environment suitable

for tumor-tissue growth by promoting the development of fibroblast cells [65]. Tumors

need more oxygen and nutrition for their fast growth and metastasis, which they obtain

by generating new vessels (angiogenesis). EVs promote the generation of new vessels

by communication with endothelial cells [263]. EVs also can be involved in the many

steps of the complicated metastatic emerging in sites far from the tumor origin. First,

the TAM cells polarized by tumor-derived EVs (TDEs) increase the invasiveness of tu-

mor cells via RNAs (e.g. HIF-1α-stabilizing lncRNA) capsulated in EVs [30]. Also, TDEs

can bind to the ECM and degrade the ECM components including collagens, LNs, and

fibronectin. The degradation of ECM helps to promote proliferation and apoptosis resis-

tance of tumor cells as well as prepare new host locations for the metastatic migration

of cancer cells [189]. Tumor cells, for migration, need to permeate through the vessels

and circulate in the bloodstream. TDEs can destroy tight junction proteins (ZO-1) which

increases blood permeability and promote tumor cell migration by expressing miRNAs
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(miR-105) [273]. EVs also can prepare the host location for migration at distant sites (pre-

metastasis niche) by vascular leakiness, and ECM preparation at the destination [250].

Motivation for single EVs analysis: Given the complexity of this discussion, chapter 2

of this thesis is dedicated to a detailed discussion of the importance of single EVs analysis.

Here, we summarize the key reasons for why single EVs analysis is important.

The main reason a single EV level analysis is needed is that EVs are highly heteroge-

neous. The heterogeneity is rooted in the fact a single cell can generate different types of

EVs based on their functionality and different biogenesis pathways. Also, cells in a tissue

that is in contact with a body fluid are heterogeneous resulting in a high heterogeneity

of EVs in the body fluid. This high degree of heterogeneity creates two main challenges:

1- Although the EVs are abundant in body fluid, the target cancer biomarker might be

scarce; therefore, high sensitivity is required to detect the scarce biomarkers. 2- The target

biomarkers will be hard to detect against the large background signal from other EVs (e.g.

secreted by healthy cells); therefore, high specificity is required to eliminate false results.

Single EV level analysis will provide a better chance of detecting the few EVs that are car-

rying diagnostically significant biomarkers. On the other hand, EV heterogeneity creates

the opportunity to evaluate different cellular activities in tissue from a single body fluid

sample.

A second key motivation for single-level EV assessment is the possibility of multiplex-

ing and observing the correlation between different types of molecular cargo extracted

from single EVs (e.g., proteins, lipids, DNAs/RNAs). A single EV carries different mul-

tiple biomolecules (a detailed discussion is provided in Chapter 2 which discusses the

different molecules that can be found in an EV) and it is hypothesized there is an inter-

dependency between the molecules to confer a specific functionality to a given EV. By

analysis of EVs functionality, EVs’ parental cells could be deduced [33, 105], and conse-

quently reveal interdependencies among differentiation status, local environment, and

phenotype to ensure an accurate assessment of cancer progression [55].
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In Chapter 2 we discuss in detail what are the characteristics of an ideal single EV

analysis approach. In general, an ideal method for EV analysis should have the following

features; it should be able to 1- perform the analysis for a large number of EVs simultane-

ously; 2- be able to access EV molecular cargo; 3- perform multidimensional/multiomic

analysis to detect different cargo molecules from individual EVs. Despite the recent ad-

vances of single EVs analysis methods, there is no ideal diagnostic method enabling quan-

titative multiomic analysis of EVs in a single level with high throughput and functionality

at a low concentration that is easy to operate, simple to construct, portable, and durable.

One of the well-known methods for EVs analysis is called: Single EVs Analysis (SEA)

[117, 209]. In this method, the EVs are immobilized on a surface using a capturing an-

tibody, and then the surface EVs proteins are detected using antibodies conjugated with

fluorescent dyes. The method provides a high chance of multiple detections of single

EVs surface proteins by serial staining and bleaching steps; however, it is limited to the

surface proteins of EVs and is unable to detect the encapsulated molecular cargo due to

the lack of complete isolation (i.e., the encapsulated molecular cargo can be dispersed af-

ter being released in the solution). Some studies have tried to penetrate the detection

molecules inside EVs (e.g., detection antibody, fluorescent dyes) after immobilization

by cell-penetrating peptides (CPP)-Molecular beacons (MB) [43] or fixation cross-links

to preserve the EVs integrity after membrane permeabilization [142]. The efficiency of

CPP penetrating depends on the lipid components of EVs and the attached detection

molecules to the CPP molecule [91]. Also, using fixation cross-links (e.g., formaldehyde)

limits the accessibility of immunodetection molecules inside the EV lumen. These limi-

tations reduce the sensitivity of detecting encapsulated EV cargo. The other well-known

method for single particle detection is the droplet generation method [99, 261]. The EVs

are first captured on the surface of magnetic beads and then partitioned inside droplets

and the target molecules are detected using fluorescent dye. Although, this method com-

pletely isolates EVs from other particles and consequently increases the sensitivity and

specificity of detection using a label-free method, the multiplexing of detection is lim-
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ited to 4-6 fluorophores (i.e., due to the spectral overlap between different fluorophores),

and also it is not possible to have washing and changing reagents while the particles are

confined. Another method for single particle detection is based on flow cytometry [120].

Different modifications have been applied to the traditional flow cytometry method to

increase the sensitivity of detection to small particles such as EVs [149]. The method pro-

vides a single and high throughput analysis of EVs; nevertheless, the detection will be

only limited to 4-6 biomarkers for individual EVs and only limited multiplexing is possi-

ble. Other methods for single EV analysis and detection include surface-enhanced Raman

spectroscopy [116], Electrochemistry [89], and mechanical properties measurement [239]

discussed in chapter 2.

1.2 Thesis objectives

Here, we develop a nanofluidic system for the isolation and analysis of single EVs. The

system utilizes a flexible nanoscale membrane that can be actuated from above via pneu-

matic pressure to implement tunable nanoconfinement. By applying pressure, the mem-

brane is deformed, decreasing the height of the nanoslit and increasing the degree of

confinement the EVs experience. Upon significant membrane deflection, EVs in the slit

are forced into nanocavity bioreactors embedded in the nanoslit; the reactors can be com-

pletely closed off, or a small slit left so that the EVs can escape with a probability depen-

dent on their surface charge.

The first objective: is to examine the confinement of EVs in nanocavities by adjust-

ing the membrane height. The performance of the nanocavity-coupled membrane can

be measured via quantitative analysis of EVs using fluorescent microscopy. We examine

the capability of the device for the confinement of EVs and the parameters which affect

the confinement. The confinement will be dependent on the geometry of the nanofluidic

device including the height of the channel which can be adjusted in real-time by control-

ling the flexible membrane deflection as well as the size of cavities and their depth. The
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correlation between the applied pneumatic pressure and the nanofluidic channel height

is measured. The level of confinement as well as the geometry of the nanofluidic device.

The EVs surface charge is correlated to surface-associated molecules (e.g. proteins [235],

glycans [248] and cholesterol [171]) that are incorporated during the biogenesis of EVs. By

measuring the escape time for a single particle at different channel heights using real-time

control over the membrane deflection, the surface charge of particles can be estimated ac-

cording to Kramer’s theory. The confinement of EVs secreted from two brain cell lines:

1- glioblastoma astrocytoma (U373) and normal human astrocytoma (NHA) is examined

using the nanofluidic device. The size and surface charge distribution of EVs from these

cell lines is measured and compared.

The second objective: is to examine the capability of the nanofluidic device for adding

detection reagent to the nano-bioreactors while the target molecule is fully confined (the

target particle stays in a cavity for long hours). The target molecules in this objective are

DNA molecules with the future objective being EVs-based mRNA analysis. The aim is to

keep the target molecule fully confined while still there is a tiny opening (several nanome-

ters) where the small molecules including fluorescent dyes, polymerases, and primers can

be loaded inside the nanocavities. First, the capability of the device to concentrate the tar-

get molecules inside the cavities is examined. Then, we modify the nanofluidic device to

be able to load detection reagents from a separate channel from the target loading channel

to remove the cross-contamination. Also, a set of nanochannels are implemented to bring

detection reagents very close to the nano-bioreactors. DNA molecules are confined in the

nanocavities to develop an on-chip amplification of DNA inside the nanocavities. DNA

amplification inside the cavities provides a better target DNA detection using a fluores-

cent signal as well as increasing the specificity. Loop-mediated Isothermal Amplification

(LAMP) and Rolling Circle Amplification (RCA) are primary options for DNA amplifica-

tion. These methods can be used to amplify a target DNA at a constant temperature by

using extra primers. Different parameters are optimized to achieve the best performance.

These include: (I) the temperature, which should be uniformly set over the device and
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kept in a steady-state condition; (II) the concentration of each amplification component,

which should be adjusted according to the device to have the optimized amplification

rate, namely, the master mix, primers, and fluorescent dye, which will be defined as re-

lated to the DNA concentration; (III) the transformation rate of the amplification compo-

nents to the nanocavities and the membrane height, which should be adjusted to keep

DNAs confined inside the nanocavities while amplification occurs.
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Figure 1.3: EVs are interesting in cancer detection studies since: 1) EVs influence the im-

mune system responsible directly or by modulating fibroblast cells or tumor-associated

macrophages (TAM); 2) EVs participate in angiogensis to provide more nutrition for tu-

mors; 3- EVs promotes metastasis by extracellular matrix degradation, increasing vascu-

lar permeability, creating premetastatic niches, or activating macrophages RNA.
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Connection between Chapter 1

and 2

Many studies have been conducted to exploit the capability of EVs for different purposes

including understanding the biogenesis of EVs, drug delivery, and detection of diseases

such as cancer. The field of EVs analysis is a broad topic and researchers are conducting

different studies in various directions. This chapter of the thesis is dedicated to disen-

tangling the current studies in this field. First, a short introduction is provided about the

structural biology of EVs. Then a general discussion of subgroups of EV analysis is pro-

vided. Next, the importance of multidimensional single-level analysis of EVs is discussed.

Before reviewing the most well-known examples of single EVs analysis, we outline the

characteristics of an optimum single EV analysis approach. Finally, we discuss the cur-

rent methods proposed for single EV analysis including their development history and

outcomes are detailed. Our objective is to understand the limitations and strengths of

each approach.
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Chapter 2

Single Extracellular Vesicles

2.1 Extracellular Vesicles

Extracellular Vesicles (EVs) are nanoscale-size particles that cells continuously secrete.

EVs have a phospholipid layer that carries diverse biological contents including proteins,

nucleic acids, and N-glycoproteins [235]. EVs have been found in almost all body flu-

ids including blood, plasma, cerebrospinal fluid (CSF) urine, and saliva [177]. The re-

ported concentration of EVs in a plasma blood sample, in 37 studies, varies in the range

of 106 – 1013/ml based on the isolation techniques used (size exclusion chromatography,

polyethylene glycol-based precipitation, ultracentrifugation, density gradient ultracen-

trifugation) and quantification methods (nanoparticle tracking analysis, tunable resistive

pulse sensing, flow cytometry, and acetylcholine esterase activity) [92]. EVs play key

roles in maintaining physiological balance and homeostasis. For example, EVs are used

to send signals from injured cells to stem cells. In turn, stem cells send required RNAs and

proteins via EVs to repair the injured tissue and maintain the tissue homeostasis [180].

Types: Extracellular Vesicles have been categorized into two main types: exosomes

and microvesicles (MVs). This nomenclature is based on the formation and biogenesis

of the particles. Exosomes originate in the endosomal pathway as intraluminal vesicles

(ILVs) inside multivesicular bodies (MVB); the ILVs become exosomes when they are se-
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creted outside the cell during exocytosis. The size range of exosomes is 30 – 150 nm. In

bulk exosome samples, the particles with the very lowest size (≈ 35) nm do not have

lipid structure and are termed ‘exosmeres’ [265]. On the other hand, microvesicles with

a size range of 50 – 1000 nm are formed and secreted by direct budding from the plasma

membrane. Due to the distinct biogenesis and formation pathway of these particles, it is

expected that each of the groups contains different cargoes. The International Society for

Extracellular Vesicles (ISEV) recommends that researchers use small EVs (sEVs) and large

EVs (lEVs) instead of directly referring to exosomes or microvesicles [249], respectively, if

EVs are separated based on their size. This recommendation arises from several factors:

1- the current knowledge and available technologies are not strong enough to completely

distinguish the particles based on their contents; 2- considerable overlap in the contents

carried by exosomes and MVs; 3- some EVs partially follow both MVs and exosomes

biogenesis [151].

Importance: EVs have received considerable attention due to their potential as a

promising noninvasive biomarker for different pathogens. Due to the presence of EVs

in the mentioned body fluids, they are a convenient target for liquid biopsy. EVs have a

significant role in different diseases including cardiovascular [45,122], neurodegenerative

diseases [122, 225], and cancer [10, 256]. Also, EVs have been used for drug delivery pur-

poses. Vesicles, including liposomes, have been used for years to control the dose of drugs

and target specific sites in the body [228]. EVs have specific advantages for drug delivery

purposes including the ability to fuse to specific cells, carry bio-contents possess, lower

toxicity, and most importantly have higher stability due to the non-immunogenic nature

of EVs [68]. EVs have been used for the preparation of vaccines for different diseases in-

cluding SARS coronavirus [111], human papillomavirus (HPV) [44] and especially cancer

therapy [241]. Furthermore, mesenchymal stem cells (MSC)-derived EVs have been used

for therapy of several different diseases, including kidney injury, cardiac injury, and brain

injury [96].
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2.2 Molecular Cargo of EVs

The molecular cargo of EVs can be categorized into four main components: 1- DNAs/RNAs

2- Lipids 3-Proteins 4- Metabolites. Some of these components are involved during bio-

genesis, but most of them are just encapsulated during EV formation.

DNAs/RNAs: EVs carry DNAs and RNAs. Extensive studies have been conducted

to profile EVs RNAs. Different types of RNAs can be carried by EVs including messen-

ger RNA (mRNA), microRNA (miRNA), long non-coding RNA (lncRNA), transfer RNA

(tRNA), small nucleolar RNA (snoRNA), small nuclear RNA (snRNA), vault RNA (Y-

RNA), piwi-interacting RNA (piRNA), mitochondrial RNA (mtRN), and circular RNA

(circRNA). Most abundant EVs RNA have 200 nucleotides [164]. Many miRNA and

mRNA cancer biomarkers have been found in EVs (Table.1). Some miRNAs can be found

in different cancer cell types. DNAs can be also found inside EVs including double-

stranded DNA (dsDNA), single-stranded DNA (ssDNA), circular DNA (cDNA), and mi-

tochondrial DNA (mtDNA). 30-80% of EVs are carrying DNA. The DNAs can be simply

attached to the membrane of EVs or capsulated inside the lumen area of EVs. The mem-

brane DNAs are mostly found on sEVs and the lumen DNAs are found in lEVs. The

size of EV-encapsulated DNAs can range from 100 to 10kb. EV encapsulated DNA can

be transferred to the recipient cells’ nucleus and passed to at least three daughter cell

generations. Cancer-specific mutations have been found for different cancers including

colorectal cancer [104], acute myeloid leukemia [102].

Proteins: Some EV encapsulated proteins are positioned in the EV plasma mem-

brane and are called membrane protein. These include tetraspanins (e.g., CD63, CD9,

and CD81), major histocompatibility complex (MHC) molecules, integrins, ligands (e.g.,

Hedgehog (Hh), programmed death-ligand 1(PD-L1)), receptors (e.g., epidermal growth

factor receptor (EGFR), platelet-derived growth factor receptor (PDGFR)), and flotillins.

The membrane proteins are used as immunoaffinity-base capturing molecules or disease

biomarkers. CD9/CD63/CD 81 are the most enriched membrane proteins in EVs secreted
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Table 2.1: EVs microRNAs and messenger RNAs

microRNA
miRNA Cancer type reference miRNA Cancer type reference
miR-10b Breast Cancer [13] miR-200b Breast cancer [14]

miR-17-5p Lung Cancer [15] miR-200c Breast cancer [14]

miR-21

Breast Cancer [16, 17] miR-204-5p Translocation Renal
Cell Carcinoma [18]

Hepatocellular
Carcinoma [19] miR-205 Oral Squamous

Cell Carcinoma [20]

Lung Cancer [21] miR-210 Breast Cancer [13]
Pancreatic
Neoplasm [22] Glioma [23]

Glioma [24] miR-221 Breast Cancer [13]
miR-23b Gastric Cancer [25] miR-222 Glioma [24]

miR-27a Breast Cancer [16, 17] miR-223-3p Ductal Carcinoma in
situ breast cancer [26]

Colorectal Cancer [27] miR-375 Breast Cancer [13, 16, 17]
miR-30d-5p Cervical Cancer [28] miR-451a Pancreatic Cancer [22]

miR-31 Oral Squamous
Cell Carcinoma [20] miR-1246 Aggressive

Prostate Cancer [29]

miR-122 Hepatocellular
Carcinoma [19] miR-6807-5p Gastric Cancer [30]

miR-124-3p Glioma [24] miR-6856-5p Gastric Cancer [30]
miR-130a Colorectal Cancer [27] miR-7641 Colorectal Cancer [31]

miR-145 Ovarian Cancer [32] miRNA let-7a Oral Squamous
Cell Carcinoma [20]

miR-191 Pancreatic Cancer [22] miRNA
let-7d-3p

Cervical
Cancer [28]miR-200a Breast cancer [14]

massanger RNA
mRNA Cancer type reference mRNA Cancer type reference
EPHA2

Glioblastoma [33]

FGG
Hepatocellular
Carcinoma [34]EGFR AHSG

PDPN RBP4
MGMT TF
APNG TTF-1 Lung

Cancer [35]AFP

Hepatocellular
Carcinoma [34]

SLC9A3-AS1
GPC3 PCAT6
ALB CK18

Pancreatic
Cancer [36]APOH CK63

FAPB1 Erbb3
FGB KRAS
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from many cells; therefore, they have been used in many studies for capturing EVs on a

substrate. The level of enrichment might vary in different cell types. For example, in

breast cancer cell lines, CD63 and CD81 are the most enriched protein and CD9 is not

detected; however, CD9 is the most enriched protein in epithelial adenocarcinoma cell

lines and pancreatic carcinoma cell lines. Proteins, known as lumen proteins, can also be

encapsulated inside EVs including tumor susceptibility gene 101 (TSG101), ALG-2 inter-

acting protein X (ALIX), heat shock proteins (HSPs), syntenin, and RNA binding protein

(RAB) GTPases [221].

Lipids: EV encapsulated lipids include glycerolipids (e.g., diglycerides (DG)), phos-

pholipids (e.g., phosphatidylserine(PS), phosphatidylcholine(PC), and phosphatidylinos-

itol(PI)) [134], sphingolipids (sphingomyelin (SM), ceramide (Cer)) [71, 229], and sterols

(e.g., cholesterol) [171]. Also, EVs can carry bioactive lipids (i.e., the lipids which are in-

volved in signaling pathways) such as eicosanoids (e.g., leukotrienes and prostaglandins)

[173]. Studies on EV lipid composition are more limited in comparison to the studies con-

ducted on EV encapsulated DNA/RNA or proteins. The enrichment level of some lipids

is different in EVs and their parental cells. For example, PS, PC, PI, SM, and cholesterol

can be four times richer in EVs than in their parental cells [70]. The enrichment level

of lipids might be correlated to cancer progression. For example, the level of free fatty

acids (such as arachidonic acid (AA), linoleic acid (LA), and 15-hydroxyeicosatetraenoic

acid (15-HETE)) is higher in lung adenocarcinoma patients [129]. Also, several function-

alities are possessed by lipids found in cancer-associated EVs. For example, the fatty

acids carried by EVs including palmitic and oleic are involving EVs membrane biogene-

sis [192]. Different level of lipid enrichment is found in different types of EVs. In lEVs,

the sphingolipids and glycerophospholipids are enriched; while, in sEVs, fatty acids and

glycolipids are enriched [134].

Metabolites: EV encapsulated metabolites include amino acids, carbohydrates, car-

bonic acids and adenosine. Amino acids include proteinogenic and non-proteinogenic

forms. Non-proteinogenic amino acids such as ornithine and aminoadipic acid partici-
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pate in different carcinogenesis pathways. Encapsulated carbohydrates include D-ribose

5-phosphate (DR5P). DR5P is a product of the cytosolic pentose-phosphate pathway and

plays an important role in determining cancer growth rate. Carbonic acids include lactic

acid. Cancer cells employ the strategy of lowering extracellular PH via secreting tumor-

derived EVs that contain encapsulated lactic acid to evade immune surveillance. Adeno-

sine is involved in mainly in energy metabolism and cell signaling. The lifetime of adeno-

sine is very low (10s) outside of the cells and EVs encapsulation provides protection from

degradation.

Figure 2.1: Molecular cargo encapsulated inside EVs.

2.3 EVs Biogenesis

Here, we will discuss the biogenesis of two common EVs: exosomes and microvesicles.

Each of the subgroups can be generated following several pathways, Ongoing studies
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continuously suggest new pathways and small changes in the pathways that each sub-

group might follow during formation.

Exosomes biogenesis: There are three main steps in exosome biogenesis:

1. Endocytosis: By invagination of the plasma membrane, an initial vesicle (called en-

dosome) is formed inside the parental cell. In some cases, the endosomes can be

formed by budding from the trans-Golgi network (TGN).

2. Multivesicular body (MVB) formation: In mature endosomes, several small intra-

luminal vesicles (ILVs) are formed inside the endosomes by invagination of endo-

somes membrane inside their lumen. The formed endosomes are called the multi-

vesicular body or MVB.

3. Exosome release: the MVBs fuse with the plasma membrane of the parental cell

and release the ILVs into the extracellular milieu which then become exosomes. The

MVBs can also be degraded by fusing with either lysosomes or autophagosomes.

The MVB can be formed using different pathways. The pathways are classified based

on whether ”endosome sorting complexes required for transport” (ESCRT) machinery

is used. In particular, there are canonical ESCRT-dependent pathways, noncanonical

ESCRT-dependent pathways and ESCRT-independent pathways.

1. Canonical ESCRT-dependent (sorting complexes required for transport) pathway: This

pathway has four main steps: Step 1-Attachment of ESCRT-0: ESCRT-0 is acquired

by attaching to phosphatidylinositol-3- phosphate (PtdIns3P- a lipid in endosomal

membranes) from its HRS subunit. Step 2-Attachment of ESCRT-I: ESCRT-I is ac-

quired by attaching to HRS from TSG101 subunit of ESCRT-1. If the ESCRT-0 does

not interact with HRS, the HRS cannot interact with the TSG101 subunit of ESCRT-

1. Step 3-Attachment of ESCRT-II: ESCRT-II is acquired by directing the interaction

of ESCRT-II with ESCRT-I. ESCRT-I and ESCRT-II are believed to play a role in the

invagination of endosomal membranes. Step 4-Attachment of ESCRT-III: ESCRT-III
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is acquired by binding the CHMP6 subunit of ESCRT-III to the EAP20 subunit of

ESCRT-II. It is hypothesized that the ESCRT-III plays a role in ILV scission into the

MVB lumen. The scission procedure is carried out using VPS4 protein.

2. Non-canonical ESCRT-dependent: Four different pathways have been proposed for

mammalian cells. In these pathways, the ESCRT-III engagement for ILV scission is

required. For example, in the syndecan-syntenin- ALIX pathway (one of the non-

canonical ESCRT-dependent pathways), first, Syntenin is acquired by interacting

with Syndecan (an endosomal transmembrane protein), then, AlIX is acquired by

interacting with captured Syntenin, and finally, the ESCRT-III is acquired by direct

interacting with ALIX. In fact, the existence of ALIX bypasses the requirement of

other ESCRT components (ESCRT-0, ESCRT-I, ESCRT-II). The pathway axis is mod-

ulated with heparinase, phospholipase D2 (PLD2), and cytosolic tyrosine kinase

(SRC). In other non-canonical ESCRT-dependent pathways, the ALIX can directly

interact with endosomal components such as protease-activated receptor 1 (PAR1)

or lysobisphosphatidic acid (LBPA).

3. ESCRT-independent pathways: ESCRT complexes inhabitation does not block the

MVB formation; therefore, MVB must be formed with some ESCT-independent

pathways as well. One proposed ESCRT-independent pathway is a ceramide-base

invagination of endosomes membrane by transformation of sphingomyelin (a type

of sphingolipid on endosomes membrane) to ceramide by neutral sphingomyeli-

nase 2 (nSMase 2). Also, the MVB can be formed by the direct influence of tetraspanins

CD63 protein (an endosome surface protein) without the requirement of ESCRT

complex or ceramide.

Microvesicles biogenesis: The biogenesis of microvesicles is less well characterized.

The mechanism of microvesicles formation should be similar to the mechanism used for

ILVs formation inside MVBs. Therefore, one proposed biogenesis pathway for microvesi-

cles is based on ESCRT machinery. Also, some modifications might be specifically used

24



for microvesicle formation. For example, the TSG101 and VPS4 subunits can be recruited

by adaptor protein arrestin domain-containing protein 1 (ARRDC1). Furthermore, mi-

crovesicles might be formed by the activation of small GTPase proteins such as ADP-

ribosylation factors 1 and 6 (ARF1 and ARF6) and Ras homolog family member A (RhoA).

Again, similar to the IVLs formation, the ceramide generation with acid sphingomyeli-

nase (A-SMase) activation can trigger microvesicles release.

Figure 2.2: a) EVs biogenesis. EVs can be formed through Intra-Luminal Vesicles (ILVs)

pathway which has three main steps: Step 1- Endocytosis; Step 2- MVB formation; Step 3-

EVs release. EVs can be also formed through direct budding out from cells plasma mem-

brane. b) (ESCRT) machinery is one of the main pathways for MBVs formation which has

four main steps. In each step, one of the ESCRT components including ESCRT-0, ESCRT-I,

ESCRT-II, and ESCRT-III attaches to the ESCRT complex.
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2.4 General definitions for EVs analysis

EVs analysis studies can be divided into three main categories: 1- understanding EV biol-

ogy; for example, which molecular factors make the cells generate more EVs, what factors

affect cargo sorting into EVs, or how EVs are targeted to a specific recipient cell (e.g., how

some EVs secreted by cancer cells are uptaken by T-cells) [22, 234, 235] 2- using EVs as

drug-delivery systems [41, 50, 76]; 3- and using EVs for disease detection biomarker and

technologies for using EVs as a disease biomarkers. New findings on EV biology or in-

sights regarding EVs chemistry can help researchers to develop novel technologies for

EV detection. Here, we focus on the technologies that have been proposed to detect EVs

biomarkers. For EVs detection, researchers have two main aims: 1- isolation and pu-

rification of EVs from body fluids; 2- developing new methods and approaches for EVs

analysis to increase the detection sensitivity and specificity. Sensitivity refers to a tech-

nology’s capacity to detect the portion of EVs that carry target biomarkers (true positive)

among all EVs in the sample that carry the target biomarkers. In other words, a highly

sensitive technology has low false negatives (the EVs that carry the target biomarkers but

are not detected). On the other hand, specificity refers to a technology’s capacity to de-

tect the portion of EVs that do not carry the target biomarkers among all EVs that do not

carry the target biomarkers in a sample. In fact, a technology with high specificity has

low false positives; in other words, the technology rarely detects EVs as a carrier of target

biomarkers that they are not carrying.

Ultracentrifugation (UC) [157], chromatography (SEC) [7], ultrafiltration, and microfluidic-

based methods (e.g., acoustic modulation [118], nano deterministic lateral displacement

(nano-DLD) [206], and asymmetric field flow fractionation (a [204]) are well-known meth-

ods for EVs isolation from other biomolecules (e.g., proteins, ctDNA, cells). Two main

features are desired for an optimum EV isolation procedure: 1- High final solution purity

(low contamination) and 2- achieving the maximum number of extracted EVs with mini-

mum EV loss (high yield). Among the aforementioned methods, UC is viewd as the gold
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standard method for EVs isolation [4]. The sample is spun at high speeds (≈ 100, 000g ) to

separate EVs from other particles in the sample based on their density. However, recent

studies show that the UC yield is low in comparison to other methods and also can dam-

age the EVs structure [113, 271]. The next most utilized method for EV analysis is SEC.

In this method, the particles are separated based on their size. A sample of body fluid is

loaded in a column filled with porous gel beads so that small particles such as protein can

be absorbed inside. The absorption restricts the movement of the small particles; how-

ever, larger particles (EVs) can move between the beads and can exit the column faster.

Commercial SEC columns are provided by IZON company (qEV columns). With this 80%

of EVs can be isolated with less than 0.5% of dilution of proteins’ initial concentration.

Detection technologies for EVs can be classified into two categories: diagnostic and

distinguishing. Diagnostic methods enable us to accurately identify the type of molecules

that EVs contain. On the other hand, distinguishing methods allow us to differentiate

between samples by utilizing a unique characteristic or signature of the sample (such as

EV size, surface charge, Raman spectra, and stiffness) as a type of fingerprint. While

distinguishing methods may be useful for differentiating between samples, they cannot

provide a definitive diagnosis of a specific disease. Consequently, many researchers are

focusing on diagnostic-based methods that use molecular detection, such as polymerase

chain reaction (PCR), hybridization, or next-generation sequencing. [20]).
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Figure 2.3: EV isolation methods. Three main standard methods exist including a) Un-

teracentrifugation, b) size exclusion chromatography, and c) ultrafiltration. Also, some

microfluidic-base methods are
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Figure 2.4: EV focused studies: the EVs studies methods can be divided into a) Studies of

fundamental EV biology b) developing new detection technologies and c) harnessing EVs

for drug delivery. The detection technologies can be sub-categorized into d) Isolation and

e) developing new technologies. The new technologies proposed for EVs can be divided

into two main categories: g) fingerprint methods based on different properties such as

stiffness, Raman spectra, and surface charge, and h) molecular detection methods such as

antibody-based protein identification, and RNA sequencing.
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2.5 Why there is a need for high throughput multi-dimensional

analysis of single EVs

EV heterogeneity is the principal reason why single EV technologies are needed. The

heterogeneity is rooted in different sources and each of these brings different challenges

for EV-base disease detection.

Sources of EVs heterogeneity:

1. In addition to the exosomes and microvesicles (MV), other types of EVs can be

formed in body fluid samples including apoptotic bodies (ABs), and viruses.

2. EVs can carry different surface proteins based on their size. The proteomic analysis

of exosomes in different size ranges (i.e., 60 – 80 nm small-Exo and 90 – 120 nm

large-Exo) show different surface protein enrichment indicating that they originate

from different pathways [265].

3. Each of the sub-categories of EVs (exosomes, MVs, ABs) might be formed by dif-

ferent pathways. For example, as mentioned in the section for EVs biogenesis, the

endosomal sorting complex required for transport (ESCRT) is one of the main path-

ways for protein sorting and intraluminal vesicles (ILV) formation [175]. A study

showed that 20% of EVs have CD63 and MHC II surface proteins secreted by ES-

CRT machinery [36]. Also, exosome biogenesis can be ESCRT-independent via a

ceramide-dependent pathway which allows membrane subdomain formation [229]

or by tetraspanins proteins [275].

4. The size of MVs (which are directly released by blebbing from the plasma mem-

brane) is reported to be in the range of 50 nm to 1μm. Similar to exosomes, the bio-

genesis and release of MVs are complex and different pathways may be used for the

formation of MVs. One possible formation mechanism is that an increase of cytoso-

lic Ca2+ concentration near cells’ plasma membrane leads to altering the flippase,
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translocase, and scramblase and consequently lipid bilayer distribution and mem-

brane blebbing [82]. Activation of P2X receptors can also cause plasma membrane

blebbing. By suppressing the P2X receptors the number of EVs is decreased [224].

Some EVs are formed by combing machinery specific to different subgroups.

Cancer can be detected via single EVs analysis if the analysis is performed at a high

throughput and in a multidimensional fashion. A single EV contains a signature of its

parental cells by carrying specific biomolecules. For example, EVs secreted from cancer-

cell might carry TGF-β to modulate the immune system. However, other cells can also

generate EVs with TGF-β to modulate the immune system (such as stromal cells). Fur-

thermore, the TGF-β can be involved in several other processes including cell growth

or differentiation. Therefore, the analysis of one single biomarker of a single EV would

not bring enough information for reliable cancer detection. The detection of different

biomarkers from a large number of individually analyzed EVs is required. Both high-

throughput and multi-dimensional analysis of single EVs is required to overcome the

challenge of EV heterogeneity.

Multiplexing: Multiplexed analysis of individual EVs addresses some of the chal-

lenges arising from EVs heterogeneity. Multiplexing can be referred to as multidimen-

sional analysis (several proteins or several nucleic acids for a single sample) or multi-omic

analysis(e.g., proteomic, genomic, lipidomic and etc). Single EVs analysis may make it

feasible to quantify multiple properties extracted from a single EV simultaneously, in-

stead of obtaining the mean value of each property from an ensemble of EVs. By averag-

ing from an ensemble of EVs, the correlation between the biomarkers (for example a set of

proteins in specific signalling such as glycolysis signalling or IL-2/Stat5 signalling) will be

lost. Also, a biomarker (e.g., proteins or nucleic acids) can be carried by EVs secreted from

different originating cells or formed via different pathways, and consequently, the single

biomarker might not be strong evidence of the EV’s origin. However, a cohesive set of

properties including size, surface charge, the specific profile of proteins, N-glycosylation,

lipid, and nucleic acids might provide a clear guess about the EVs origin. For exam-
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ple, proteomic profiling indicates for five different cancer cell lines that exosomes in the

range of 60 – 80 nm (sExo) are mainly enriched with endosomes complexes, and multi-

vesicular bodies associated proteins (e.g., VPS28, TSG101) [235]. However, exosomes in

the range size of 90 – 120 nm (lExo) are enriched with IL-2/STAT5 signalling pathway-

associated proteins (e.g., ANXA4, or MYO1C). Therefore, there is a correlation between

size and protein enrichment. Each of the proteins might be in both size ranges (but with

different levels of enrichment) or participate in different functions; however, analysis of

several proteins and combining the proteomic analysis with the size measurement might

converge to understanding the functionality of a single EV.

Tumour-derived EVs are critical players in the different processes involved in can-

cer proliferation, including angiogenesis, and metastasis. Consequently, EVs secreted

by tumor cells carry specialized molecular cargo designed to facilitate these processes.

For example, 896 different proteins have been found in EVs samples from five different

glioblastoma cell lines, in which, 133 of the proteins were found in all of the cell lines.

Each of the proteins plays different roles including but not limited to cellular process,

biological regulation and metabolic process [154]. For example, Annexin A2 (ANXA2) is

a calcium-dependent protein involved in different functions such as invasion, metasta-

sis, angiogenesis, proliferation, inflammation, and host defence [39, 264]. Or, CD44 is a

found GBMs derived EVs protein that interacts with hyaluronic acid and other ligands

(such as osteopontin, and collagens) and plays a role in malignant processes including

cell motility, tumor growth, and angiogenesis [172]. Tenascin-C (TENA) is another pro-

tein of GBM-derived EVs that functions in cell migration, inhibits focal contact formation,

and promotes angiogenesis [119]. Furthermore, EGFRvIII is involved in GBM processes

such as cell invasion, angiogenesis and modulation of the tumor microenvironment [32].

It is expected that the coexistence of these biomarkers with other proteins converges the

EV functionality to one of certain roles. Therefore, by multiplexing the detection, we

might be able to decipher the co-existence of the proteins for each single EVs and finally

understand cancer cells’ different activities.
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The multidimensional analysis can be expanded to multiomic analysis (genomics or

lipidomics as well as proteomics). It is hypothesized that there should be a correlation

between the proteins and the lipid and nucleic acids that a single EV carries and the

coexistence of the biomolecules defines the determined EVs fate. For example, ALIX

or PDCD6IP (programmed cell death 6-interacting protein) inhibits the Ca2-dependent

program apoptosis of cancer cells [28]. In parallel, miR-21 (microRNA) can suppress cell

apoptosis [54]. Also, the existence of some proteins influences the loading of miRNAs.

For example, ALIX protein increases the packing and enrichment of miRNAs such as

miR-21 [83].

Furthermore, a single biomarker may not provide sufficient diagnostic information.

For example, KRAS mutation is reported in ovarian cancer [8,212], colorectal cancer [207],

endometrial cancer [202], pancreatic cancer [18, 19, 51, 244], and lung cancer [182, 246]. By

multiplexing and simultaneous detection of other biomolecules (such as proteins), the

diagnostic information might converge to a specific disease. For example, the enrichment

of EVs ADAM8 protein has been proposed for pancreatic cancer detection. Therefore, the

coexistence of ADAM8 protein and KRAS mRNA in EVs might converge in the detection

of pancreatic cancer.

High throughput: High throughput analysis of EVs using single EV methods ad-

dresses other challenges raised by EVs heterogeneity. High throughput analysis is re-

quired to obtain sensitive detection for three main reasons: 1- The bio-contents of EVs

vary from one EV to another (each EV carry specific proteins, RNAs, and lipids, based

on their functionality) [16] 2- Given the small size of EVs, the number of biomarkers

carried by EVs are limited; therefore, high sensitivity is required to avoid missing the

scarce markers. [56] 3- The normal cells are generating EVs as well as tumour-derived

EVs; therefore, tumour-derived EVs are diluted in a body fluid relative to healthy cells-

derived EVs.
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Also, it should be mentioned that even low concentrations of cancer biomarkers can be

also found in healthy samples. As a result, simultaneous analysis of many EVs is required

for accurate and specific diagnosis and prognosis [260].

One of the most critical challenges in EV studies is that the ratio of cancerous EVs to

the total number of vesicles in a sample is not yet well known [81]. One of the possible so-

lutions for this issue is to quantify the mutated RNA or DNA encapsulated inside the EVs;

however, this quantification is impossible unless quantitative analysis can be performed

on a large number of EVs. [256].
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Figure 2.5: Single EV analysis enhances the potential use of EV-derived biomarkers for

cancer diagnosis and monitoring. These capabilities can be obtained by high-throughput

and multiplexed detection.
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Figure 2.6: An ideal single EV analysis approach should be able to confine and isolate

individual EVs, detect EVs molecular cargo, perform high-throughout analysis, perform

multi-omic analysis, detect EVs and EV encapsulated biomarkers with high sensitivity

and specificity, and work with a low amount of sample. Also, industrial scalability, auto-

matic operation with minimum labor input and reasonable cost are desirable.

2.6 Characteristics of ideal single EV analysis approach

Single EVs confinement and isolation: Single EVs have been analyzed in confined and

non-confined status. For example, in the flow cytometry method [198], the EV cargo is
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targeted, and labeled fluorescently. The labeled EVs are passed through a laser beam and

the emitted light is detected by a fluorescent detection camera. Although these methods

provide fast and minimum background noise (as discussed ”current single EVs analysis

methods” section) from other particles, the analyzed EVs cannot be tracked after analysis

since they are not confined and analysis of each EV will be limited to 4-6 biomolecules due

to fluorescent spectra overlap existing for available fluorescent dyes. Therefore, analysis

approaches that require multi-steps to target multiple cargo molecules on single EVs are

challenging using methods that do not rely on confinement. Confinement of EVs provides

the opportunity to track an analyzed EV for several sequential analyses. Therefore, the

first step of multiplex analysis of single EV is isolation and confinement of individual

EVs. Given the high EV heterogeneity, the confinement and isolation method should

be able to capture all types of EVs regardless of their cargo. For example, most isolation

methods utilize EVs surface proteins as an anchor via capturing antibodies and, therefore,

the information obtained is limited to EVs carrying surface proteins recognized by the

given capturing antibodies [47, 117, 245]. Furthermore, the isolation method should not

hinder the accessibility of the detection reagents to the EVs. Some methods for single

molecule analysis (e.g., droplet generation method) completely cut-off the access of other

reagents to the confined EVs [99, 261]. Also, the isolation should be sufficiently strong to

inhibit EV escape from their confined area. In single EV level analysis, the information

from the isolated EVs can be lost or create artifacts if they can escape their confined area.

Therefore, an ideal method for the EVs isolation should be all-inclusive, fully confined

and simultaneously accessible by detection reagents.

Access to encapsulated molecular cargo: One important characteristic of an ideal sin-

gle EV analysis approach is the ability to access molecular cargo encapsulated inside EVs,

especially information contained in encapsulated nucleic acids. Although the phospho-

lipid bilayer of EVs protects their cargoes (including different types of RNAs, and inner

proteins) from degradation, the phospholipid bilayer hinders the accessibility of detection

reagents to the capsulated cargoes. Therefore, an ideal method should be able to detect
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Table 2.2: Throughput of well-known methods for EVs analysis

Methods Throughput (per min) Reference
NTA ≈ 280-400 [9]

Flow cytometry ≈ 1000 [198]
Digital Methods ≈ 1 [251]

Raman Spectroscopy 120 [214]
Nanoplasmonic pillars 12 [167]

Resistance pulse 2000 [238]
TIRF ≈ 83 [74]

DNA-Paint ≈ 1 [29]

the EVs encapsulated cargo as well as their surface molecules. The easiest way to access

the encapsulated cargo is via lysing the EVs membrane; however, the contents can be dis-

persed out from the confined space and mixed with the contents of other isolated EVs.

Some studies perform cross-linking (e.g., via formaldehyde) of the inner contents of EVs

before permeabilizing the EVs [138, 142]. However, using a crosslinker reduces the de-

tection sensitivity by creating a physical steric hindrance between the detection reagents

and the target molecules [142]. Although cross-linking might be applicable for protein

detection; using this approach dramatically decreases the interaction of polymerase with

RNA/DNA molecules for further molecular amplification detection methods [75].

High throughput analysis: Given high EV heterogeneity, a large number of EVs are

required for analysis. One study showed, in a plasma sample of pancreatic ductal adeno-

carcinoma (PDAC) patients in stages three and four, only 3% of EVs carry PDAC cancer

biomarkers. And at lower stages, only 0.01 – 0.05% of EVs contain the known biomarker

(KRASG12D) [56]. Therefore, a large number of EVs must be analyzed to find a cancer

biomarker against a large background of healthy cells. The throughput of several well-

known methods for EVs analysis is listed in Tab. 2.2.

A method’s throughput is limited by three factors: the number of EVs that can be ana-

lyzed simultaneously, the processing time required for each measurement, and the capa-

bility of sequential analysis. The processing time mentioned in Tab.2.2 might not include

the sample preparation time (i.e., the sample should be incubated with some reagents for
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confinement or detection steps). Although standard versions of some methods such as

flow cytometry or resistance pulse sensing [90,198] provide a very short processing time,

these might not be useful for multidimensional analysis of single EVs due to single EV

loss following measurement. Array confinement provides the opportunity to have a mul-

tidimensional analysis by tracking the confined EVs and having sequential steps of anal-

ysis. Detection methods such as fluorescent microscopy [117], Raman microscopy [37]

that can detect several EVs simultaneously are limited to a certain number of EVs that

can be detected in one step. For example, in the most compact field of view, the detection

is limited to 160 thousand EVs in each step. The solution for extending the throughput is

sequential measurements to increase the total number of EVs that can be measured in a

solution.

High sensitivity and specificity: The ideal method should thus analyze the EVs with

high sensitivity and specificity. The main parameter that affects the required sensitivity is

the concentration of target EVs in the body fluid sample. Extensive work exists regarding

EV concentration and how EV concentration is increased during cancer progression. [55].

In summary, EVs concentration is correlated to the tumor size and the type of cancer. An

increase in the tumor size or stage of cancer results in a higher concentration of tumor-

secreted EVs, and consequently, lower sensitivity is required. However, the survival rate

decreases by increasing the tumor size and stage of cancer [153, 218]. Therefore, to en-

hance the cancer survival rate, a higher sensitivity is required to detect EVs present at

lower concentrations in early disease stages. In Tab. 2.4, the sensitivity of different EVs

methods is discussed.

Regarding specificity, a proper biomarker or combination of different biomarkers (sig-

natures) is required to distinguish tumor-derived EVs from the EVs generated from host

cells. There is still no strong evidence of how many EVs in different body fluids carry

tumor biomarkers tEVs+. When we look at a sample of body fluid, the total EVs (bEVs)

contain the EVs generated from healthy cells (hEVs) and the EVs generated from tumor
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Table 2.3: Sensitivity of well-known methods for EVs analysis

Methods Sensitivity (per ml) Reference
SPIRIS 3.94 – 5.07e9 [38]
LFIA 8.54e8 [161]

Colorimetric aptasensor 5.2e8 [254]
Electrochemical Method 4.7e8 [257]

Western Blot 1e8 [193]
SERS 1.2e6 [276]

ELISA ≈ 1e6 [55]
Aptasensor for Electrochemical 1e6 [272]

Electrochemical Sandwich Immuno-sensing 2e5 [46]
iMEX ≈ e5 [89]

Immuno-capture on GO/PDA nano-interface 5e4 [267]
SiMoA 3.4e4 [245]

Aptasensor with Expanded Nucleotide 2.09 – 3.96e4 [243]
ExoELISA 1e4 [125]

Micro-Nuclear Magnetic Resonance ≈ 1e4 [193]
iMER ≈ 1e4 [56]
DEVA 9e3 [261]
nPLEX 1e3 [86, 194]

SEA 1 [117]

cells that do not carry tumor markers (tEVs–) as well as tEVs+ (Figure 2.4). Therefore, the

concentration of EVs that carry the tumor marker CtEVs+ can be expressed as:
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Figure 2.7: Cancer cells secrete EVs at a higher rate than normal cells. However, a portion

of EVs released by cancer cells carry detectable cancerous markers.

CtEV+︸ ︷︷ ︸
concentration of

tumor EVs

with cancer markers

= C︸︷︷︸
concentration of

total EVs

× Vtumor
Vall︸ ︷︷ ︸

ratio of

tumor to

total body

tissue volume

× Rcancer
Rhealthy︸ ︷︷ ︸
ratio of

EVs secreted

from cancerous

cells relative to

healthy cells

×
NtEV+

NtEV︸ ︷︷ ︸
ratio of tumor EVs

with cancer markers

relative to the total

number of tumor EVs

(2.1)
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Astudy does not exist predicting the concentration of EVs which carry cancer markers.

However, different studies are conducted to predict each part on the right side of the

equation 2.1. The concentration of EVs in a plasma sample lies in the range of 1e7 –

1e12 per millilitre [232]. This much variance likely arises from the different separation

methods used. The degree of particle loss and separation purity varies greatly among EV

separation methods [268]. Tumor tissue volume can be as small as one cubic millimetre

(1mm3) to up to several hundreds of cubic centimetres (100cm3). Many studies have

shown that cancer cells secrete EVs at a higher rate than normal cells. The shedding rate

varies depending on the cancer type and stage.. Using modelling, the EV shedding rate of

human tumor cells is obtained from experimental results in mice. The shedding rate can

be 23EVs
ml to up to 1900EVs

ml . [55]. Finally, all EVs secreted from cancer cells do not carry

detectable cancerous markers. Only 0.1 – 10% of EVs secreted from cancerous cells can be

distinguished from EVs secreted from host cells [55].

Multiomic analysis: EVs carry different types of biomarkers including proteins, nu-

cleic acid fragments, and lipid structures. Also, a single EVs might contain multiple pro-

teins or nucleic acids. In one study in which 11 surface proteins are studied on single

EVs, it was found that about 60% of EVs carry more than the 11 proteins [117]. Due to the

absence of technology that can perform for multidimensional analysis of single EVs, the

correlation between the components of EVs is not yet well studied. However, it is hypoth-

esized that the multidimensional analysis sheds light on the interdependency of different

cell functionalities such as differentiation status, local environment, also phenotyping.

Require a low amount of sample: The ideal EVs analysis method should be able to

work with an optimum amount of sample which depends on the type of sample (e.g.,

urine, blood, saliva, CSF, etc) to minimize the loss of tumour marker containing EVs.

Given the scarcity of markers in the body fluids, losing the EVs in the sample (in isolation

or detection steps) results in reducing the sensitivity of detection.

Low cost, automated, industrial scalability: Similar to any other biomarker detection

devices, the EVs analysis method should be cost-effective so it can be used repeatedly dur-
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ing cancer monitoring. Also, the method should be able to be automated to be extended

to the Point-Of-Care (POC) to be used by a layperson as well as reduce the errors raised

from a user action. In addition, the detection platform should be compact and industri-

ally scalable so it can be mass-produced. Some methods like Raman Spectroscopy [116]

or AFM-PS [239] usually need bulky detectors which limits scalability.

2.7 Current single EVs analysis methods

Figure 2.8: Current Single EVs analysis methods. a) Droplet generation method for EVs

digitization [125] b) Increasing the sensitivity of flow cytometry [198] c) Single-molecule

analysis method for EV isolation in microwells. (SiMoA) [252] d) EV surface immobiliza-

tion [117] e) Surface-enhanced Raman spectroscopy [259].
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Droplet generation: The droplet generation method is a well-known technology for sin-

gle particle analysis. Many small and uniform droplets are generated each containing the

target molecules and detection reagents including fluorescent dyes or probes which can

be imaged after droplet encapsulation (Figure 2.8-a). Microfluidics provide accurate con-

trol over the size and contents of each droplet. Two immiscible fluids intersect with each

other at a junction and form droplets. In the first attempt, Lie Zheng’s group developed a

platform called ExoELISA [261]. The number of EVs that can bond to a bead follows the

Poisson distribution [67]

P(X = x) =
λeb

x

x!
e(–λeb) (2.2)

where x is the number of EVs attached to the beads and λeb is the ratio of the number of

EVs per bead (i.e., the average number of EVs that can bind to a bead). The probability

of having 2 or more EVs on a bead will be equal to unity minus the probability of having

one or zero EVs per bead which is:

P(X > 1) = 1 – (P(X = 0) + P(X = 1)) = 1 – (1 + λeb)e(–λeb) (2.3)

Therefore, if λeb = 0.1 (10 beads per each EV), the probability of 2 or more EVs on a bead

will be less than 0.5 percent. The sensitivity of the ExoELISA platform is defined relative

to the background signal plus 3 times of standard deviation. Before encapsulation, the

EVs are bonded to microbeads by antibodies against EV surface proteins, then each bead

is placed in droplets with a ratio of 10 droplets per bead. Using the droplet method, the

sensitivity is enhanced up to 10 EVs/microliter. In a recent study, EVs are encapsulated

inside droplets and their surface proteins are analyzed using a platform called droplet-

based extracellular vesicle analysis (DEVA) [261]. Capturing of EVs on the microbeads

provides high specificity of detection (< 0.03%). This high specificity is obtained by the

high ratio of the number of beads over the number of EVs (the optimum 4e3) and the

high ratio of the number of droplets over the number of beads (the optimum 20). Using

DEVA, 20 million droplets per minute can be analyzed, equal to 1 million beads per min.
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The high throughput and the high ratio of beads per EVs provide a high sensitivity of

up to 9 EVs per microliter. The droplets are also used to compartmentalize a detection

reaction of EVs surface proteins as well as imaging of single EVs. In one study conducted

by Ralph Weissleder’s group, the EVs and detection molecules are encapsulated inside

droplets [99]. The detection molecules are used for the barcoding of proteins. First EVs are

conjugated with specific oligos coupled with antibodies to EVs surface proteins. The oligo

sequences are chosen specifically for each protein. In parallel, some barcoded beads are

used to increase the specificity of detection by removing the possibility of cross-talk. The

barcoded beads, DNA conjugated EVs, and the master mix for amplification are loaded

inside the droplet using a microfluidic device. After amplification inside the droplets, the

results are sequenced using the Sanger sequencing method. The droplets, in fact, provide

confined spaces to speed up the reaction as well as enhance the sensitivity. The barcoding

provides the multiplexing (i.e., detection of different proteins) unlimitedly while using

fluorescent imaging is limited to 4-6 dies due to spectral overlapping.

Cavity deposition: Tian et al. proposed an approach for the detection of individual

EVs using digital cavities [226]. The authors claim that, after checking the EVs concentra-

tion using nano tracking analysis (NTA), they can isolate single EVs by diluting solution

up to one or fewer EVs per cavity according to Poisson-distribution probability. Accord-

ing to Poisson-distribution the probability of filling cavities will be:

P(n, λ) =
λ

n

n!
e(–λ) (2.4)

Where λ is the average of EVs per cavity and n is the number of EVs in a cavity and P

is the probability of filling cavities with n particles while the solution contains λ number

of EVs per cavity. It is clear that, by dilution of the sample (i.e., reducing the λ value),

the probability of filling a cavity with more than one particle decreases. After isolation

of single particles, the EVs proteins are detected using a method called Rapid Isothermal

nucleic acid Detection Assay (RIDA), which increases the detection sensitivity. First, an
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antibody-conjugated DNA labels the surface proteins of EVs, then, a probe attaches to the

free opening of the DNA at 55◦C. The probe has a fluorophore at one end and a quencher

at the other end which quenches the fluorophore. A nick enzyme (N.BstNBI) that only

attaches to the formed double-stranded DNAs cut the probe (separates the quencher and

fluorophore) and simultaneously drops the melting temperature of the probe to room

temperature or below which causes the detachment of the probe from the target DNA (the

antibody-DNA which is attached to the surface protein of EVs). The separation of fluo-

rophore from the quencher generates a fluorescent signal. The procedure of attachment

of probe, detachment of nicked probe, and increasing the signal continues incessantly at

isothermal temperature (55◦C).

Flow cytometry: Xiaomei Yan’s group proposed a flow cytometry device with high

sensitivity for single particle analysis called High Sensitivity Flow Cytometry (HSFC) in

2014 [274] and extended the technology for the analysis of viruses in 2016 [135] and then

extracellular vesicles in 2018 [127]. In the flow cytometry technique, the signal intensity

depends on the diameter of particles with six-power based on the Rayleigh scattering

theory:

σscatt =
(2π5d6nmedium

4)
(3λ3)

| (m
2 – 1)

(m2 + 2)
|
2

(2.5)

Where d is the diameter,λ is the wavelength of the incident light, nmedium is the refractive

index of the medium around the particle, and the m is the ratio of the refractive index

of the particle and the medium (m =
nparticle
nmedium

). Therefore, the detection of particles with

a diameter of less than 100 nm will be challenging due to the lower scattering intensity.

The authors applied four main modifications to enhance the intensity: 1- using a narrow

channel to bring the particles’ stream concentrated in the middle of the laser beam to

reduce the background noise; 2- particles flow rate is decreased to increase the laser inci-

dent time; 3- the laser beam intensity is increased to collect more photons; 4- avalanche

Photo-Diode (APD) detector is used to increase the photon quantum efficiency. The tech-

nique is used to analyze EV encapsulated DNA as well as EVs surface proteins (Figure
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2.8-a). They find that 30 – 80% of EVs carry dsDNA some of them simply bonded to the

surface of EVs (external DNAs) and some of them are encapsulated inside the EVs (en-

capsulated DNAs). In other studies, instead of improving the quality of FCM machine,

the sample is modified to increase the fluorescent intensity from the target molecule. In

one study [198], the hybridization chain reaction (HCR) is used to increase the size of EVs

up to 500 nm as well as enhance the fluorescent signal (Figure 2.8-b). In the HCR used

method, three main components are used: 1-a conformation-switchable probe (T1) 2-first

hairpins (H1) 3-second hairpins (H2). The first and second hairpins (H1, and H2) carry

fluorescent tags. First, T1 binds to the target protein by anti-target protein aptamer se-

quences of the probe. The probe is opened by attaching to the target protein and provides

the initiator sequences of the HCR amplification. Next, H1 is opened by finding the ini-

tiator and consequently opens up the second hairpin (H2). The opened H2 hairpin again

opens another H1, and this procedure sequentially continues. The sequential attachment

of the hairpins increases the fluorescent tags’ hybridization to the target molecule and

consequently enhances the fluorescent intensity. The authors detected the human epider-

mal growth factor receptor 2 (HER2) and CD63 on extracellular vesicles and observed the

heterogeneity of EVs in different breast cancer cell lines Figure 2.5-b.

Raman Spectroscopy: If a material is illuminated with a light, a portion of the light

will be scattered with a different frequency than the illuminated light; this is known as Ra-

man Scattering (RS). By measuring the intensity and frequency of the scattered light, the

vibrational modes of the sample can be determined (Figure 2.8-e). The vibrational modes

of molecules are correlated to the atoms and bonds within the molecule. For example, the

stretching and bending of chemical bonds vibrate the molecule at specific frequencies.

Therefore, by performing a RS analysis, we can get information about the chemical bonds

that exist in the sample. For example, it is discovered that the scattered light from a bio-

logical sample at Raman shifts (1466, 1440, 1378, 1256, 1050) cm–1 represents the origin of

lipid structures in the sample [116]. For the first time, I. Tatischeff et. al. [220] used RS for

the EVs analysis of in human urine sample. The first RS approaches suffered from three
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limitations: 1- low throughput 2- low sensitivity, 3- immobilization limitation. The sensi-

tivity of RS is enhanced using optical resonance phenomena called Surface-Enhanced Ra-

man Spectroscopy (SERS) by creating geometrical features in the range of incident light

wavelength length (300 – 700 nm). L. Tirinato et al. [227] used SERS for the detection of

EVs by creating super-hydrophobic pillars in which EVs accumulate on top of the pillars.

After that, different geometries have been applied to create the optical resonance includ-

ing gold nanoparticles [97], an array of nano-bowls [116], an array of pyramids [259],

macroporous inverse opal (MIO) [48], nano-wire [47], and an array of nanocavities [37].

These nanofeatures increase the sensitivity and enable single EV capture and immobiliza-

tion. In one approach, a single particle automated Raman trapping analysis (SPARTA)

platform is developed to increase the throughput of the measurement [166]. The SPARTA

system works based on a featured confocal Raman spectroscopy in which the laser, cam-

era and spectroscope are controlled using MATLAB scripts simultaneously [167]. Single

Molecule Assay (SiMoA): SiMoA is a technology used to analyze single EVs released by

different cancer types [121, 149, 222, 245]. SiMoA technology was first developed for the

detection of low protein concentrations with high sensitivity Figure 2.8-c. The high sensi-

tivity is achieved by capturing target proteins on the surface of immuno-magnetic beads

and digitalization of the beads inside an array of cavities. The method is commercial-

ized by Quanterix. By capturing proteins in a single level, the sensitivity is increased 900

times (i.e., the LOD improved to 0.01pg
ml of protein) [183]. In this method, the paramag-

netic beads labelled with target antibodies are added to the body fluid sample (e.g., urine,

saliva, CSF, etc.). Then, the captured molecule is detected with a second antibody coated

with biotin and fluorescent tags conjugated with streptavidin. Usually, a higher number

of beads are added to the sample (e.g., 500,000 beads in 60, 000 target molecules in 100μL

of the sample); therefore, a large portion of the beads do not contain bound the target

proteins. Then, the beads are loaded on a platform which contains 239,000 wells with

4μm diameter and 3μm depth using gravity and sealed by oil. The platform has the ca-
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Table 2.4: Throughput of well-known methods for EVs analysis

Target molecules Conclusion Reference

PD-L1+ EVs in
Lymphoma patients

PD-L1+ EVs are rich
in the plasma of diffuse

large B-cell lymphoma patients
[120]

CD9+/CD63+ EVs in
breast cancer patients

The concentration of CD9+/CD63+ EVs
is about two times higher
in Breast cancer patients

[149]

CD9-CD63 +EVs
and Epcam-CD63 +EVs

in 5 different cancer

AUC of 0.96 and 0.90
for CD9-CD63+ and
Epcam-CD63+ EVs

[245]

CD9/CD63/CD81
in healthy plasma and CSF

The optimized method for
isolation of EVs [222]

Epcam-PD-L1 +EVs in
lung cancer patients

The quantification of PD-L1+EVs
can predict the lung cancer

tumor proportion score (TPS)
[252]

L1CAM+ EVs in
healthy plasma and CSF

L1CAM is not associated with
neuron-derived EVs [158]

pability to detect four fluorescent dyes simultaneously. Researchers have found different

interesting properties of EVs using SiMoA technology discussed in table 2.4:

Single EVs Analysis (SEA): One of the best well-known methods for single EVs anal-

ysis is the immobilization of EVs on a substrate using capture antibodies followed by

assessment of EV surface protein content via adding fluorescently tagged antibodies (Fig-

ure 2.8-d). The immobilization of particles on a surface increases the signal to noise ratio

(SNR) in comparison to when the particle is suspended in a solution [98]. This approach

can enhance the sensitivity of the detection up to 1 EVs per microliter [117]. First EVs are

biotinylated for immobilization on the substrate surface then fluorescently tagged anti-

bodies are loaded above the sample. The main feature of this technology is the unlimited

multiplexing assessment of single EVs. The multiplexing is achieved by serial staining

and quenching rounds. In each round, three surface proteins are targeted with three fluo-

rescent dyes and then quenched to be ready for the second round by injecting an oxidation

buffer. Using the method, 11 surface proteins on EVs secreted from a glioblastoma cell

line are assessed. The multiplex measurement provides information about the interde-
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pendency of different cell states and functionalities including differentiation status, local

environment, also phenotyping. This type of information is missed by ensemble-level

analysis.

EVs mechanical properties: are correlated with different cellular functionalities in-

cluding cell adhesion, the uptake of cells, and mechanosensing [262]. Force Spectroscopy

(FS) analysis implemented via an Atomic Force Microscope (AFM-FS) was first applied to

study the mechanical properties of liposomes [239]; this approach was then extended to

EVs [240]. The mechanical properties of EVs depend on two main components 1: lipid bi-

layer structure and 2- intraluminal proteins. In the first study, EVs in the blood sample of

hereditary spherocytosis (HS) patients were compared with healthy individuals. They ob-

served that although the red blood cells of HS patients have higher stiffness than healthy

ones, the EVs of HS patients are softer than healthy individuals. In the first attempt, the

measurements were obtained using FS which required long analysis times since in the

FS method the AFM tip approaches and then is required to probe a single target point.

Francesco Valle’s group, instead of using AFM-FS, used standard AFM. In the standard

AFM method, by raster scan of the substrate instead of poking a target point used in

AFM-FS, the topography and size of EVs as well as their mechanical properties can be

measured. Although this method provides “semi-quantitative” information, several hun-

dred single EVs can be analyzed in one hour. The EVs from three different sources were

distinguished using the regular AFM method, and the EVs can be discriminated from

sample contamination (e.g., proteins) left over from the EV isolation step [181].
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Connection between Chapter 2

and 3

In this chapter, we discuss the fundamental knowledge and background information used

in both manuscripts in chapters 4 and 5. First, the electrostatic energy minimum between

two parallel charged plates is discussed and modelled via the Poisson-Boltzmann equa-

tion. Next, we elaborate on the use of Langevin Eq. and Kramer’s theory to model par-

ticle Brownian motion and thermal escape from nanowells. We also discuss the design

and fabrication of pneumatically actuated membrane devices. Next, the EVs separation

method used in this thesis will be illustrated and a short background of the field of EVs

isolation is provided. Finally, a short discussion on the working principle of the two

isothermal amplification methods (LAMP and RCA) used in the second manuscript is

provided.
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Chapter 3

Background

3.1 Nanoparticle Confinement in Electrostatic Energy Wells

Electric double layer: A charged surface in contact with an ionic solution induces a gra-

dient of electrostatic potential inside the solution. Counter ions, ions opposite in charge

to that of the surface, absorb directly at the surface and form a layer with a thickness

on the order of the ion size; this is called the Stern layer [165]. Beyond the Stern layer,

the mobile ions in solution are attracted by the charged surface. The concentration of

counterions is elevated near the surface and the concentrations of coions decreased, with

electroneutrality holding in bulk solution far from the surface. Within the diffuse layer,

the electric potential decays exponentially with distance from the surface. The diffuse

layer thickness is defined as the distance from the surface where the electrical potential

decays to 1/e (0.37) of its maximum value at the surface (technically, surface of shear).

The model used for electrostatic potential estimation is the Poisson-Boltzmann (PB)

equation. PB equation is derived from the Poisson equation, which describes the elec-

trostatic potential created by a distribution of charges, and the Boltzmann distribution,

which describes the probability of finding a particle in a given energy state at a given

temperature. The general Poisson equation is:
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▽2
Ψ(r) = –

ρe
εrε0

(3.1)

where Ψ(r) is the electrical potential, ρe is local electric charge density, ε0 is vacuum per-

mittivity constant (8.8542e–12F/m) and εr is the permittivity of solution (for water equal

to 80). local electric charge density ρe is given by:

ρe = e(c+ – c–) (3.2)

where c+ and c– are the concentrations of cations and anions, respectively, and e is the

elementary charge (1.6e–19[C]). Using Boltzmann’s equation, the ion concentration is cal-

culated by:

ci = c0
i e

–Wi
kBT (3.3)

where c0
i is the ion concentration in bulk solution, Wi is the work needed to bring an ion

closer to the surface from an infinity, kB is the Boltzmann constant (1.38e–23J/K) and T

is the temperature (assuming room temperature T = 298K). For the electric double-layer

phenomenon, electrical work can be considered as the only source of Wi: Wi = ±eΨ

where Wi is correlated with the positive and negative sign of the electrical potential for

cations and anions, respectively. By substituting the work in Boltzmann equation: c+ =

c0+e
–eΨ
kBT , and c– = c0–e

eΨ
kBT . If we hypothesize that the solution is composed of 1:1 salts

(i.e., constituent salt consists of two types of ions in equal proportions): c0– = c0+ = c0,

then the local electric charge density (ρe) can be written as:

ρe = c0e
[

e
–eΨ
kBT – e

eΨ
kBT

]
(3.4)

By substituting the electric charge density in Eq. 3.1, the Poisson-Boltzmann equation is

given by:

▽2
Ψ(r) = κ2sinh(Ψ(r)) (3.5)
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κ is the inverse Debye length. The inverse of Debye length is correlated to the solution

ion concentration using the equation:

κ =

√
2c0e2

ε0εkBT
(3.6)

As can be seen, the Debye length is proportional to the inverse square of ion concentration

( 1√
C

) and the Debye length decreases when ion concentration increases.

Poisson-Boltzmann equation: One of the best methods for solving the Poisson-Boltzmann

is via Finite Elements. In this numerical method, the geometry is discretized to finite el-

ements (meshing) and the Poisson-Boltzmann equation is solved along the mesh. Using

the available commercial Finite Element packages (e.g., COMSOL Multiphysics), complex

geometries can be meshed by the packages’ graphical user interfaces. Here, the Poisson-

Boltzmann equation is solved using COMSOL Multiphysics package with the PDE solver

module used to calculate the electrical potential distribution induced by a surface charge.

The boundary condition in this simulation is a Dirichlet boundary condition (i.e., the elec-

trical potential is specified as a known value at the solution-surface interface and very

far from the surface considering infinite boundary conditions which can be applied in

COMSOL multiphysics). The results shown here use C = 0.5mol/m3. As mentioned, the

Debye length is the distance from the surface that the electrical potential reduces to 1/e

of its maximum value which in this calculation agrees with the value obtained from Eq.

3.6 and is equal to 13.7 nm (red point in Figure 3.1-b).

In the limit of low surface potential the PB equation can be linearized and has an exact

exponential solution. Considering the case of low potential (eΨ ≪ kBT, or eΨ
kBT ≪ 1),

by writing the Maclaurin series of exponential function and neglecting the higher order

terms (i.e., e–x = 1–x when x ≪ 1), the Boltzmann equation (Eq. 3.4) can be approximated

by:

ci = c0
i

[
1 –

Wi
kBT

]
(3.7)
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Figure 3.1: Finite element calculation of an electrical potential distribution at the interface

of a charged surface with an ionic solution obtained by solving the Poisson-Boltzmann

equation. a) Color map of electrical potential normalized to the electrical potential at the

surface. b) Electrical potential versus distance away from surface.

Therefore, the nonlinear PB equation (Eq. 3.4) will be simplified to the linear PB equation

as:

▽2
Ψ(r) = κ2

Ψ (3.8)

In case of a planer surface (i.e., 1D modeling), two boundary conditions can be considered

as Ψ(x = 0) = Ψs and the Ψ(x = ∞) = 0, and the Eq. 3.8 has a exact solution as:

Ψ = Ψse–κz (3.9)

Where z is the vertical distance from the surface and the Ψs is the surface electrical poten-

tial. In Figure 3.1-b, the blue line is the electrical potential obtained from Eq. 3.9 which is

very close to the results of the Poisson-Boltzmann equation. If the assumption eΨ≪ kBT

is not valid, the solution for linearized PB equation (Eq. 3.9) is still valid for electric poten-

tial at sufficiently far from the surface. In the general solution of PB equation for a plane

surface and 1:1 solution, the exponential prefactor in Eq. 3.9 is a complex function of var-
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ious parameters, including surface electrical potential [15]; the prefactor will converge to

Ψs if z → ∞.

Minimum energy between two parallel like-charged plates:

If two like-charged surfaces are placed in proximity, the electrical potential is maxi-

mum at both surfaces and there will be a minimum value in the middle of the two sur-

faces (Figure 3.2-a). If the gap (the distance between two plates) is 40 nm (2h=40 nm, in

which the h is half of the gap between the plates), the minimum electrical potential will

lie at 20 nm distance from each plate. In this case, if a like-charged particle is placed be-

tween the plates and interacts with the electrical potential, it will come to an equilibrium

position at the midplane between the plates. (Figure 3.2-b). The electrical potential of the

Figure 3.2: Electrical potential between two parallel like-charged plates. a) Colormap cor-

responding to the electrical potential of two plates at a 40nm separation. b) The electrical

potential normalized to surface potential plotted along the vertical axis from the lower

plate.

two parallel like-charged plates can be obtained from the superposition of the electrical

potential of each plate, if the plates are far enough, as:

Ψ = Ψs(e–κz + e–κ(2h–z)) (3.10)
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The quantity h is half of the gap between the plates. The value of the minimum energy be-

tween the plates is related to the gap value. By increasing the gap distance, the electrical

potential will have more chance to be dropped and consequently, the electrical potential

at the minimum position will be lower (Figure 3.3). The dependence of the electric poten-

Figure 3.3: the electrical potential between two like-charged plates as a function of gap

height. a) colormap of the electrical potential at I) 80 and II) 40 nm slit heights. b) The

minimum electrical potential normalized to surface potential versus different slit height

values.

tial minimum on the gap height implies that the potential experienced by a like-charged

particle can be tuned by modulating the slit height. This might be accomplished, for ex-

ample, by etching structures in the slit, say local cavities where the gap height is greater.

If a like-charged particle is placed between the two plates, the particle will tend to jump

into the deeper cavity due to the cavities lower electrical potential, so the cavity will act

as a local electrical potential well for the particle *see Figure 3.4). As the minimum energy

inside the cavities is almost negligible in comparison to the minimum potential outside

the cavities (Figure 3.6), the depth of the potential well can be considered equal to the
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Figure 3.4: local minimum energy induced by creating nanocavities embedded in the slit.

a) colormap of minimum energy b) minimum energy along the cavity radius. In this

simulation, the depth of the cavity is 100 nm, and the gap is 50 nm.

minimum energy in the slit surrounding the cavities. The potential well depth is there-

fore decreased by increasing the gap height (Figure 3.6)

3.2 Brownian motion of nanoparticles

Nanoparticles experience thermal fluctuations due to their interaction with the solvent

molecules. These fluctuations cause the nanoparticles to undergo Brownian motion which

can be simulated using the Langevin equation.

Langevin Equation: The Langevin equation given by:

m
dv
dt

= FD + FE + FT(t) (3.11)

Here FD is the drag force that the particle experience when moving in solution, FE is the

force generated by external sources (e.g., the electrostatic fields) which is given by the

electric potential gradient and FT is the random force generated by thermal fluctuations.

In low Reynolds number flow, the drag force that a nanoparticle experiences is given by
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Figure 3.5: The electrical potential between two like-charged parallel plates with embed-

ded nanocavities with different gap heights. a) Colormap of electrical potential for plates

with I) 40 and II) 80 nm gap and b) minimum electric potential versus radial coordinate

from the center of cavities for the two gap heights.

Stoke’s law:

FD = –γv (3.12)

with v is the particle velocity and γ is the friction coefficient. The reason that the drag force

has a negative sign is that every time the particle moves in the + direction, the drag force

applies in the – direction, and vice versa; in other words, the friction force always points

in the direction opposite to that which the particle is moving. The friction coefficient is

dependent on the particle geometry. For a hard spherical particle, the friction coefficient

is:

γ = 6πνR (3.13)

where ν is the viscosity coefficient of the solution that the particle is suspended in, and R

is the radius of the spherical particle.
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Figure 3.6: Electrical potential inside and outside of the cavity and the depth of potential

well induced by the cavity.

Since, in equilibrium, the particle motion is purely Brownian, the probability of par-

ticle movement in the positive direction is the same as in the negative direction, and the

average of the force must be zero:

⟨F(t)⟩ = 0 (3.14)

The thermal fluctuations at a given time must be independent of their value at times

before and after. This property is quantified via the time-correlation function: ⟨F(t)F(t
′
)⟩.

The time correlation function shows how fast the function forgets its value at time t. When

the time step (t
′

– t) is much shorter than the correlation time, the function value will

remain almost unchanged; in other words: ⟨F(t)F(t
′
)⟩ = ⟨[F(t)]2⟩. But, when the time step
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is much greater than the correlation time, the function completely forgets its value at time

t, and F(t
′
) is uncorrelated with F(t). This means the probability that the F(t)F(t

′
) is positive

is the same as the negative; consequently, ⟨F(t)F(t
′
)⟩ = 0. The question is that what is the

value of ⟨[F(t)]2⟩ [94]. To answer this question, we can simplify the Langevin equation to

a first-order differential equation by ignoring the external source:

v̇ = –γv + F(t) (3.15)

By considering the initial condition as: v(0) = v0, the answer is:

v(t) = v0e–γt + e–γt
∫ t

0
F(t

′
)eγt

′
dt

′
(3.16)

Considering the fact that v0 is independent of F(t
′
) and ⟨F(t)⟩ = 0, by squaring the equa-

tion we can get:

⟨v(t)2⟩ = v0e–2γt +
F(t

′
)

2γ
(1 – 2e–2γt) (3.17)

Based on the kinetic theory, the mean square velocity is equal to kBT, and:

⟨F(t)2⟩ = 2γkBT (3.18)

In conclusion, the F(t) can be written as:

F(t) =
√

2γkBTw∗(t) (3.19)

Which w∗ is the noise function satisfying two criteria:

⟨w∗(t)⟩ = 0 (3.20)

⟨w∗(t)w∗(t
′
)⟩ = δ(t – t

′
) (3.21)
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Regarding the dimension of the noise function, the units of
√

2γkBT are kgm/s3/2; there-

fore, the unit of w∗(t) must be 1/s(1/2) to satisfy dimensions on both sides of the equation.

If there is a gradient of potential energy, the particle experiences a net force. The is

given by:

FE(x) = –▽W(x) (3.22)

where W is the potential energy. In this thesis, the most dominant potential energy comes

from the electrical potential field induced by charged surfaces. The energy is related to

the particle surface charge (which is an intrinsic property of the particle – not induced) as

well as the electrical potential. The potential energy induced by the electrical potential is

given by:

W(x) = qeffψm(x(t)) (3.23)

In most cases, the acceleration damps very fast (overdamped condition) and the ap-

plied force and the drag force reach an equilibrium condition in nanoseconds. Therefore,

dv
dt = 0, and, by bringing the drag force right side of the equation to the left side, we reach

the following overdamped version of the Langevin equation:

–FD = FE +
√

2γkBTw∗ (3.24)

For the numerical solution of the Langevin equation, although the terms on the left-

hand side of Eq. 3.24 are deterministic functions, the last force caused by thermal fluctu-

ation is a stochastic function [139]. Therefore, the numerical solution requires the use of

a discretization scheme, such as the Euler-Maruyama or Milstein methods. Usually, the

noise function (w) is given by the Gaussian white noise function with a variance propor-

tional to the time step δt and the standard deviation
√
δt. Using

√
δt instead of δt in the

discretization of the thermal fluctuation term ensures that the amplitude of the random

fluctuations is correctly scaled with the time step and can help to avoid numerical artifacts

in the simulation. The Langevin equation can be rewritten in the stochastic differential
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equation by Euler-Maruyama method as:

x(t + δt) = x(t) –
δt
γ
▽W +

√
2

kBT
γ
δtw(t) (3.25)

In this equation, w(t) is gaussian white noise ⟨w(t)⟩ = 0 and ⟨w(t)w(t
′
)⟩ = I if |t – t′| < δt, 0

otherwise.

Kramer’s theory: Kramer’s theory is a theoretical framework used to estimate the rate

at a given thermodynamic process like a chemical reaction can proceed over a potential

energy barrier [106]. It was developed by Dutch physicist Hendrik Kramers in the early

1940s and is based on the idea of an activated complex, an intermediate state that occurs

during a chemical reaction when the reactants are in the process of forming products.

According to Kramer’s theory, the rate of a chemical reaction is proportional to the expo-

nential of the negative energy barrier divided by the thermal energy of the system. That

is, the rate of a reaction increases exponentially as the temperature of the system increases

or as the height of the energy barrier decreases [6]:

tesc = tre
W

kBT (3.26)

Where tr is called the molecule relaxation time and has units of sec. The relaxation time

parameter depends on the particle diffusion coefficient as well as curvature at energy

landscape maxima and minima.

Kramer’s theory is valid only when the potential well is larger than 5kBT. The rea-

son for this is that when the potential well is too shallow, the energy of the activated

complex is comparable to or less than the thermal energy of the system. In this case, the

assumption of the energy barrier is no longer valid, and other mechanisms, such as dif-

fusion, become dominant in determining the rate of the reaction. Kramer’s theory also

can be used to analyze the mean-time escape of nanoparticles from electrostatic potential

barriers [184].
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3.3 Pneumatic nanofluidic devices

Nanoparticles in solution constantly experience Brownian motion [34, 35]. In addition,

the particles can also easily move due to a small amount of fluid flow. Therefore, long-

time nanoparticle confinement is a challenge in biophysics research [205]. Also, most

studies including single EVs analysis require confinement to track the particles’ move-

ment over long times, so that the particle does not leave the microscope’s field of view.

Nano/microfluidic devices have shown promising capability for extended-time confine-

ment of nanoparticles [49]. Such nanofluidic devices have been implemented in single

particle confinement (e.g., DNA confinement [144, 169, 236, 242], lipid vesicles [52, 57, 60,

69, 146, 253], and proteins [42, 59, 184, 258]). Confinement can be achieved using external

actuators such as electrophoresis [73], dielectrophoresis (DEP) [137], fluid flow [219], or

optical trapping [140]. One of the methods for the confinement of micro/nanoparticles

is the deformation of nano/microchannels using external force. Unger et al. developed

a pneumatically actuated multilayer PDMS system that operates as valves, and pumps

and is designed to regulate fluid flow [230]. In this system, thin PDMS membranes are

deflected and induce a pressure flow gradient while separating the fluid channel and con-

trol channel (Figure 3.7-a). The fluid flow can be halted by applying pneumatic pressure

to the control channel, causing the PDMS membrane to flex downwards and seal off the

fluid channel. Also, M. Shon and A. Cohen proposed a device with an array of nanocavi-

ties (the authors called them “dimples”) on a fused silica coverslip which is covered with

a PDMS lid. In their method, instead of pushing the lid down, suction is applied to the

inlets and the elastomer lid is actuated by the negative pressure in the side-channel. They

used the method to capture single molecules in cavities and they could load a new sam-

ple and capture fresh molecules sequentially [200]. Similar to A. Cohen’s work, M.A.

Gerspach et al. proposed a nanofluidic device coupled with a flexible PDMS lid to cap-

ture nanoparticles. This work analyzes the effect of minimum electrostatic potential in-

duced by the nanocavities patterned on charged SiO2 substrate on particle confinement.
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With this feature, the authors were able to change the level of confinement by changing

the height between the PDMS flexible lid and the SiO2 substrate [61, 64]. Although the

method of using elastomers as a flexible lid is cheap and easy-to-fabricate, precise and

reproducible confinement seems to not be possible due to channel collapse or hysteresis

effect of PDMS after several deformations. The flexible membrane can also be formed

from using a coverslip which is pushed by a modified lens (called CLiC) [14, 195]. In

this method, the actuator for pushing the flexible glass is based on a piezoelectric auto-

mated stage; particle confinement is observed using an inverted objective. This method

has been used for several applications including the linearization of DNA [14], diffusion

of particles in condensates based on different particles including PEG/dextran [195], and

the interaction of drugs on cell properties. Our team has developed a nanofluidic de-

vice coupled with a thin silicon nitride membrane that can be deflected by pneumatic

pressure. We used different thicknesses of membranes including 100, 200, and 400 nm

membranes that are deflected in different ranges by the applied pressure based on the

membrane size and the gap between the membrane and the bottom of the channel. The

device is fabricated in two parallel steps: 1- a borosilicate glass substrate containing a mi-

crofluidic channel and nanocavities, 2- a silicon wafer substrate coated on both sides with

silicon nitride membrane using LPCVD. These layers are bonded together using anodic

bonding, and a central 100μm × 100μm, or 170μm × 170μm window is opened on the sili-

con wafer through a KOH etching process. The exposed free-standing nitride film serves

as a flexible lid. A schematic of the device is depicted in Figure 3.15.

3.4 Experimental Steps

3.4.1 Nanofluidic fabrication

The process is illustrated in detail in Figure 3.9.
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Figure 3.7: Pneumatically actuated micro/nanofluidic devices. a) PDMS based device

for adjusting the height of a channel via pneumatic pressure [230] b) The device called

dimple machine which has trapping and refreshing states [200] c) PDMS base device for

contact-free trapping and manipulation of nanoparticles [61] d) Convex lens-induced con-

finement (CLiC) [195].

1. Cleaning: A borosilicate glass substrate is cleaned using acetone/IPA or nanostrip

cleaning procedure followed by a plasma Asher cleaning step to remove inorganic

residues from the surface.
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Figure 3.8: Overall image of the nanofluidic device representative of its compartments. a)

the camera image of the I) front and II) back of the nanofluidic device. b) SEM image of

the central area of the nanofluidic device including the nanocavities and nanochannels. c)

schematic image of the membrane area of the device d) schematic image of the nanofluidic

device and its different layers.

2. Alignment marks: Gold markers are made by ohotolithography/E-beam evaporation/Lift-

off procedure. The gold markers are used as alignment marks for the following

E-beam patterning.

3. Nano-features fabrication: E-beam patterning is used to create the nanocavities and

nanochannels. For Ebeam-patterning, the wafer patterned with gold marks coated
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with ZEP520A resist. Then, the wafer is exposed in an E-beam lithography (Vistec

VB6 UHR EWF). The nanochannels and the nanocavities are designed using L-edit

software. The ZEP520A is used as a mask and the nanofeature pattern is etched

through the wafer using inductively coupled plasma reactive ion etching (ICP-RIE)

to etch borosilicate glass up to 200-300 nm deep with a smooth surface and less than

1-2 nm surface roughness Ra.

4. Micro-features fabrication: Finally, the microfluidic channels (100-200 um width

with 400-500 nm depth) are created using standard UV photolithography with coated

S1818 resist on the glass wafer followed by another ICP-RIE procedure.

5. Bonding with SiNx coated silicon wafer: In parallel, a silicon wafer coated with SiNx

on both sides is obtained. A Piranha cleaning step is performed on both wafers

(borosilicate glass wafer, and silicon wafer) before bonding. The two wafers are

bonded together using the anodic bonding method (gradually heated and applied

high-voltage pulses).

6. Window opening: For opening the membrane area, another photolithography is

performed to pattern the opening windows and etch through the SiNx layer using

RIE to expose the opening windows. The opening windows are used for the mem-

brane area as well as the inlets and outlets of the microfluidic channels.

7. Silicon etching by chemical etching: The exposed windows of silicon are etched all

the way through using 30% KOH wet etching process at 75◦C after dicing the wafer

into small devices. Then the device is wetted by breaking membranes at inlets and

adding TE buffer.

3.4.2 3D printed chuck:

For applying pressure to the membrane and also applying back-flow pressure for run-

ning the reagents and buffer in microchannels, the nanofluidics device is mounted on a
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Figure 3.9: The fabrication procedure: 1- Cleaning the borosilicate glass. 2- Adding

the gold alignment marks. 3- Creating the nanofeatures including the nanocavities

and nanochannels using E-beam lithography. 4- creating the microchannels using pho-

tolithography following RIE. 5- Obtaining the silicon wafer double-sided coated with

SiNx. 6- Bonding the nitride-coated silicon wafer to the prepared glass wafer. 7- opening

the windows on SiNx layer. 8- KOH wet etching of the wafer.

3D-printed chuck. The chuck is designed in SolidWorks and printed using FormLab3

stereolithography 3D printer using clear resin. The chuck is washed using IPA solution

for 30 min to remove the extra non-cured resins. Then the chuck is placed in a UV-heat
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curing chamber for 30 min at 60◦C to make sure that all the resins are cured and the IPA

is evaporated. Finally, the chuck is sonicated in hot water to remove possible small dust

particles. The threads are created using a tap to connect luer lock tubes to the chuck and

close the inlets using plastic screws. The nanofluidic devices are secured using a metal

retainer plate with screws and the inlets are sealed using O-rings which are placed near

the inlets. The chuck is mounted on an inverted microscope and observed using 60X and

100X objectives. The camera is Prime 95B Scientific CMOS (sCMOS). Before the experi-

ment, first, the channels are washed with 1X TE buffer, then, the device is incubated by

flowing 8% W
V polyvinylpyrrolidone (PVP) inside the device overnight at 4◦C.

Figure 3.10: 3D printed chuck a) the camera image of the 3D printed chuck connected to

the luer tubes. b) the schematic image of the 3D chuck and the retainer plate holding the

nanofluidic device against the chuck.
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3.4.3 Nucleic Acid Amplification

We have used two isothermal amplification methods: Loop-mediated isothermal AM-

Plification (LAMP) and Rolling Circle Amplification (RCA). Non-isothermal amplifica-

tion methods require a thermal cycle due to the denaturation steps. The denaturation

step (which usually happens at 95C) separates the DNA into two single-stranded chains

which provide an opportunity for primers to attach to the two single-stranded DNAs.

Isothermal amplification methods do not require thermal cycling which makes them eas-

ier to implement in a micro/nano device. Let us first look at LAMP. The key novelty of

LAMP method is creating loop structures (dumbbell-like) (Figure 3.11-a) which provide

open single-stranded sequences at low temperature (below the denaturation tempera-

ture) with which primers can easily hybridize. The loop structure is created using two

primers. 1- FIP primer attaches to the target DNA. FIC primer has two main sequences:

1- F2 sequences which are complementary to the main target DNA sequences (F2C), 2:

F1C sequences which are placed before F2 and are the same as the main DNA sequences

placed after the F1C (therefore these sequences do not bind with the target DNA). When

the polymerase (which is usually BST 2.0) starts to synthesize along the primer it creates

sequences that are complementary to the F1C (polymerase great the F1 sequence). There-

fore, the synthesized strand has F1C-F2-F1 sequences in which the F1C and F1 transform

the end of the synthesized strand into a loop. 2- F3 prime connects the sequences placed

before the F1C sequences on the main target DNA. By attachment and strand displace-

ment of the polymerase, the synthesized strand along the FIC primer is detached which

lets the F1C part of the strand attach F1 (complementary part in the synthesized strand).

3- LF primer starts the amplificaiton of the formed amplicon which contains the loop

structure. Although FIP can also initiate amplification, it might not have the highest pos-

sible stability. The option of choosing the right place for forming the loop structure is

limited to the F1 affinity as well as the FIP affinity. Therefore, the FIP (which contains

the F2 and its complementary sequences placed between the loop) might not have the

optimum stability between F2 and F2C sequences. In conclusion, some LAMP primer
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designs have suggested using the LF primer which has a stronger attachment with its

complementary located between the loop. However, it is not mandatory and is just used

to increase the efficiency of the attachment.

In the RCA method, the target molecule is a circular string of DNA. When a primer at-

taches to the target molecule, the polymerase (usually Phi29) starts to complete the circle.

At the time, the polymerase completes a circle (the 5’ end of the primer), the polymerase

opens up the synthesized circle and continues to synthesize DNA complementary to the

target. This procedure continues until the polymerase reaches its processivity limit. Each

polymerase is disassociated from the target after several polymerizations of nucleotides

into the growing strand of DNA or RNA, which is called processivity. The processivity of

the Phi29 polymerase is around 70kbp [95]. If the target molecule is not circular DNA, a

method called Pad Lock Probe is used to create the circle. First, the two ends of the PLP

(usually 90-110 bp) are complementary to the target molecule. By attachment of the PLP

to the target molecule, the two ends of the probe are placed adjacent together. Then the

two ends are filled by another polymerase (usually T4 Polymerase). The polymerase at-

taches to the 3’ end of PLP and by 5’ to 3’ exonuclease activity bonds the two end-arms of

the PLP together, and finally forms the circular RCA template for amplification. The PLP

method provides the opportunity for barcoding as well as amplification of non-circular

DNAs by choosing specific sequences between the two end arms of PLP. In the LAMP

method, the result of the amplification of a single DNA molecule is multiple molecules

with different sizes from several base pairs (< 70-80 pb) up to kilobase pares (> 20,000 bp).

However, in the RCA method, the final result of a single molecule amplification will be a

single with very long DNA ( < 50,000 bp). The subtle point is that the produced ampli-

cons can be smaller than the target molecule in the LAMP method; though, the product of

RCA is always bigger than the target molecule. In the modified versions of RCA such as

hyperbranched RCA, the amplification products can be smaller than the target molecule.
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3.4.4 Extracellular Vesicles Isolation

Cell Culture media preparation: GFRvIII expressing a variant of U373 (human astrocy-

toma) and NHA (normal human astrocytoma) are grown in Dulbecco’s modified essential

medium (DMEM; Wisent, Canada) supplemented with 10% heat-inactivated fetal bovine

serum (FBS) (Wisent) and 1% penicillin-streptomycin (Gibco-Life Technologies, Grand

Island, NY) at 37 in 5% CO2. The conditioned medium (CM) was collected from cells

grown for 72 hour in culture media containing 10% of Extracellular Vesicle (EV) depleted

FBS (generated by centrifugation at 150, 000 × g for 18 hours at 4).

The CM is centrifuged one time at 400×3 for 15 min in a filter tube (Merck™ UFC900324)

to concentrate the particles. Finally, the EVs are separated using size exclusion chro-

matography columns (IZON Science Ltd, United States) in 1mM Tris with 0.4 mM NaCl

solution. For size distribution analysis of EVs, nanoparticle tracking analysis (NTA) was

carried out with each collected iodixanol fraction using NanoSight NS500 instrument

(NanoSight Ltd., UK). Three recordings of 30 s at 37°C were obtained and processed using

NTA software (version 3.0).

Figure 3.11: Isothermal amplification method. a) Loop-mediated isothermal amplifica-

tion [165]. b) Rolling circle amplification [115] c) PLP method for RCA amplification of

targets which are circularized [115].
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Connection between Chapter 3

and 4

After providing the motivation and objective of the project in Chapter 1, the importance

of single EVs analysis in Chapter 2, and background knowledge and technologies used in

this thesis in this Chapter 3, the first published manuscript conducted to fulfil the first ob-

jective of the thesis is presented here. The nanofluidic coupled membrane device is used

to confine single molecules in nanocavities. The level of confinement (escape time, the

time it takes that a confined particle leaves the nanocavity due to its thermal fluctuation)

is related to the height of the nanochannel. In our preliminary study, we observed that the

escape time could be modulated in real-time by controlling the membrane deflection. The

level of confinement is correlated to the net surface charge of particles. Therefore, first, the

system is calibrated using DNA plasmid vectors (pBR322) with determined sequences.

Next, the method is used to measure the surface charge of controlled lipid vesicles (lipo-

somes) and then the EVs surface charge is estimated by measuring the escape time in the

calibrated device. EVs secreted from two brain cell lines are analyzed using the nanoflu-

idic device. The surface charge analysis provides information about the heterogeneity of

EVs in a sample and may serve as a fingerprint marker for the differentiation of the two

EV samples.
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Chapter 4

Nanofluidics for Simultaneous

Size and Charge Profiling of

Extracellular Vesicles

4.1 Abstract

Extra-cellular vesicles (EV’s) are cell-derived membrane structures that circulate in body

fluids and show considerable potential for non-invasive diagnosis. EVs possess surface

chemistries and encapsulated molecular cargo that reflect the physiological state of cells

from which they originate, including the presence of disease. In order to fully harness

the diagnostic potential of EVs, there is a critical need for technologies that can profile

large EV populations without sacrificing single EV level detail by averaging over mul-

tiple EVs. Here we use a nanofluidic device with tunable confinement to trap EVs in a

free energy landscape that modulates vesicle dynamics in a manner dependent on EV

size and charge. As proof-of-principle, we perform size and charge profiling of a popula-

tion of EVs extracted from human glioblastoma astrocytoma (U373) and normal human

astrocytoma (NHA) cell-lines.
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4.2 Introduction

Cells continuously secrete membrane vesicles into the extracellular environment. These

vesicles, known as extra-cellular vesicles (EV’s), transport a broad range of molecular car-

goes, including proteins and nucleic acids, enabling intra-cellular exchange of molecular

components. [231, 233] EV driven exchange plays an important role in maintaining nor-

mal bodily homeostasis; [210] EV cargo may also contain markers indicating the presence

of disease in the originating cells, [231] such as cancer. [152] As EVs circulate in the blood,

they can be sampled without need for invasive tissue biopsy, [203] offering hope for a

rapid, risk-free diagnosis or real-time monitoring of a known disease. [152]

EV based diagnostics face substantial challenges due to the small size of EVs and their

biochemical complexity; an additional challenge is the extreme heterogeneity of EV pop-

ulations. [27] Circulating EV’s derive from a wide-range of cell-types, including cells that

do not exhibit any underlying pathology. [210] Circulating EVs also arise from distinct

biogenesis processes. [231, 233] One class of EVs, known as exosomes (50-100 nm in di-

ameter), are formed when multi-vesicle endosomes (MVE’s) fuse to the cell membrane

and release their intraluminal vesicles into the extra-cellular environment. A second class

of EVs, known as microvesicles (50-1000 nm in diameter), arise from outward budding

and fission of the cell plasma membrane (blebbing). Both exosomes and microvesicles

have diagnostic significance in cancer, with physical properties and co-expressed onco-

genic mutations that reflect a single originating tumor cell. Heterogeneity is also observed

within each subgroup. Exosomes may be formed via different mechanisms, including

Endosomal Sorting Complex Required for Transport (ESCRT) [175], ESCRT- independent

machineries [229] and tetraspanin proteins, [275] with each distinct mechanism leading

to different molecular cargo. Exosomal content may also be size dependent. [265] Mi-

crovesicles are also formed via different blebbing mechanisms, e.g. increases in cytosolic

Ca+
2 levels on plasma membrane, [82] or activation of P2X receptors. [224]
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Tumorgenesis and consequent treatment regimes may also influence EV heterogene-

ity. Cancer’s incredible molecular complexity arises through selection pressures operat-

ing in the spatially complex and dynamic tumor microenvironment. [40, 87, 191] When

a tumor cell acquires a specific driver mutation conferring a fitness advantage, the cell

will proliferate rapidly giving rise to a clonal population containing the initial driver.

These clonal populations will then undergo successive sub-differentiation as cells inter-

act with/reorganize their surroundings, undergo metastasis to colonize far-flung regions

of the body and acquire mutations to overcome drug therapy. Sampled EV populations

may contain molecular signatures of this underlying dynamics, [40,88] which in turn may

have crucial implications for treatment (e.g. providing early warning of the emergence of

resistant tumor cell sub-populations [191]).

Standard molecular analyses of bulk EVs by polymerase chain reaction (PCR) and

other methods require ‘averaging’ of diagnostic signals. Averaging implies that the di-

agnostically crucial single-cell level information carried by each EV is lost against high

backgrounds of irrelevant and/or normal cells. For example, classical bench-top EV anal-

ysis protocols typically use μL to mL of sample (containing 105 – 108 of exosomes [190]).

Microfluidic approaches for EV isolation/analysis reduce sample size requirements. [123]

Yet these platforms, which typically use immunoaffinity to capture EVs with pre-selected

markers, still average over many EVs, in particular requiring the binding of multiple

EV’s to microbeads [270] or device surfaces [85] (the best platforms average over > 10

EV’s [270]).

In order to fully harness the potential of EV based diagnostics, there is need to de-

velop platforms that can output multiple interrelated disease markers from a single EV.

The ability to output multiple disease markers on a single EV basis can not only increase

the level of biomedically relevant detail, for example for improved prognosis and pre-

diction, but also increase the number of diagnostically significant marker combinations

available, thereby increasing the chances of disease detection. Here we harness a nanoflu-

idic system incorporating tunable confinement to output the size and charge of individual

77



Figure 4.1: (a) The device consists of a lattice of circular nanocavities bonded to a flexible

membrane lid. (b) When pneumatic pressure P is applied to the lid, the lid is deflected

downwards, increasing the degree of vertical confinement experienced by the particles.

At maximum deflection (c), the confinement is complete and the particles cannot escape

from the cavities. (d-f) The imposed confinement alters the electrostatic free energy land-

scape experienced by the particle, increasing the potential well depth W for a particle

confined in a cavity, which in turn decreases the particle escape rate R. (g-h) The device

consists of a nanoslit with embedded cavity lattice etched into a borosillicate substrate.

A flexible nanoscale nitride lid is exposed at the device center and suspended over the

cavity lattice. The nanoslit is interfaced to two loading ports for introducing particle con-

taining solution. (i) SEM of cavities taken through the nanoscale lid. (j) photograph of

1 × 1 cm device.

EVs analyzed in parallel over an array of nanofluidic traps. EV charge arises from surface

associated molecules (e.g. proteins [233], glycans [248] and cholesterol [171]) that are in-

corporated during biogenesis. EV charge is one of the predominant factors to uptake by

the receiving cell [150].

Moreover, EVs from prostate cancer cells have a higher charge (PC3) than normal

prostate epithelial cells (PNT2) possibly due to their higher concentration of sialic acids

[3], and therefore EV charge is a potential cancer biomarker.

Our device consists of an array of nanocavities embedded in a nanoslit (Figure 4.1-

a). A flexible nanoscale lid is deflected downwards by pneumatic pressure (Figure 4.1-
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b), [12, 25] varying the degree of vertical confinement experienced by vesicles in the

nanoslit. At the highest membrane deflection, the cavities are closed-off from the sur-

rounding slit, isolating single vesicles in the cavities (Figure 4.1-c). This and closely re-

lated approaches [2, 13, 14, 62, 63, 136, 137, 195, 196, 201, 223] have been applied to a range

of trapping/physical confinement applications, including trapping of single nanoparti-

cle’s [62, 63, 195, 223], ds/ss DNA [12, 13, 25, 201] and chromatin. [196] Here we exploit

the capability of such devices to directly vary the escape rate (Resc) of vesicles from the

well by varying the surrounding confinement. The escape rate, equivalent to the inverse

average time of escape of a vesicle from a cavity (⟨tesc⟩), is determined by the depth of the

free energy well experienced by a confined vesicle (Figure 4.1-d-f). [58, 147, 186] In low

ionic strength buffer, this potential well depth (DPW, or Depth of Potential Well, W), has

a strong dependence on electrostatics, so that measurement of the escape rate can access

both the size and charge of single vesicles, an approach termed single-molecule electrom-

etry. [58, 185] By combining the single-molecule electrometry with tunable confinement,

we gain the ability to make precision measurements of charge on a single-vesicle basis,

due to the ability to perform multiple measurements of escape rate of a single vesicle for

different degrees of confinement. Critically, our flexible lid constructed from a nanoscale

silicon nitride membrane is sufficiently rigid so that the DPW is constant over a number

of cavities (Figure 4.1-d-f), enabling acquisition of sufficient statics on particle trajectories

to make precise measurements of escape-rate. As our approach can also access Brownian

diffusion of vesicles in the slit between cavities, we can also measure vesicle size, compa-

rable to Nanoparticle Tracking Analysis (NTA). Note that NTA yields only particle size,

while our approach yields both size and charge for each vesicle. As proof-of-principle,

we probe both the size and charge of EVs extracted from a human glioblastoma astro-

cytoma cell-line (U373) and benchmark these results against equivalent measurements

taken from the healthy counterpart cell line (normal human astrocytoma, NHA).
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Figure 4.2: (a-c) Sequence of fluorescence micrographs of plasmids diffusing in cavity

lattice for (a) weak, (b) moderate and (c) strong confinement. The cavity positions are in-

dicated in gray. (d-f) Corresponding trajectories for three example plasmids for (d) weak,

(e) moderate and (f) strong confinement. (g-i) The probability of finding the plasmid at a

point in the cavity lattice, for (g) weak, (h) moderate and (i) strong confinement. At higher

confinement the plasmids remain in the cavities longer relative to the slit, resulting in a

higher probability for a plasmid to be found in a cavity.

4.3 Material and Methods

Our tunable confinement device is fabricated using the approach outlined in Capaldi et

al. [25]. In detail, the device consists of a borosillicate substrate containing a lattice of

circular nanocavities (radius Rc = 500 nm), embedded 200 nm deep in a 400-500 nm deep

nanoslit connected to two loading reservoirs (Figure 4.1-g, h), see Sup. Mat. I). A free-

standing 100 nm thick silicon nitride membrane is exposed in the device center, forming a

flexible lid over the nanoslit. The device is secured to a 3D printed chuck via a membrane

gasket. The chuck contains access ports for injecting particle containing buffer solution
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as well as application of pneumatic pressure to depress the membrane. Prior to operating

the device, the nanoslit is incubated in PVP solution to prevent vesicle adhesion. The

chuck is mounted in a fluorescence microscopy setup with LED-based multi-wavelength

illumination. When the membrane is deflected by applied pneumatic pressure, the ver-

tical gap (slit height) is decreased. We calibrate the slit height as a function of pressure

by measuring the intensity of fluorescent dye in the nanoslit (see Sup. Mat. II). Note

that the gap height varies across the membrane (see Figure 5.4-b,c); we perform measure-

ments only over the portion of the membrane with a gap height varying less than a fixed

threshold 2δhmax, which we call the plateau region (see inset to Figure S8 in Sup. Mat.

XII for definition of plateau region). Experiments were primarily performed in devices

with δhmax = 0.8 nm, with a corresponding ‘plateau region no smaller than the 6× 5 array

of cavities in the device center (the total membrane area was 160×200 μm2 and the slit

was 500 nm deep). A second device class used a larger δhmax = 10 nm (plateau region

corresponded to 6 × 6 array of cavities in the device center, total membrane area was

100×100 μm2 and slit depth was 400 nm). Height measurements are determined as an

average over the gap heights in the plateau region.

We choose low ionic strength buffer conditions to ensure that the confining free en-

ergy well at each lattice site is determined by electrostatics (we use 1mM Tris with 0.4 mM

NaCl solution, yielding an ionic strength I = 0.7 mM and a Debye length of 11.5 nm, see

Sup. Mat. III). A charged particle confined between two parallel like-charged confining

surfaces has an equilibrium position, or potential energy minima, lying at the mid-point

between the two surfaces. [109,185] At the position of an embedded cavity, this mid-point

potential energy minima will lie inside the cavity and be lower than the mid-point poten-

tial minima in the surrounding slit. Consequently, an energy barrier will exist preventing

particle escape from the well, given by the potential difference between the inside and

outside of the cavity; this is the potential well depth (DPW, W). The DPW can be com-

puted by solving the Poisson-Boltzmann equation for the circular cavity geometry [107],

and depends in detail on the buffer ionic strength, zeta potential of confining surfaces
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(ψs), and the device geometry, including the cavity radius (Rc), cavity depth (d), and the

slit height (2h). By varying the slit height via our tunable confinement capability, we di-

rectly modulate the DPW, and therefore modulate the particle residency time in the cavity

traps (see Figure 4.1-d-f) for examples of the electrostatic potential landscape for different

gap heights computed from the PB equation).

We use fluorescently labeled plasmids (pBR322g, New England Biosciences) to bench-

mark and calibrate the tunable confinement device for single vesicle electrometry. The

plasmids, all possessing the same sequence, have a uniform chemistry, so differences in

behavior between individual plasmids arise necessarily from Brownian dynamics and not

intrinsic chemical heterogeneity. We find that, as expected, plasmid diffusive dynamics in

the cavity lattice depends strongly on the degree of imposed confinement (Figure 4.2, also

see supplementary movie). When confinement is weak, particles transit rapidly between

many cavities over the minute long movie (Figure 4.2-a, d) with a low residency time in

each cavity (Figure 4.2-g). In this case the DPW is low and it is highly probable that a

thermal fluctuation will drive the plasmid out of a well at any given instant. Once a plas-

mid escapes from the well, the plasmid diffuses in the nanoslit until it reaches the next

local energy minimum. At an intermediate degree of confinement, the DPW is higher and

particles can explore only a limited number of wells over the course of the movie (Figure

4.2-b, e), with a higher residency time in each well (Figure 4.2-h). Finally, at the highest

confinement, the plasmids are trapped in a single well over the entire movie (Figure 4.2-c,

f, i).

4.4 Results and Discussion

By quantifying the plasmid trajectories in the cavity lattice we can deduce the distribu-

tion of plasmid escape times from the well tesc for each confinement condition (Sup Mat.

IV). The escape times follow an exponential distribution (Figure 4.3-a-c), as expected for

a Poisson process. The average escape time ⟨tesc⟩ is obtained from fitting an exponential
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model to the escape time distributions: P(Δt) = A/⟨tesc⟩ exp(–Δt/⟨tesc⟩). The quantity

⟨tesc⟩ increases strongly with increasing confinement (decreasing slit height 2h, Figure

4.3-d). Note that Figure 4.3-d includes measurements of ⟨tesc⟩ versus slit height for de-

vices with well controlled height variation (δhmax = 0.8 nm, device class 1) and less well

controlled height variation (δhmax = 10 nm, device class 2); measurements taken for both

device classes agree well. The relationship in Figure 4.3-d can be used to calibrate our

tunable confinement system: calibration entails linking a given measurement of ⟨tesc⟩ to a

corresponding charge value.

Calibration has two parts: firstly the DPW is linked to charge via [109, 185]

W = δψmqeff. (4.1)

The quantity δψm is the difference in electric potential, averaged over the particle’s sur-

face, between the inside and outside of the well evaluated at the mid-point between the

parallel device surfaces; δψm can be obtained from the Poisson-Boltzmann equation for

known cavity geometry, effective and particle size (see Sup. Mat. V). The quantity qeff

is the particle’s effective charge, the charge of the particle observed in a far field regime

several Debye lengths away from the particle. [109] Secondly, Brownian Dynamics (BD)

simulations are used to link ⟨tesc⟩ to the DPW. For this calibration, the plasmid’s effective

charge σ is obtained independently from electrophoresis (qeff = –152 ± 4e). The plas-

mid’s hydrodynamic radius rH is fixed using the value from Newman et al (65 nm). [155]

The missing parameter, the zeta potential of the confining surfaces ψs, is determined by

finding the ψs value that brings the ⟨tesc⟩ values obtained from BD simulation into agree-

ment with experiment (see Sup. Mat. VI). Figure 4.3-d shows the final calibration curve

obtained from Langevin simulations against 2h and ψ for qeff, rH. The dependence of

⟨tesc⟩ on δψm follows an exponential (Figure 4.3-d, inset), in accordance with the Kramer

relation:

⟨tesc⟩ = tr exp
(

qeffδψm
kBT

)
(4.2)
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Figure 4.3: Normalized histogram of measured plasmid escape times for (a) slit height of

191 nm with 25 particles and 195 hopping events; (b) slit height of 185 nm with 42 particles

and 351 hopping events; and (c) slit height of 180 nm with 74 particles and 295 hopping

events. (e) Comparison of experimentally measured averaged escape times for different

slit heights with Langevin simulation results. The inset gives the measured average es-

cape time for different DPW on a log-linear scale with an exponential fit to the simulation

results. Data points from device class 1 (δhmax = 0.8 nm) are shown as circles with colors

that match the corresponding histograms in (a), (b) and (c). Data points from device class

2 (δhmax = 10 nm) are shown as blue triangles.

with tr a pre-exponential factor with dimension of time corresponding to a positional

relaxation time (see Sup. Mat. IV).

Next we use our calibrated system to perform simultaneous size and charge measure-

ments on single confined vesicles (Figgure 5.4). Our EVs are obtained from the human

glioblastoma astrocytoma (U373) and normal human astrocytoma (NHA) cell-lines, fluo-

rescently labeled (with Dil) and suspended in 1mM Tris with 0.4 mM NaCl solution (see
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supporting information for details on EV isolation and preparation). Prior to introduc-

ing the EVs into our device, the EV size and charge were characterized respectively via

Nanoparticle Tracking Analysis (NTA) and electrophorephoretic mobility. In addition, as

a control, we investigated vesicles with a relatively more controlled, uniform chemistry:

liposomes based on the phospholipid combination DOPC/Chol with incorporated Rho-

damine DHPE dye (FormuMax Scientific Inc, US). Vesicle samples were introduced into

our system and sufficient confinement was applied to fully isolate vesicles within indi-

vidual cavities, completely preventing their escape. Then the confinement was reduced in

≈ 5 nm increments, with a 10 s hold after each confinement increment to observe if parti-

cle escape occurred. When particle escape was observed, the critical height was recorded

and particle dynamics were integrated for 60 s. Note that the critical height depends on

the size and charge of particles. For the liposome sample, almost all particles escaped

from the cavities at 2h = 291 nm; however, for the EV sample, the critical confinement

varied between 120 and 320 nm, hinting at the greater heterogeneity present in the EV

sample. The tesc can be obtained from analysis of single particle trajectories (Figure 4.4-

a), with the measured ⟨tesc⟩ the average of the escape times for each trapping event. We

have never observed occupancy of a single cavity by more than one vesicle, likely due

to a self-exclusion effect arising from the vesicle’s charge, i.e. the free energy of cavity

occupancy of a charged vesicle is increased in the presence of a second like-charge vesicle

due to strong repulsive electrostatic interactions between the vesicles. In order to obtain

the vesicle hydrodynamic radius rH, the vesicle mean square displacement (MSD, ⟨r2⟩) is

obtained for the portion of the particle trajectory that is outside of the cavity, e.g. takes

place completely in the surrounding slit (Figure 4.4-b, ⟨r2
slit⟩). The diffusion constant and

particle size is then inferred via ⟨r2
slit⟩ = 4Dt and the Einstein relation D = kBT/ζeff. The

quantity ζeff is a friction factor that takes hydrodynamic coupling between the particle

and device surfaces into account using Faxén’s approximation (see Sup. Mat. VII).

While measurements of ⟨tesc⟩ at a single confinement value can be used to deduce qeff,

this approach requires using Langevin simulations to deduce the exponential pre-factor
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Figure 4.4: Methodology for measuring size and charge of single vesicles. (a) A sam-

ple trajectory of a liposome particle at two different slit heights (2h = 291 nm and

2h′ = 315 nm) and resulting ⟨tesc⟩. (b) Mean square displacement in slit of 5 vesicles of

similar size at the two different slit heights. The inset indicates the definition of the dis-

placement vector r for a vesicle undergoing Brownian motion in the slit between cavities.

(c) Mid-point potential measured for the two different slit heights.
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tr. Instead, using our ability to vary confinement experienced by a single vesicle, we

reduce the confinement after the first measurement and perform a second integration over

the dynamics to obtain ⟨tesc⟩ for an additional slit height 2h′ (Figure 4.4-c). This second slit

height was chosen by finding the minimum increment in 2h that yielded an appreciably

lower ⟨t′esc⟩ (specifically, ⟨t′esc⟩ is 2-3 times smaller than ⟨tesc⟩ which is correlated to a 1-2

kBT lower DPW).

For the liposome sample, 2h′ = 315 nm. For the EV samples, we observed that 2h′

was typically 20-50 nm greater than 2h (2h′ =145-360 nm). By taking the ratio of the two

average escape time measurements, from Eq. 4.2 we can deduce qeff without knowledge

of the exponential pre-factor:

qeff =
1

ψm(2h) – ψm(2h′)
log

⟨tesc⟩
⟨t′esc⟩

. (4.3)

We used our device to characterize 30 liposome and 100 EVs for each of the EV samples

(Figure 4.5). Our results for both EV size (Figure 4.5-a) and zeta potential (Figure 4.5-b) are

consistent with bulk approaches (i.e. electrophoresis and NTA), but our approach yields

a correlated size and charge value for a single vesicle (Figure 4.5-c). To compare with elec-

trophoresis measurements, our measured charge was converted to zeta-potential using a

result derived from Poisson Boltzmann theory for spherical colloids [110, 131] (see Sup.

Mat. VIII). Note that, as expected, the EV samples have a considerably broader and more

heterogeneous size and effective charge than the liposome sample. As the liposome sam-

ple are more chemically uniform than the EVs with a more tightly controlled diameter, the

spread of the liposome measurements about the mean gives a measure of the expected er-

ror in a single vesicle measurement (technically, an upper limit in the single vesicle error

as the liposomes are not completely mono-disperse). The measured mean±standard de-

viation for liposome diameter and zeta potential are respectively 239±8 nm and 38±2 mV,

corresponding to one-sigma errors in vesicle diameter and zeta potential of respectively

3% and 5% (for comparison, the respective values from NTA and electrophoresis are
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236±10 nm and 38.1±1.5 mV.) The liposome measurements were performed entirely with

class 1 devices with well-controlled height (δhmax = 0.8 nm). For the EV measurements,

measurements were performed in both device classes, but predominantly in class 1. Mea-

surements in both device type yielded equivalent means and distribution spreads (see

Table S1 in Sup. Mat XI). The diameter dependence of the effective charge appears to

roughly reflect a scaling qeff ∼ ζR2, with R the EV radius (see the inset to Figure 4.5-c

which suggests that qeff normalized to the EV surface area 4πR2, or equivalently zeta po-

tential, is independent of diameter). The absence of particles below 60 nm in our sample

is likely due to our use of a lipophilic stain; particles below 60 nm likely do not contain a

lipid component. [265]

In addition, comparing the NHA and U373 secreted EVs shows that while the NHA

and U373 EVs have a comparable size distribution (Figure 4.5), the NHA EVs are more

highly charged (by about 18%, Figure 4.5-b). This difference is significant: the U373 EVs

have a mean zeta potential of 41.3±0.6 mV, the NHA EVs have a mean zeta potential

of 48.6±0.6 mV, with errors quoted corresponding to standard-deviation on the mean.

Regarding the possible biological significance of this difference, it is well known that

profound changes in membrane glycosylation occur in cancer. Although these changes

usually lead to more sialylation and consequently more negatively charged EVs, [3] there

are complicating effects, for example variability in negatively charged lipids like phos-

phatidyl serine [23] or changes in carbohydrate (HSPG) content of cellular membranes

that spill over to EVs. [23,143] Also, the protein repertoire of EV surfaces is very different

in cells that have undergone transformation, where hundreds of proteins appear or disap-

pear as the cell acquire aggressive traits. [31] Lastly, different pathways of EV formation

may be activated in cancer cells. [208]
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Figure 4.5: Size and charge measurement of 100 NHA (red) and 100 U373 (blue) EVs

and 30 liposomes (green). (a) Distribution of diameter characterized in device. The small

dots give results for individual vesicles measured in device, the bar gives the average

over the individual vesicle measurements (with error-bar based on standard-deviation)

and the large point to the right of the distributions gives the NTA result for comparison

(with error-bar based on standard-deviation). (b) The zeta potential analysis for the same

vesicles as in (a). The small dots give results for individual vesicles measured in device,

the bar gives the average over the individual vesicle measurements (with error-bar based

on standard-deviation) and the large point to the right of the distributions gives the elec-

trophoresis result for comparison (with error-bar based on standard-deviation). (c) Scatter

plot of effective charge versus diameter for the vesicles. Inset gives zeta potential versus

diameter
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4.5 Conclusion

In summary, we use tunable electrostatic confinement combined with single-molecule

electrometry to characterize simultaneously the size and charge of EVs. Our configura-

tion allows the confining potential to be varied over two orders of magnitude (∼ 0.1 -

10 kBT), allowing tuning of the particle escape rate from the wells. This tunable escape

rate makes possible the extraction of the size/effective charge of single vesicles of differ-

ing size and charge measured in the array. While our current devices have a relatively

small plateau region and hence throughput, increasing the total membrane area should

be straightforward and then simple scaling suggests that we should be able to achieve

throughputs ∼ 500 EV measurements per minute, with throughputs ∼ 1000 EV mea-

surements per minute feasible with more concentrated samples that can ensure increased

array occupancy (see Sup. Mat. XII). In addition, by fully deflecting the membrane lid,

we can fully confine a vesicle in a single well. The tunable device, after extracting the

charge and size of a single vesicle, might then potentially be able to isolate the vesicle in a

single cavity where repeated chemical exchanges could lyse the EV, release the molecular

cargo and then target the encapsulated RNA’s and proteins for more detailed analysis. In

particular, the ability to correlate the molecular repertoires of individual EVs with their

size and charge, might give rise to new approaches for EV classification, complementary

to isolation of EV subsets via flow-differentials. [265] Alternatively, we might stain EVs

with fluorescent antibody conjugates specific to certain surface markers, and then use our

approach to observe if these populations differ in their physical properties.

4.6 Supplementary Information

4.6.1 Device Fabrication and Operation

The device is fabricated with the process outlined in Capaldi et al. [26] Briefly, a 400-

500 nm deep nanoslit is fabricated in borofloat glass with UV lithography followed by
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a CHF3: CF4 etch step. Then, circular nanocavities with a radius of 500 nm are defined

lithographically and etched 200 nm deep with RIE. Next, the substrate is bonded to a

silicon wafer coated on both sides with 50 nm silicon nitride (Cornell, NanoScale Facility,

silicon wafers 400 μm thick). A lithography/RIE step is performed on the wafer top-side

to open up a window for KOH etching. Final, KOH etching is performed to expose the

free-standing nitride membrane over the nanocavity region. Our device is incubated with

PVP (polyvinylpyrrolidone) 8%. The fabricated device is mounted on a 3D printed chuck

and plasmid or vesicle containing solution is introduced in the device inlet (Figure S4.6).

Pneumatic pressure applied to the device inlet is then used to drive plasmids or vesicles

to the nanocavity region below the free-standing membrane.

Figure 4.6: (a) Photograph of 3D printed chuck interfaced to luer tubing for applying

pneumatic pressure to deflect membrane lid and transport solution through flow-cell. (b)

Schematic showing chuck/nanofluidic device assembly.

4.6.2 Slit Height Calibration

In order to find the relation between the pressure used to deflect the membrane lid and the

slit height (2h), we introduce fluorescent dye into the device. The variation of fluorescent

dye intensity with pressure applied to the membrane lid can then be used to deduce the
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variation of the slit height with pressure. Consider a fluid volume 2hA enclosed between

the membrane lid and the device bottom surface in a region of the device of area A. The

fluorescent intensity arising from dye molecules present in this volume is: [78]

IF = Ieε(λ)ΦC(2hA) (4.4)

with Ie is the light source intensity, ε the molar absorptivity (a function of light source

wavelength λ), C the dye concentration and Φ the quantum efficiency of the dye. The slit

height at zero applied pressure 2ho corresponds to a measured fluorescent intensity IFo.

From the linearity of Eq. 4.4, the slit height corresponding to a measured intensity IF is

then h = (IF/IFo)ho. Figure S4.7 gives the resulting slit height as a function of pressure

applied to the membrane lid. Specifically, the reported height measurements are obtained

by averaging the fluorescent dye intensity over the central portion of the membrane with

a gap height varying less than 2δhmax (termed “plateau region,” see inset of Figure S4.7

inset). Experiments were primarily performed in devices with δhmax = 0.8 nm, with a

corresponding ‘plateau region no smaller than the 6 × 5 array of cavities in the device

center (the total membrane area was 160×200 μm2 and the slit depth ho =500 nm). A

second device class used a larger δhmax = 10 nm (plateau region corresponded to 6 × 6

array of cavities in the device center, total membrane area was 100×100 μm2 and the slit

depth ho =400 nm).

4.6.3 Measurement of Solution Ionic Concentration

The electrolyte solution used is 1 mM Tris with 0.4 mM NaCl in DI water. To find the

solution ionic concentration, we measured the solution conductivity and then converted

conductivity to ionic concentration. First a conductivity calibration curve is obtained

using a pure NaCl concentration standard (i.e. conductivity of a solution of DI water

and NaCl measured for different NaCl concentrations). Then, the conductivity of our

experimental solution is measured and the ionic concentration obtained by comparison
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Figure 4.7: Relation between slit height and applied pressure used to deflect the mem-

brane lid. The error bars show the variation of slid height in plateau region. The inset

shows the plateau region definition. This curve was taken for device class 1.

with the calibration curve (see Figure S4.8). The conductivity of the experimental solution

is 63μSm and the corresponding ionic concentration is 0.7 mM.

4.6.4 Calculation of Particle Escape Time

According to Kramers’ theory, for the regime W > 6kBT, the average escape time ⟨tesc⟩ of

a particle from a potential well is given by:

⟨tesc⟩ = tr exp
(

W
kBT

)
(4.5)
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Figure 4.8: Solution conductivity versus ionic concentration. The error bars are smaller

than the symbols and the maximum error is less than 0.1 %.

in which kB is Boltzmann constant, T is temperature considered as 298K. The quantity tr is

the particle positional relaxation time and W is the potential well depth (see Figure S4.9).

Note that tr depends on the particle diffusion coefficient (D) and the well geometry. In

particular, tr = L2

4D , with L a length scale that depends on the cavity depth (d) and cavity

radius (Rc). We find that in our system L ∼ 100 nm; the cavity depth and cavity radius are

200 nm and 500 nm, respectively. To correctly relate the experimentally measured time

scale (⟨tesc⟩ ) to simulation results, we introduce an “escape boundary” consisting of a

radial contour at resc centered on the cavity (resc > Rc). The use of an escape boundary

larger than the cavity radius ensures that particle escape from a well always results in

the particle transitioning to a neighboring well. For analysis of both experimental results

and simulation, resc =750 nm (Figure S4.9a). The particle is considered to have entered

the cavity when the particle radial coordinate r ≤ resc (occurring at time t1). The particle
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Figure 4.9: (a) The mid-point potential Energy as a function of radial distance from the

cavity center for a slit height of 200 nm and 250 nm. By decreasing the slit height, the

energy barrier increases and the average of escape time increases. The quantity resc gives

the boundary a particle should pass to be considered as having escaped from the well.

The mid-point potential corresponding to a 3×3 cavity lattice for a slit height of (b) 250 nm

and (c) 200 nm.

is considered to have left the cavity when its radial coordinate r > resc (occurring at time

t2 > t1). The escape time tesc = t2 -t1.

In the case that the well geometry (Rc, d) and particle chemistry remain unchanged

(i.e. qeff is constant), ⟨tesc⟩ depends only on the potential well depth (W). We can use the

dependence of ⟨tesc⟩ on W to measure the particle effective charge. The potential well

depth, W, depends on the particle effective charge qeff via W = qeffδψm, where δψm is the

difference of the value of the electrical potential averaged over the particle surface inside

and outside of the cavity. Therefore, when the average escape time is measured for two

differing degrees of confinement (⟨tesc, 1⟩ and ⟨tesc, 2⟩), Eq. 4.5 can be rewritten:

qeff =
ln

( ⟨tesc, 1⟩
⟨tesc, 2⟩

)
ψm1 – ψm2

(4.6)
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Figure 4.10: Electrostatic potential obtained from COMSOL simulation. (a) Electrostatic

potential contours inside the chamber; (b) surface-averaged value of electrostatic poten-

tial at mid-plane ψm versus the radial distance from cavity center; (c) surface-averaged

value of electrostatic potential versus particle radius.

4.6.5 Solution for Electrostatic Potential

The electrostatic potential in the device is obtained from solution of the Poisson-Boltzmann

equation:

▽2
ψ = κ2 sinhψ (4.7)

here κ is the inverse Debye length, given by κ =
√

2cNAe2

εmε0kBT with NA the Avagadro num-

ber, e the elementary charge, ε0 the permittivity of free space, εm the relative permittivity

of our medium (taken to have a value of 78 for water at a temperature 298 K) and c the

medium ionic concentration. Eq. 4.7 is solved by simulation in COMSOL Multi-physics

using axisymmetric cylindrical coordinates (r, z) according to M. Krishnan. [108] (Figure

S4.10-a,b). The particles will tend to occupy the position of minimum electrostatic po-

tential, which occurs at mid-plane (e.g. position equidistant between membrane lid and

substrate). Since the particle’s size is comparable to the slit height, we need to take into

account the variation of the potential around the particle. This is accomplished by com-

puting the average of the potential over the particle’s surface. [108] Figure S4.10-c gives

the dependence of the surface-averaged value of the electrostatic potential at mid-plane

ψm on particle radius for a slit height of 200 nm. Note that the surface-averaged value of

the electrostatic potential increases exponentially with particle radius.
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4.6.6 Determining Zeta-Potential of Device Surfaces

Solution of the electrostatic potential via Eq. 4.7 requires knowledge of the electrostatic

potential (zeta-potential) on the membrane lid and substrate (ψs). In order to measure ψs,

we use YOYO-1 labeled pBR322 Vector as a calibration particle with known size and effec-

tive charge. The advantage of using this plasmid vector is that the plasmids, each having

the same sequence, are chemically uniform. First, the average escape time of the plasmid

from an electrostatic well is measured in our nanofluidic device at a specific slit height

2h (specifically, for a slit height 2h = 185 nm, the averaged plasmid escape time over 351

escape events is 1.85 s, Figure S4.11-a). Then, using simulation, the average escape time is

obtained for different ψs values for a particle with the same size and effective charge as the

plasmid at the same fixed slit height. Note that the plasmid hydrodynamic radius is re-

ported as 65 nm [155] and the particle’s effective charge is evaluated using electrophoresis

as –152 ± 4e. Finally, by correlating our experimental and simulation results, the ψs value

yielding the same average simulated escape time as experiment is obtained. This value

of ψs corresponds to the device zeta-potential.

Figure 4.11: (a) Histogram of 351 experimentally measured escape times for pBR322 Vec-

tor with a hydrodynamic radius of 65 nm and a slit height of 187 nm. (b) Histogram

of 10000 simulated escape times using BD simulation for a particle with the same size,

charge and the same slit height as experiment. Setting ψ ∼ 2.06(kBT
e ) yields an average

escape time in agreement with experiment. (c) Average escape time versus surface elec-

trostatic potential using BD simulation.
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The simulated escape times are found from solving the Langevin equation:

x(t + δt) = x(t) – μ▽W +
√

2Dδtw(t), (4.8)

Here, D is the diffusion coefficient calculated in the next section 4.6.7. The quantity w(t) is

a random displacement arising from Gaussian distributed thermal fluctuations: ⟨w(t)⟩ =

0 and ⟨w(t)wT(t
′
)⟩ = I if |t – t

′ | < δt, 0 otherwise. The quantity μ = δt
6πηR . For good

convergence, the simulation time step (δt) is set at 10 μs. The quantity W(x(t)) is a potential

energy given by W = qeffψm(x(t)).

The simulations are performed with the particle initially located at the cavity center.

Escape occurs when the particle’s radial position exceeds resc. Equivalent escape simula-

tions are performed 10000 times, giving rise to a distribution of simulated escape times.

To obtain the average simulated escape time, the histogrammed escape times are fitted to

the same exponential model as experiment: P(Δt) = A/⟨tesc⟩exp(–Δt/⟨tesc⟩) (Figure S4.11-

b). We performed this simulation for different surface electrostatic potential values, and

the average escape time as a function of ψs is shown in Figure S4.11-c.

We found that when ψ ∼ 2.06(kBT
e ), there is less than a 1% deviation between the

experimental and simulated escape times. The results show that the PVP incubated sur-

faces of our nanofluidic device have slightly lower surface electrostatic potential values in

comparison to the previously reported silica-water surface electrostatic potential (2.8kBT
e )

. [184]

4.6.7 Effect of hydrodynamic coupling between particle and device sur-

faces

When a particle moves between parallel surfaces, there is a non-negligible hydrodynamic

coupling between the particle and the surfaces that results in an increased friction. Con-

sider a spherical particle of radius R moving at the mid-point position between two par-

allel surfaces positioned a distance 2h away. Faxén showed that hydrodynamic coupling
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between the particle and surface leads to a friction factor given by: [72]

ζeff =
ζ0

1 – 1.004(R/h) + 0.418(R/h)3 + 0.21(R/h)4 – 0.169(R/h)5 (4.9)

with ζ0 = 6πηR, the friction factor in bulk solution (i.e. far away from the surface). The

quantity η is the solution viscosity (= 8.90e–4 Pa.s, i.e. viscosity of water at temperature

298K). The diffusion coefficient is given by D = kBT/ζeff.

4.6.8 Relationship Between Zeta Potential and Charge

Once the size and charge of the spherical particles is known, the particle zeta potential ζ

can be calculated from the below equation: [110, 131]

qeff = –εmε0κ4πR2
(

kBT
e

)[
2 sinh

(y
2

)
+
(

4
κR

)
tanh

(y
4

)]
(4.10)

where y = eζ
kBT is the dimensionless zeta potential and R is the particle radius. We numer-

ically invert the equation to access ζ from knowledge of R and qeff.

4.6.9 Automation

We automated the measurement approach using a custom Python code to control lid-

deflection, camera and LED operation (Figure S4.12). First, new particles are pumped

into the array (5 s). Then the membrane is deflected by high pressure and the particles

are maintained in a state of high confinement. After holding 2 s to ensure the membrane

stabilizes, the applied pressure is decreased to reduce the potential well depth to DPW1.

After holding another 2 s to ensure the membrane stabilizes, the microscope camera and

LED illumination are turned on and the particle trajectory is recorded for 1 min. Subse-

quently, the pressure controller reduces the pressure to lower the potential well depth to

DPW2. Again, after holding 2 s to ensure the membrane stabilizes, the microscope cam-
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era records the particle trajectory for 1 min. Acquisition is then halted and the trajectory

saved.

Figure 4.12: Flow Chart of python code for syncing microscope camera and LED and

pressure controller.

4.6.10 Preparation of Extracellular Vesicles

EGFRvIII expressing variant of U373 (human astrocytoma) and NHA (normal human as-

trocytoma) are grown in Dulbecco’s modified essential medium (DMEM; Wisent, Canada)

supplemented with 10% heat-inactivated fetal bovine serum (FBS) (Wisent) and 1% penicillin-

streptomycin (Gibco-Life Technologies, Grand Island, NY) at 37 in 5% CO2. The condi-

tioned medium (CM) was collected from cells grown for 72 hour in culture media con-

taining 10% of Extracellular Vesicle (EV) depleted FBS (generated by centrifugation at

150, 000 × g for 18 hour at 4). The CM is centrifuged one time at 400×3 for 15 min in a

filter tube (Merck™ UFC900324) to concentrate the particles. Finally, the EVs are sepa-
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rated using Size Exclusion Chromatography columns (IZON Science Ltd, United States)

in 1mM Tris with 0.4 mM NaCl solution. For size distribution analysis of EVs, nanoparti-

cle tracking analysis (NTA) was carried out with each collected iodixanol fraction using

NanoSight NS500 instrument (NanoSight Ltd., UK). Three recordings of 30 s at 37°C were

obtained and processed using NTA software (version 3.0). All experiments were carried

out in three biological replicates.

4.6.11 Data Table for Vesicle Measurements

Table 4.1 gives the mean values and accompanying standard deviations for the three vesi-

cle populations measured in the device. Note that the observed difference in values be-

tween device class 1 and 2 is not significant.

Table 4.1: The mean diameter, charge and zeta potential for vesicles measured in the

device along with their accompanying standard-deviation (σ). In total, 30 liposomes were

measured (device class 1) and 100 U373 and NHA EVs each (70% of EVs in device class

1 for both U373 and NHA, 30% in device class 2). Each mean value is given an error bar

determined from the standard-deviation of the mean.

Vesicle ⟨d⟩ (nm) σd (nm) ⟨q⟩ (e) σq (e) ⟨ζ⟩ (mV) σζ (mV)
Liposomes 239±2 8 3010±40 230 37.6±0.4 2
U373 (all) 163±4 35 1719±70 701 41.3±0.6 6.0
NHA (all) 155±4 39 1883±84 835 48.6±0.6 6.4
U373 (device class 1) 164±4 34 1706±83 691 41.5±0.7 5.5
U373 (device class 2) 161±7 38 1749± 135 738 43.9±1.4 7.5
NHA (device class 1) 158±5 40 1960±103 863 48.7±0.7 5.9
NHA (device class 2) 148±6 34 1705±137 748 48.2±1.4 7.5

4.6.12 Discussion of Technology Scaling

The time tN to measure N EVs is given by tN = to(N/n) where to is the time required to

measure EVs in one field of view and n is the number of EVs measured simultaneously

in one-field of view. The time to is determined by the time to flow particles into the ar-
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ray (5 s), the time of lid-lowering/raising plus stabilization (6 s) and the two trajectory

integration steps required (each 1 min long). Thus, to = 131 s. How many EVs can we

measure simultaneously in a field of view? In order to measure the escape time, we need

in principle only two adjacent cavities available for a single EV (one well for particle to

leave, one well for a particle to enter). Thus, the maximum number of EVs we can fit in

principle in array is half the total number of cavities (so the maximum occupancy is 50%).

For cavities with a center-to-center separation of 3 μm in a 100×100 μm2 field of view, this

gives n =545, and suggests we can measure 1000 EVs in around 4 min (tN=1000 = 4 min).

Of course, this situation is idealized: we cannot assume the array will be so densely occu-

pied. Yet, note that assuming an occupancy of only 10% still yields a practical measure-

ment time of around 20 min for 1000 EV’s (∼50 EV/min). Note that multiple occupancy

of a well by more than one EV, which might confound the trajectory of different particles,

is not an issue: the EVs self-exclude strongly due to their high negative charge. We have

never observed multiple occupancy of a well by more than one EV.

In order to increase throughput further we can increase the optical field of view and

the corresponding array area, ensuring that a larger number of EVs are measured in paral-

lel for a given acquisition sequence. Single-molecule imaging technology based on back-

illuminated CMOS CCDs (such as the Photometrics Prime 95B 25MM and Photometrics

Kinetix) routinely provide a 170×170 μm2 and even 200×200 μm2 field of view for a 100x

objective. We can further increase the field of view by using a 60x objective, yielding a

330×330 μm2 field of view. This increase in the field of view by a factor of 3.3 leads to a

11-fold increase in statistics yielding a tN=1000 ∼ 1.8 min (∼600 EV/min).

Now, of course we cannot exploit the entire array area due to the membrane curvature;

we wish to only perform measurements within the “plateau region” where the slit height

variation is less than the prescribed value 2δhmax. Thus, it is important to determine

whether it is practical to increase the plateau region to extend across the field of view (i.e.

to cover up to a 330×330 μm2 area). Using a hmax = 0.8 nm, Comsol simulation predicts

that a Lplateau = 100 μm requires a membrane width of 500 μm and a Lplateau = 330 μm
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will require a membrane width of around 800 μm (see Figure S4.13). While the current

class 1 devices with a membrane area of 160×200μm2 yield roughly a Lplateau = 15 μm,

we feel that it is quite practical in a next generation of devices to increase the membrane

area to 800 μm, and even higher, as the 100 nm thick nitride lids are extremely stable.

Note that if membrane fragility were a problem, we could simply increase the membrane

thickness. If, for some reason we could not make larger stable free standing membranes,

than in principle the CLIC approach could be used as an alternative, which implements

the confinement variation by deforming a coverslip via a piezo-controlled lens-pusher.

[13]

Finally, our estimate of only a 10% array occupancy is quite conservative. We believe

it may be feasible to increase array occupancy by increasing sample concentration. Con-

centration might be performed on-chip, for example, by running EV-containing buffer

against a slit barrier with a gap that permits buffer to escape but traps EVs. Note that just

a two-fold increase in occupancy (corresponding to only 20% of all cavities occupied in

the array, which is still conservative) will yield a throughput ∼1000 EV/min.

4.6.13 Supporting Movie

The movie shows the motion of a single YOYO-1 labeled pBR322 vector at different levels

of confinement including low confinement (2h = 188 nm), medium confinement (2h = 185

nm) and strong confinement (2h = 170 nm). In all experiments, the cavity radius (Rc) is

500 nm (Figure 2, manuscript). The movement of the plasmid vector is captured using

fluorescence microscopy and superimposed on graphical images of the nanocavities. The

dashed circles depict the escape boundary (resc = 750 nm). The right panels display the

particle status (e.g. whether the particle is inside or outside of the cavities). If the degree

of confinement is increased the particle will stay longer in the potential wells. At the

highest level of confinement the particle will stay in a single cavity for the entire movie

duration. The movie is sped-up by a factor of 2.4.
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Figure 4.13: COMSOL simulation results for the plateau length Lplateau versus membrane

width. The effective utilizable membrane area is given by Lplateau × Lplateau. The total

variation in slit height across the plateau region is given by 2 δhmax. For these simulations

δhmax = 0.8 nm.
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Connection between Chapter 4

and 5

In the previous study, we observed two interesting facts about EVs confinement. 1- full

confinement of particles (staying in a cavity for several hours) can be achieved while still

there is a gap between the membrane and substrate. This barrier can be a physical barrier

(the gap size is smaller than the particle’s size) or an energy barrier raised from a differ-

ential electrostatic potential. 2- There is accurate control over the membrane deflection

(about 5 nm) which let us meticulously tune the gap size. We came up with the idea to

load detection reagents while a target molecule is fully confined in nanocavities. This is

important for the EVs multidimensional analysis to be able to detect the target molecules

after the isolation procedure. It is worth emphasizing that, EVs are not analyzed in the

second manuscript and the progress in this manuscript can be expanded to the EVs analy-

sis in future studies. We first examined the stability of DNA molecules inside the cavities

while the tagged primers are diffused inside and washed from the cavities. Then, the con-

trol over diffusing of particles from the cavities is examined by testing the batch of tagged

spherical gold nanoparticles with 15 nm and 50 nm mean diameters. Finally, to increase

the specificity of detection, we used two isothermal amplification methods to detect the

DNA molecule inside the cavities.
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Chapter 5

Tunable nanofluidic device for

digital nucleic acid analysis

5.1 Abstract

Nano/microfluidic-based nucleic acid tests have been proposed as a rapid and reliable di-

agnostic technology. The two key steps for many of these tests are target nucleic acid (NA)

immobilization followed by an enzymatic reaction on the captured NAs to detect the

presence of a disease-associated sequence. NA capture within a geometrically confined

volume is an attractive alternative to NA surface immobilization that eliminates the need

for sample pre-treatment (e.g. label-based methods such as lateral flow assays) or use of

external actuators (e.g dielectrophoresis) that are required for most nano/microfluidic-

based NA tests. However, geometrically confined spaces hinder sample loading while

making it challenging to capture, subsequently, retain and simultaneously expose target

NAs to required enzymes. Here, using a nanofluidic device that features real-time con-

finement control via pneumatic actuation of a thin membrane lid, we demonstrate the

loading of digital nanocavities by target NAs and exposure of target NAs to required

enzymes/co-factors while the NAs are retained. In particular, as proof of principle, we
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amplified single-stranded DNAs (M13mp18 plasmid vector) in an array of nanocavi-

ties via two isothermal amplification approaches (loop-mediated isothermal amplifica-

tion and rolling circle amplification).

5.2 Introduction

The Nucleic Acid Test (NAT) is a reliable method for early disease detection. For example,

polymerase chain reaction (PCR) has been used to detect viral infections such as SARS-

CoV-2 [247], and next-generation sequencing (NGS) has been used for whole genome se-

quencing (WGS) to detect single nucleotide variants (SNVs) that result in cancer [66]. In

NA amplification, detection specificity can be significantly improved by using designed

primers to enable the detection of single nucleotide variants [145]. In addition, partition-

ing the sample, i.e dividing the sample into small volumes either in micro wells [197]

or droplets [168], can increase detection specificity and sensitivity. Sample partitioning

prior to amplification enhances the detection specificity by reducing cross-contamination

between the samples in each partition [168]. Partitioning can also enhance detection sen-

sitivity for low-abundant target molecule samples [77]. In this case, certain partitions

may contain one or more target molecules, although many other partitions may be de-

void of the target molecule. Consequently, detecting the target molecule is more probable

within partitions enriched with the target molecule. Furthermore, there is a higher likeli-

hood of detecting a response signal within each positive partition compared to traditional

methods where the detection signal is diluted throughout the entire sample. Moreover,

partitioning can provide accurate quantitative measurement of the target molecule con-

centration by mitigating quantitative biases found in traditional quantitative NAT meth-

ods. These include biases arising from target molecule properties (such as GC contents

or secondary structures such as hairpins or stem-loops) or inhibiting effects (caused by

DNA binding proteins or amplification contamination such as nucleases and salts) [168].
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Digital PCR (dPCR) is the gold standard approach for partitioned NA amplification

[100]. A key requirement of dPCR is thermal cycling which requires costly equipment. In

thermal cycling the temperature is increased to ≈ 95◦C for DNA denaturation, reduced to

≈ 50◦C for primer annealing, and then increased to ≈ 65◦C for synthesizing a new strand.

Isothermal amplification methods have been proposed as alternatives to dPCR to elim-

inate the need for the complex setup required for thermal cycling in PCR and increase

detection sensitivity and specificity. Loop-mediated isothermal AMPlificaiton (LAMP)

method uses primers targeting multiple regions of the target molecule to decrease the

non-specific amplification [11] at 65 ◦C. Also, the polymerase used in LAMP (Bst 2.0) is a

high-speed strand-displacing DNA polymerase with a higher tolerance to inhibitors. Dig-

ital LAMP has been proposed to further increase the sensitivity; however, the molecules

are non-accessible after target molecule partitioning in small wells (Tan 2021 digital, Lin

2019 digital). Although LAMP has been reported as a powerful technique for point-of-

care testing due to its robustness in DNA amplification and high selectivity via the use of

three primer pairs, the high-temperature activity of Bst DNA polymerase (65 ◦C) makes

it challenging to couple LAMP with other platforms. Rolling Circle Amplification (RCA)

is another isothermal amplification method that can work at room temperature due to

the room-temperature activity of phi29 polymerase [255]. So far RCA has been integrated

with microfluidic platforms [101], and combined with multiple read-outs including sur-

face plasmon resonance (SPR) [199], and electrochemistry [53]. In addition, LAMP assays

are likely to generate unwanted non-specific amplification products due to primer dimer-

ization and mismatched hybridization, arising from the fact that in LAMP reactions about

six primers at high concentrations (3.6–4.4μM) are needed in comparison with RCA reac-

tions where two primers at lower concentrations (0.4–1.0μM) are employed [124, 269].

Nanofluidic devices can be used for controlled digitization of NAT samples. Using

nanofluidic devices, a larger number of partitions can be accommodated in one field of

view, consequently enhancing the sensitivity and specificity of detection by mitigating

the influence of quantitative biases and inhibitors. Also, the sample partitioning can be
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done very accurately using nanofluidic devices, which reduces the biases raised by the

sample loading inside the partitions. The primary step in the nanofluidic-base NAT is

molecule capture. A number of approaches have been demonstrated for NA capture,

including immunoaffinity [6,148], and external forces such as dielectrophoresis [137] and

optical trapping [21].

Nucleic Acids can also be captured by confinement in nanofluidic compartments (e.g.,

nano-wells or nanochannels) without external forces or treatment of the nanofluidic de-

vice for immunoaffinity immobilization. In confinement-based capture, NAs are loaded

in a narrow slit (with 50-1000 nm height) containing nanofluidic compartments imple-

mented inside the slit. Although NA confinement eliminates the need for pretreatment

or external actuation, it can hinder analyte accessibility for the next detection steps (i.e.,

incorporation of enzymes or fluorescent dye). One widely employed solution to ensure

analyte accessibility to the embedded compartments is to leave a fixed nanoscale gap

between the bonding lid and the compartments [170, 187]. For example, Marie et al. con-

fined lambda DNA in an array of nanopits and showed that phi29-driven amplification

can be achieved while the DNA is immobilized in the nanopits with a slit gap [141]. Öz

et al. stretched lambda DNAs in nanochannels and loaded nucleolytic enzyme DNase I

to digest the stretched DNA while preserved in the nanochannels [163]. Two main ob-

stacles exist in this approach. First, the target NA size must be significantly larger than

the enzyme and primers; otherwise, the target NA can escape quickly. Fixing the slit

height at a very narrow gap increases the residency time of captured NA in the confined

space; however, loading the target molecule into the slit will be hindered in the narrow

slit height. Secondly, the nanofluidic devices work with a limited range of NA sizes.

At high slit heights, only large particles can be loaded and confined in the nanofluidic

compartments, as small particles tend to escape quickly. Conversely, only small particles

can be loaded and confined at narrow slit heights, while the loading of large particles is

hindered by the narrowness of the slit.
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One solution is to dynamically adjust the slit height so that the optimum degree of con-

finement can be achieved for a given assay step. Here we harness a coupled-membrane

nanofluidic device featuring tunable confinement to confine and partition nucleic acids

inside a matrix of nanocavities and amplify the target nucleic acids using isothermal am-

plification methods including the RCA and LAMP. In our previous work [26, 80, 130], we

introduced a nanofluidic system that exploits pneumatic pressure applied to a flexible

free-standing SiNx membrane lid to adjust in situ the degree of confinement experienced

by nanoparticles and single molecule analytes in nanoconfined volumes. Pneumatic pres-

sure applied from above deflects the lid downwards varying the degree of confinement;

at the highest degree of deflection, the lid seals off nanocavity structures embedded in

a nanoslit. Here we exploit and modify this approach with the objective of performing

digital DNA amplification on target DNA confined inside the nanocavities. This requires

performing biochemical processing steps on the confined nucleic acids, which in turn re-

quires the capability of introducing chemical reagents into the nanocavities, such as DNA

polymerase, amplification buffer and fluorescent dye, while the DNA targets are retained.

This can be achieved using our ability to adjust the degree of membrane deflection with

nm precision, creating gaps sufficiently small around the nanocavity to prevent the es-

cape of target DNA while allowing the introduction of amplification reagents. Reagents

are introduced via a set of parallel nanochannels located sufficiently close to the nanocav-

ities for diffusive transport through the thin access gap to be efficient. The nanochannels

are in turn interfaced with microchannels for reagent loading.

5.3 Experimental

5.3.1 Device design

Our adjustable confinement device is created using the procedure described in Capaldi et

al. [25]. The device consists of a borosilicate substrate that incorporates two intersecting

nanoslits, namely the target-loading channel and the reagent-loading channel (Figure 5.1-
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Figure 5.1: Nanofluidic device and its working principle a) Front and back views of the

nanofluidic device b) 3D schematic of the deformable membrane. c) SEM of nanocav-

ity array after the membrane is removed. d) The device has two crossed microchannels

(target-loading channel and reagent-loading channel) which intersect at the membrane

position. e I) Cut-out view of the nanofluidic device at the reagent-loading channel. When

the membrane is pushed down, the membrane prevents the reagents from flowing from

the nanochannels to the nanocavities. e II) Cut-out view of the nanofluidic device at

the target loading channel. While the membrane is deflected, the reagents can enter the

nanochannels as the nanochannels are connected to the reagent-loading channel external

to the membrane area.
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d). The nanoslit depth is 420 nm and each slit is connected to two loading reservoirs (refer

to Figure 5.1-a, and Supporting Information section 5.9.1). A matrix of circular nanocavi-

ties (with a radius of Rc = 1000 nm and 300 nm deep) and an array of nanochannels (with a

width of 100 nm) are embedded at the intersection of the microchannels (Figure 5.1-b,c).

The nanochannels are positioned a distance of 500 nm from the nanocavities so that they

are in close proximity. Above the nanocavities, there is a flexible lid formed from a free-

standing silicon nitride membrane (200 nm) thick. The device is mounted in a 3D-printed

chuck enabling a solution to be introduced into the loading reservoirs and a pneumatic

pressure applied to deflect the membrane (see Supporting Information section 5.9.1). The

chuck is mounted on an inverted fluorescence microscope and imaged using an sCMOS

Camera (PRIME 95 25MM) and 60X water immersion objective (Nikon).

5.3.2 Device operation

When pneumatic pressure is applied the membrane deflects, resulting in a reduction of

the vertical gap (slit height). As we have previously shown [80], the slit height as a func-

tion of the applied pressure can be calibrated by measuring the intensity of fluorescent

dye present in the nanoslit (see Supporting information 5.9.3).

Digital DNA amplification can be divided into two main steps. The first step is the

confinement and concentration of DNA molecules in the nanocavities. The second step

is DNA analysis, including removing the extra particles from the chamber by loading a

washing buffer (e.g., 1X TE buffer), fluorescent staining, and DNA polymerization. In the

first step, the DNA is loaded from the target-loading channel into the membrane region

by constant pressure applied at the inlet (Figure 5.2-b-I). During the DNA loading into

the membrane area, no pneumatic pressure is applied so the slit height is at its maximum

value (420μm). The membrane is then deflected to push the DNA inside the cavities,

reaching the maximum degree of deflection at which the nanocavities will be completely

sealed (Figure 5.2-b-I).
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Figure 5.2: a) Schematic image of the membrane region. b) Loading and amplification

steps of DNA inside cavities; bI) loading of target DNAs from target loading channel;

bII) DNA confinement via membrane deflection; bIII) washing out extra DNAs in side

nanochannels and reagent-loading channels; bIV) adding amplification reagents from

nanochannels while the target DNAs remain confined in nanocavities. c) Cartoon show-

ing molecule concentration in cavities as the membrane lid is lowered. d) Fluorescent im-

ages showing the confinement of YOYO-1 labelled-pBR322 plasmid vectors in nanocavi-

ties I) without and II) with the concentrating procedure.
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In the second step, the detection reagents are loaded from the reagent-loading chan-

nel. First, NA molecules present in the side nanochannels are removed via a washing

buffer introduced in the reagent-loading channel (Figure 5.2-b-III). Note that the mem-

brane comes into contact with the bottom of the slit channel during the washing step.

This contact prevents any particles from jumping or transferring from the nanochannel

to the nanocavities. Then, the amplification reagents including polymerase, dNTPs, and

fluorescent dyes are loaded from the reagent-loading channel (Figure 5.2-b-IV). The pneu-

matic pressure is reduced to create a narrow gap between the membrane and nanocavities

which let the amplification reagents diffuse through the gap into the nanocavity while,

given the large size of the NA, the target NA will stay confined in the nanocavities.

5.3.3 Nucleic Acid Concentration in Nanocavities

While membrane deflection will confine molecules inside the nanocavities, confinement

alone does not lead to DNA concentration (see Figure 5.2-d-I). Additional concentration

can be necessary if the sample contains a low concentration of target NAs. Combined

concentration and confinement can be achieved by a protocol combining membrane de-

flection with fluid flow. When target NA are driven over the embedded nanocavity array,

the NAs will accumulate inside the cavities row by row [141]. This arises as induced flow,

increasing the molecule throughput, increases the filling rate of cavities from molecules

passing by in the slit that can then enter a cavity. At the same time, molecules that are cap-

tured in a cavity remain trapped, even in the presence of the flow, due to the high entropic

barrier created by the slit. A high cavity filling rate combined with a very small escape

rate leads to NA concentration within the cavities. As molecules are repelled from cavi-

ties that are already filled due to the strong excluded-volume interactions with molecules

present in the filled cavities, cavity rows will tend to fill sequentially. Therefore, an in-

termediate flow should be adopted to obtain a high occupancy; however, a long waiting

time is required to obtain full occupancy at an intermediate flow.
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The entropic barrier can be increased by decreasing the slit height, allowing for using

faster flow to achieve a high occupancy level in a shorter period of time. However, us-

ing a very thin slit height hinders the loading and washing of target NAs from cavities.

The ability to adjust confinement in real time allows us to separate the particle loading

and washing steps from the concentration step. Consequently, a narrow slit height can

be employed specifically for the concentration step without any concerns regarding the

loading and washing steps. Also, in our method, since the occupancy of one cavity is

independent of the occupancy of all other cavities, a defect in one cavity does not af-

fect the occupancy of other cavities, as in this case for pure flow-based loading without

confinement modulation.

To demonstrate combined loading and concentration, YOYO-1 stained pBR322 vec-

tor plasmid with 1 ug/mL concentration is loaded into the membrane area with applied

pressure in the reagents inlet the membrane is gradually depressed from an initial slit

height of 197 ± 6 nm (25mbar). The membrane is lowered in small increments, with 0.5

mbar pressure increase per increment each increment taking 5 s; the overall process takes

20 such steps and finally, the membrane reaches 113 ± 6 nm (35mbar). We observed that

more than 95 % of cavities are occupied with the vector plasmid in 120 seconds.

5.4 Result and Discussion

5.4.1 DNA in-cavity retention during buffer exchange

We demonstrate that pBR322 plasmid vectors can be retained while a staining buffer con-

taining YOYO-1 dye is introduced. YOYO-1 is almost non-fluorescent in a solution; how-

ever, the fluorescent intensity increases by 1000-fold when it binds to double-stranded

DNAs [188]. In the inlets of the target-loading channel and the regent-loading channel,

5mg/ml of unlabeled pBR322 plasmid vectors and 10 μM of YOYO1 are loaded, respec-

tively. The pBR322 plasmid vectors are confined and concentrated in the nanocavities;

this is performed by applying our previous protocol without observing the molecules.
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Figure 5.3: Labeling of pBR322 plasmid vector with YOYO-1 fluourescent dye in cavities.

a) Fluorescent images before and after loading the fluorescent dye in nanochannels while

pBR322 plasmid vectors are confined in nanocavities. b) Average fluorescent intensity

variation over time.
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After confinement, the YOYO1 solution is introduced into the reagent-loading channel

from the reservoirs. A thin gap (< 5 nm) is introduced between the membrane and sub-

strate by membrane release; the YOYO-1 molecules can now diffuse through this gap

from the nanochannels to reach the nanocavities (note the YOYO-1 has a molecular size

below 1 nm, refer to size measurement section of Supplementary Information).

Once YOYO-1 dye reaches the nanocavities, the average fluorescent intensity abruptly

increases and reaches a plateau value after about 25 seconds (Figure 5.3-b). This abrupt

increase reveals the interaction of YOYO-1 dye with pBR322 plasmid vectors. Comparing

the intensity inside the nanochannels (occupied with just YOYO-1 dye ) and the inten-

sity of the nanocavities (occupied with YOYO-1 labelled DNAs) shows about a 100-fold

stronger signal in the intensity of the nanocavities. To explain the small jump at the begin-

ning of the intensity increase, note that during the loading of DNA in the target-loading

channel, the DNA will also migrate to the reagent-loading channel. The loaded fluo-

rescent dye from the detergent-loading channel also interacts with the DNA molecules

present in the reagent-loading channel. Just as the fluorescent dye reaches the nanocavi-

ties, the labelled DNA in the reagent loading channel will pass through the side nanochan-

nel (It can be observed in Supporting Video III). The fluorescent signal emitted from the

labelled DNA inside nanochannels influences the intensity collected from the nanocavi-

ties due to the Airy disk effect. According to our previous study [174] and the objective

used in the measurement, we expect the Point-Spread Function (PSF) to have a 0.9μm ra-

dius; this is sufficient for the intensity present in the nanochannels to affect the intensity

measurement in the cavities (which are only 0.5μm away) (see Supplementary Informa-

tion).

5.4.2 Nanoparticle Retention in Nanocavities

To demonstrate our ability to retain small particles, we examined the retention of Cy3

labelled-gold nanoparticles with mean diameters of 15 and 50 nm (Nanocs inc.) at dif-

ferent slit heights. The particles are introduced from the target-loading channel and con-
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Figure 5.4: Variation of occupancy percentage of a) 15 nm and b) 50 nm particles in

nanocavities after waiting over 5 minutes at different slit heights. c) Comparison of fi-

nal occupancy percentage of 15 and 50 nm nanoparticles for different slit heights after

waiting 5min. d) Retention of YOYO-3 labelled-pBR322 plasmid vectors in nanocavities

during the introduction of FAM-tagged primers

fined in the nanocavities by lowering the membrane to ensure complete sealing. Free

fluorescent dye and extra gold nanoparticles in the side nanochannels are removed by

introducing the washing buffer from the reagents channel. A very low flow (10 um/s)

is continuously applied from the reagent chamber to wash out the side channels. Then,

the applied membrane pressure is decreased to create a gap between the membrane and

cavities allowing nanoparticles to leave the cavities. The average fluorescent signal of

six nanocavities in the middle of the membrane region is recorded for five minutes for a

range of slit heights (Figure 5.4-a,b). Background intensity is removed by capturing a ref-

erence frame before nanoparticle loading. Linear photobleaching correction is applied to
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the time-dependent fluorescent intensity by measuring the sample fluorescent depletion

outside of the nanofluidic device.

When a small gap is introduced, the final fluorescent intensity decreases, indicating

the depletion of nanoparticles from the nanocavities (Figure 5.4-a,b). By increasing the

slit height still further, particle escape becomes more rapid and a lower concentration is

reached. At a very high slit height (≈ 146 ± 5 nm), the gold nanoparticles escape rapidly

and the intensity reaches zero in five minutes, while particles are retained for lower slit

heights (Figure 5-5.4-c). Note the samples of gold nanoparticles exhibit a size distribution

of 15% (Nanocs inc.), meaning that samples contain some nanoparticles which are smaller

and larger than their mean value. For instance, in the case of the sample with 50 nm mean

diameter, there are nanoparticles that can pass through a slit with a height below 50 nm

because their diameter is smaller than 50 nm.

The nanoparticles with a mean diameter of 15 nm leave the nanocavities more rapidly

compared to nanoparticles with a 50 nm mean diameter at the same slit height. Initially,

the nanocavities are occupied with maximum concentration (100% occupancy) and are

empty before loading (0% occupancy). Therefore, any signal between the maximum con-

centration and empty state is linearly correlated to the final occupancy. At very high

slit heights (≈ 146 ± 5 nm) all particles exit the nanocavities. By reducing the slit height

(≈ 45 ± 6 nm), although more than 50% of nanoparticles with 50 nm mean diameter re-

main confined, most of the nanoparticles (≈ 80%) with 15nm mean diameter leave the

nanocavities. Finally, at a very small gap height (≈ 2± 1.5 nm), a tiny reduction (less than

10%) in final occupancy is observed in both samples.

5.4.3 DNA retention in nanocavities

It is critical to ensure the retention of target DNAs in nanocavities during washing and

reagent loading steps. To quantify the degree of retention, first, our confinement and con-

centration protocol was used to introduce YOYO-3 labeled pBR322 plasmid vectors into

the nanocavity arrays with the lid maximally deflected to ensure complete nanocavity
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sealing. Then, 20 bp primers tagged with FAM are loaded from the reagent channel. The

primer’s radius of gyration of the primer is estimated to be 1.9 nm (see Supporting Infor-

mation section 5.9.6). After the primers reach the membrane region, a 5.4 ± 2.2 nm gap is

introduced so that the primers can enter the cavities. Primer loading in the nanocavities

leads to an increase in a FAM-associated signal at the nanocavity location. While the FAM

signal increases, the YOYO-3 signal associated with target DNAs stays stable. The obser-

vation suggests that we can keep the target NAs in a fully confined state while primers

are loaded.

To perform sequential analysis, we need to remove from the nanocavities the molecules

used in the previous round of analysis; their retention in subsequent analysis cycles might

introduce noise or errors. For example, in sequential multiplex amplification, it is possi-

ble to quench fluorescent dye and perform another amplification round. However, the

sequential amplification needs the reaction chamber to be emptied of the primers and

reagents used in the previous analysis round. We demonstrate that we can remove the

primers from the nanocavities while the target DNA molecules are stably retained. To

achieve this, the reagent-loading inlet is flushed with the washing buffer which is then

introduced inside the nanofluidic device. When the washing buffer reaches the mem-

brane region, the FAM channel intensity drops indicating primers have been removed

from the nanocavities. The relative intensity, the intensity is normalized to the intensity

before loading primers, reaches zero signalling that the cavities are completely emptied

of primers. (Figure 5.4-d-inset). During the washing step, the YOYO-3 channel remains

constant indicating the retention of the target DNA inside the cavities.

5.4.4 Amplification Results

We performed amplification of single-stranded DNA (M13mp18 plasmid vector) in nanocav-

ities using two isothermal amplification methods, namely LAMP and RCA. Once the cav-

ities are loaded with target NAs the amplification assay can be implemented (Figure 5.2-

b-IV). LAMP forms loop structures on the target NA, resembling dumbbells, containing
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Figure 5.5: Digital amplification of M13mp18 in nanocavities. a) Real-time average flu-

orescent intensity measurement from nanocavities using the LAMP method. b) Four

primer RCA amplification procedure. c) Fluorescent images before and 18 minutes af-

ter loading the RCA amplification reagents. d) Real-time average of fluorescent intensity

measurement using the RCA method and comparison of results with the interaction of

the fluorescent dye with target-ssDNA without amplification. e) Fluorescent intensity

distribution over cavities for two used isothermal amplification methods.
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open single-stranded sequences below the denaturation temperature. Primers can hy-

bridize to the open single-stranded sequences without the need to increase the solution

temperature up to the denaturation temperature (95◦C). The formation of the loop struc-

tures involves two primers (Forward Inner Primer (FIP) and F3). FIP consists of two main

sequences: F2 sequences which are complementary to the target DNA sequences F2C,

and F1C sequence positioned before F2. F1C is identical to the target DNA sequences

located after F2C. The polymerase (usually BST 2.0) in the amplification reagent (LAMP

1X Master Mix, NewEngland Biolabs) initiates synthesis along the FIP primer and gen-

erates F1C complementary sequences (F1). Consequently, the synthesized strand along

the FIP primer contains F1C-F2-F1 sequences. Secondly, F3 primer binds to the comple-

mentary sequences in the target DNA (F3C) which is positioned before F2C. A new poly-

merase starts synthesizing along F3 primer and detaches the synthesized strand initiated

by the FIP primer. Finally, the detached strand forms the loop structure by hybridiza-

tion between F1C and F1 sequences. After loop formation, a Loop Forward (LF) primer

hybridizes with the formed strand containing the open single-stranded sequences in the

loop structure and initiates the amplification. While FIP can also trigger amplification (by

attaching to the F2C sequences of the formed strand with F2 Sequcnes), it may not offer

the highest stability due to limitations in choosing the optimal position for loop structure

formation, dependent on F1 and F2 affinities. LAMP produces double-stranded ampli-

cons that can be detected by an intercalating fluorescent dye (1X LAMP, NewEngland

Biolabs). The LAMP primers sequences (ThermoFisher) are provided in the Supporting

Information section 5.9.7.

In the RCA method, the target molecule is a circular DNA molecule. When a primer

binds to the target molecule, the polymerase (typically Phi29, NewEngland Biolabs) ini-

tiates the synthesis from 3’ of the attached primer. As the polymerase completes a whole

circle and reaches the 5’ end of the primer, it opens up the synthesized circle and con-

tinues synthesizing DNA. This process continues until the polymerase reaches its pro-

cessivity limit, which is the number of nucleotide polymerizations it can perform before
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dissociating from the target molecule. For Phi29 polymerase, the processivity is approx-

imately 70 kilobase pairs (kbp) [95]. RCA primers (ThermoFisher) are discussed in the

Supporting Information section 5.9.7. Similar to LAMP method, the RCA products are

double-stranded DNA which are detected by intercalating fluorescent dye (1X LAMP,

NewEngland Biolab).

In the LAMP experiment, the reagents are loaded at the reagent-loading inlet. The

target DNAs are preserved from contamination by loading in a separate channel (regent-

loading channel). Therefore, several consecutive experiments can be performed in one

device, i.e., after testing a batch of confined DNAs, the tested DNAs are released, washed

away, and fresh intact DNA is loaded The device is warmed up to 65◦C using the method

discussed in Supporting Information section 5.9.2. Then, the reagents are introduced in-

side the nanochannels. The largest reagent molecule is Bst 2.0 polymerase (WarmStart)

with ≈ 2.7 nm radius of gyration, and primers with a maximum ≈ 3.0 nm radius of gy-

ration (see Supporting Information section 5.9.6). Therefore, by creating about 5 – 10 nm

gap between the membrane and nanocavities, the reagent molecules can diffuse from

the side nanochannels into the nanocavities. The fluorescent dye (NEB LAMP fluores-

cent dye) has minimal interaction with the single-stranded M13mp18 and the signal only

arises when the dye intercalates with the synthesized dsDNA (Figure 5.5-f). We observed

an increase in fluorescent signal at ≈ 120 seconds at which the signal reaches its maxi-

mum value. In the LAMP method, the amplicons contain molecules with a large range

of sizes, from oligonucleotide size (< 100bp) to very large molecules (> 10kbp) (see gel

electrophoresis results in Supporting Information section 5.9.6). After saturation of cav-

ities with amplicons, the small molecules can diffuse out from the cavities. The diffused

DNAs to the nanochannels can react with the amplification reagents and, by producing

very large amplicons in the nanochannels, the nanochannels can be clotted with a small

defect that leads to particle accumulation. (see Supporting Video II)

In the LAMP method, a single amplicon generates several amplicons after forming

looped. Polymerase can bind to the newly generated amplicons and perform several
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amplifications in parallel (similar to PCR [156]). The parallel amplification and the high

strand displacement rate of Bst 2.0 WarmStart polymerase give rise to a rapid increase in

fluorescent signal. Amplicons generated using the LAMP method can migrate to other

cavities which can cause contamination of other cavities and consequently give rise to

false positives. In our digital amplification approach in which the confinement of par-

ticles depends on the size of the target molecules, the small amplicons can escape from

their cavities. The migration of amplicons from one cavity to another has undesirable ef-

fects on applications like multiplexing which requires that targets should be kept isolated

from other molecules. Therefore, a single-molecule amplification method in which the

amplification product is one single large molecule instead several small amplicons like

RCA is needed for digital amplification purposes.

In the RCA method, a single polymerase attaches to a DNA and synthesizes the com-

plementary sequences. This gives rise to particles that will always be bigger than the tar-

get molecule (see Supporting Information section 5.9.5); therefore, no amplicon can leave

the cavity. Given a single path of amplification (i.e., not being parallel like LAMP), the flu-

orescent signal increases slowly. To reduce the effect of a slow amplification rate, we used

four primers (two forward and two reverse) instead of a single forward primer. The real-

time PCR results for single primer and four primers amplification are presented in the

Supporting Information section 5.9.6 which shows the effectiveness of the proposed four

primers method. We also took images with longer exposure time (2s) and longer time-

laps (1 min) to increase the signal and reduce bleaching, respectively. The two forward

primers are placed on two opposite sides of the DNA, so, instead of one polymerase, two

polymerases initiate the synthesis. The fluorescent intensity sharply increases in 2 – 3min.

This sharp increase might represent the termination of one complete circle amplification.

After the full circle completion, the polymerase opens up the synthesized double strand

and generates ssDNA tails. The two backward primers which were placed on two oppo-

site sides of the vector, attach to the ssDNA tails and another Phi29 polymerase starts to
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synthesize the complementary part of the tails (Fig 5.5.c). The generated double-stranded

tail results in an increase in fluorescent intensity with a lower slope (Figure 5.5-f).

We also compared the distribution of final fluorescent signals for both isothermal am-

plification methods. In the LAMP method, the final signal intensity correlates with the

size of big particles generated during amplification (as the smaller particles leave the cav-

ity). Given that the size distribution of generated particles is random, there is a relatively

wide distribution in final fluorescent intensity (Figure 5.5-g). In the RCA method, we ob-

served most cavities are in the same range of final intensity after 18 minutes which shows

most DNAs follow the same amplification procedure (Figure 5.5-g). In RCA method, it

is possible that only one of the forward primers continues the amplification. If the poly-

merase starts the amplification by one of the forward primers, and the second primer

cannot find the target while the first polymerase syntheses the half circle of M13mp18

vector (given the fast strand displacement speed of Phi29, 50-200 bases/s [218]), the second

primer can no longer attach to the target; therefore, we expect a slower rate of fluorescent

intensity increase.

5.5 Conclusions

In this study, we have introduced a novel nanofluidic coupled-membrane device de-

signed for the digital amplification of nucleic acids (NA) within a nanocavity array. The

device employs a flexible membrane that can be deflected to physically confine the NA

within the nanocavities. By utilizing this membrane, we are able to retain the NA inside

the nanocavities while allowing the loading of amplification reagents into the cavities

through a narrow gap created between the membrane and nanocavities. For the am-

plification process, we employed two isothermal amplification methods: loop-mediated

isothermal amplification (LAMP) and Rolling Circle Amplification (RCA). These methods

facilitate the amplification of the NA directly within the confined nanocavities. By imple-

menting this nanofluidic coupled-membrane device and utilizing LAMP and RCA tech-
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niques, we successfully achieved the amplification of nucleic acids within the nanocavi-

ties, providing a platform for digital amplification in a controlled and confined environ-

ment.

In the future, we propose to extend the device to applications where amplification

is multiplexed. Multiplexing can be achieved by designing padlock probes (commonly

used for amplification barcoding [217]). Multiple DNA sequences can be detected by

barcoding the padlock probe. Multiplexing digital amplification is important for single

particle analysis such as single EV analysis. Following our previous study, in future, a

single EV can be confined in nanocavities. We should be able to lyse and extract their

mRNA using this nanofluidic device while the mRNA remains in the cavities and then

detect mRNA-associated biomarkers via multiplexing and amplification.
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5.9 Supporting Information

5.9.1 Device Fabrication and Operation

The nanofluidic device is fabricated with the following procedure discussed in Capaldi et

al. [26] A 420 nm deep nanoslit is etched in 4-inch borofloat glass (500 μm) using UV lithog-

raphy followed by a CHF3:CF4 inductively coupled plasma (ICP)-Reactive Ion Etching

(RIE). Circular nanocavities with a radius of 1 μm and nanochannels with a width of

100 nm placed 500 nm away from the nanocavities are patterned using E-beam lithog-

raphy and etched 200 nm deep with RIE. Next, the glass wafer is bonded to a silicon

wafer coated on both sides with 200 nm silicon nitride (Cornell, NanoScale Facility, sili-

con wafers 400 μm thick). Four windows for inlets and outlets of fluid and one window

for membrane region sare opened using another lithography/etching steps for follow-

ing KOH etching of silicon on the top side of SiNx wafer. Finally, KOH etching is per-

formed through the opened windows to suspend the silicon nitride membrane above the

nanocavities/nanochannels region. After dicing the wafer, the 1 cm × 1 cm nanofluidic

device is placed in a 3D printed chuck (Formlabs Inc.) for introducing reagents in the

nanofluidic device. (Fig. S5.6).
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Figure 5.6: (a) Schematic image showing chuck/nanofluidic/heater device assembly. (b)

Photograph of the assembled system which shows the opening that the microscope ob-

jective can image the nanocavity area through.

5.9.2 Temperature Controller

To control temperature, we used the Stage Top Incubator (Tokai Hit., Co, Ltd.) which can

control the temperature accurately using PID controller. In the system, the temperature

can be increased up to 50◦C . The RCA method sets the temperature to 30 C, which is

the optimum temperature for Phi29 polymerase performance (the rate of strand displace-

ment). For the LAMP method, in which the optimum reaction temperature is 65 ◦C , we

used an extra heater element (Omega Sensing Solutions ULC ) powered with DC power

supply (Sky top power STP6005H) to increase the temperature of the retainer plate. The

retainer plate uniformly transfers the heat to the nanofluidic device (Fig. S5.7b). To have

real-time temperature control, a thermocouple is implemented in the 3d printed chuck

which directly contacts with the nanofluidic device. The temperature measurement accu-

racy is validated using an infrared camera (Teledyne FLIR LLC).
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Figure 5.7: a) Photograph of the stage top incubator for applying homogenous heat up to

50◦C. b) IR image taken using an infrared camera. The nanofluidic device temperature is

increased to ≈ 65◦C for loop-mediated isothermal amplification.

5.9.3 Slit Height Calibration

Following the procedure discussed in our previous study [80], the relation between slit

height and applied pneumatic pressure to the membrane is measured using fluorescent

intensity measurement between silicon nitride membrane and glass substrate. Shortly, a

fluorescent dye is introduced to the nanocavity area. Fluorescent intensity is measured at

different applied pressures to the membrane (and deflecting the membrane). Given the

linear relation between fluorescent signals and slit height (i.e., h = (IF/IFo)ho which ho

is the maximum slit height (420 nm), IFo is the initial fluorescent signal, IF is measured

fluorescent signal at different slit height, and h is the slit height), the fluorescent signal is

correlated to the slit height (Fig. S5.8).
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Figure 5.8: Relation between slit height and applied pressure used to deflect the mem-

brane lid. The error bars show the variation of slid height in the center region of the

membrane. The inset shows the zoom-in for the slit height smaller than 100 nm

5.9.4 Flow Measurement

The flow rate in the nanochannels is measured using the following equation [17]:

ΔP = RhQ (5.1)

with the Rh is hydrodynamic resistance, Q is the flow rate, and the ΔP is the gradient of

pressure between the inlet and outlet of the reagent channel. The hydrodynamic resis-

tance for rectangular channels is:

Rh ≈ 12μL

wh3(1 – 0.630 h
w )

(5.2)
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with μ is fluid viscosity (0.8 mPa.s at 30 ◦C and 0.43 mPa.s at 65 ◦C), h is height of channels

(for microchannels is 420 nm and for nanochannels is 360 nm), w is width of channels (for

microchannels is 200μm and for nanochannels is 300nm), and L is length of channels (for

microchannels is 6300μm and nanochannles is 400μm). The hydrodynamic resistance of a

network of channels can be measured based on the following laws that

• for two series channels Rh = Rh1 + Rh2

• for two parallel channels 1
Rh

= 1
Rh1

+ 1
Rh2

The nanofluidic device can be presented in Fig. S5.4a. Considering 65 nanochannels

(p = 65), the total hydrodynamic resistance between the inlet and outlet of channels when

the membrane is down is Rh = Rm1 +Rm2 +
Rn×Rg

p×Rg+Rn
. The Rm, Rn, and Rg are resistance in

microchannels, nanochannels, and the membrane slit height gap, respectively. The hydro-

dynamic resistance in the microchannels and nanochannels is fixed while the resistance

of the membrane slit height gap changes by changing the slit height. In Fig. S5.9b-c, the

variation of fluid velocity and flow rate is shown at different slit height values when 10

mbar applied pressure at reagents inlet is applied.

Figure 5.9: Flow and hydrodynamic resistance in the nanofluidic device computed from

model a) Symbolic representation of hydrodynamic resistance circuit in the nanofluidic

device. b) and c) Fluid velocity and flow rate, respectively, in the slit gap and nanochan-

nels at different slit heights.
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Figure 5.10: a) Comparison of LAMP and RCA results regarding the size of generated

particles. b) Real-time PCR results for comparison of amplification rate for four primers

and one primer RCA.

5.9.5 Gel electrophoresis and Real-Time PCR

In Fig. S5.10a, we show the difference between the LAMP and RCA methods regarding

the size of synthesized amplicons. In the LAMP method, any sizes of amplicons (espe-

cially the very small NAs- < 100bps) are generated; however, in the RCA method, all the

synthesized particles are larger than the target NA.

In RCA, we used four primers (two forward primers, and two backward primers) in-

stead of one forward primer to accelerate the amplification rate. Here we tested the ampli-

fication rate using a real-time PCR machine to observe the fluorescent intensity increase

(Roche Inc, LightCycler 480) Fig. S5.5b. We used the same fluorescent dye used in the

nanofluidic experiment (NEB, LAMP fluorescent dye). The RCA amplification reagents

are prepared according to the nanofluidic sample tests (mentioned in the Experimental

part of the manuscript. The 1ug/ml M13mp18 was added to the ”positive” samples.
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5.9.6 Particle size measurement

In our analysis, the approximate radius of gyration for different amplification continents

is measured. For polymerases, the x-ray crystal structures of the proteins are obtained

from the Protein DATA Bank (PDB). Then the data is imported into the VMD and a script

is written to measure the size of particles based on the equation:

r2
RG =

∑N
i=1 mi(ri – rCM)2∑N

i=1 mi
(5.3)

the rCM is the location of the center of mass, mi and ri are the mass and location of

each atom, respectively. For YOYO1 fluorescent dye, due to the absence of its X-ray

crystal structures in PDB, the TOTO1 Molecule (which is very similar to the YOYO1

molecule) is obtained from PDB and replaced the sodium atoms with oxygen (YOYO1

is C49H58I4N6O2 and TOTO1 is C49H58I4N6S2). The measured size for YOYO-1 Dyes is

0.69 nm. The radius of gyration for primers is measured using the equations proposed by

reference [178]. For oligonucleotides with N < 35 (N is the number of pairs), the radius

of gyration can be measured by:

r2
RG = 2.92N1.62 (5.4)

And, for oligonucleotides with N > 35 pairs, the radius of gyration is measured by:

r2
RG = 8.94N1.16 (5.5)

c

5.9.7 Primer Design

The M13mp18 vectors primers are obtained from the reference [160] (Tabel 5.1).

We designed the RCA primers and validated the designed primers as discussed in

the qPCR and Gel electrophoresis results. Since the polymerase phi29 has an inherent
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Table 5.1: Radius of gyration of polymerase.

Name of polymerase PDB Name Calculated Radius of Gyration ( nm)

BST 7K5O 2.66

Phi29 2PYJ 3.76

Table 5.2: Radius of gyration of RCA primers.

F1 (RCA) F1(RCA) B1(RCA) B2(RCA)
Pairs 18 22 21 19

rRG( nm) 1.89 2.09 2.01 1.86

3’ exonuclease effect, the four last nucleotides before the last nucleotides of RCA primer

sets are phosphorothioated to hinder the exonuclease effect of phi29 polymerase on the

designed primers. In table S 4, the letters “O”, “E”, ”F”, and “Z” are refereeing to the

phosphorothioated cytosine (C), guanine (G), adenine (A), and thymine (T), respectively

(Table 5.5).

Table 5.3: Radius of gyration of LAMP primers.

FIP (LAMP) BIP(LAMP) F3(LAMP) B3 (LAMP)
Pairs 51 52 17 21

rRG( nm) 2.92 2.96 1.80 2.01
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Table 5.4: LAMP primers

Primer name Sequence (5’ to 3’) Concentration
BIP CGACTCTAGAGGATCCCCGGGTAC

TTTTTGTTGTGTGGAATTGTGAGCGGAT 1.6μm
FIP ACAACGTCGTGACTGGGAAAACCC

TTTTTGTGCGGGCCTCTTCGCTATTAC 1.6μm
F3 GTTGGGAAGGGCGATCG 0.2μm
B3 ACTTTATGCTTCCGGCTCGTA 0.2μm

Table 5.5: RCA primers

Primer name Sequence (5’ to 3’) Concentration
F1 CCCAATTCTGCGAFOEFG 0.2μm
F2 CCAACGCTCAACAGTAGEEOZT 0.2μm
B1 GGTGGCTCTGAGGGTGEOEET 0.2μm
B2 GGTGGCTCTGAGGGZOEET 0.2μm

5.9.8 Point-spread function

We tested the effect of the point-spread function on fluorescent measurement. A cap-

tured rhodamine red-labelled liposome with 300 nm diameter is observed under the mi-

croscope. The objective used in all experiments is water dipping 60× N.A. 1 (Nikon Inc).

The results show that the effect of fluorescent intensity can be detected up to 1μm far from

the cavity.

5.9.9 Supporting Movie

Supporting Video I shows the staining of fully confined pBR322 plasmid vectors inside

cavities. Unlabeled pBR322 dsDNA is introduced and confined in nanocavities. Then,

YoYo-1 fluorescent dye is introduced from the reagent-loading channel. The fluorescent

intensity increases by 100 times when intercalating with the pBR322 dsDNA.

Supporting Video II and III shows the amplification of fully confined M13Mp18 using

loop-mediated isothermal amplification and rolling circle amplification methods, respec-

tively. The amplification reagents including the primers and fluorescent dye are loaded
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Figure 5.11: Point-spread function effect on the fluorescent measurements. a) 3D intensity

profile of a 300 nm rhodamine red-labelled liposome imaged with 60× N.A. 1 objective.

The scale bar of the inset is 1μm. b) The fluorescent intensity vs the radius distance from

the center.

from the reagent-loading channel. After reaching of reagent to the nanocavity area, the

fluorescent intensity increases over time which shows the amplification procedure.
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Chapter 6

Discussion and Conclusion

6.1 Discussion

In summary, we have applied our pnemuatically actuated nanofluidic confinement sys-

tem to EV analysis. Our system enables EV confinement via the pressure-induced de-

flection of a thin membrane bonding lid, which drives EVs into nanocavity structures

embedded in a nanoslit. The system has the advantage that the gap between the mem-

brane and nanoslit bottom surface can be adjusted with nm precision, enabling gaps suf-

ficiently large to introduce reagent molecules into the nanocavities but thin enough to

confine target molecules inside. We envision that this proposed approach can be used to

isolate and analyze the molecular cargo encapsulated in single EVs. First, we explored the

basic physics knowledge for the confinement and isolation of EVs, second, we can am-

plify nucleic acid chains inside the nano-bioreactors for potential detection of RNA/DNA

encapsulated inside EVs.

In the first study, we investigated how lowering the membrane (reducing the chan-

nel height) can affect the confinement of nanoparticles in nanocavities. As a first step

for the analysis of particles at single-level, isolation in a confined space is required. We

showed that the EVs with negative surface charge are passively confined in nanocavities

embedded in a slit channel which has a like-charge (negative). However, the EVs can
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jump out of the nanocavities due to Brownian motion. We showed that particle escape

time from the nanocavity is correlated with the degree of membrane deflection (channel

height) which can be modulated in real-time via the applied pneumatic pressure. The

level of confinement is also correlated to the surface charge of EVs as well as the geome-

try of the nanofluidic device. After calibration of the nanofluidic device using a plasmid

vector with known chemistry, we used the device to compare the surface charge of EVs

secreted from a brain tumor cell line with the surface charge of EVs secreted from a nor-

mal human brain cell line. The results show that the difference between the surface charge

of EVs is detectable using the proposed nanofluidic device. The surface charge of EVs is

correlated to the surface chemistry of the EVs. Work regarding the correlation between

surface chemistry and surface charge is very limited. However, some studies have shown

that the higher the level of sialic acids in the EV, the more negative the EV surface charge.

We believe that, although the surface charge of EVs might be used to differentiate the

EVs from different cell lines, it is not alone sufficient for cancer detection. Our study

on the physical parameters which affect the level of confinement of EVs in nanocavities

reveals that at a certain height, EVs from one sample can experience a different level of

confinement based on their size and surface chemistry considering the high heterogeneity

of EVs in a sample. In the first study, we observed that it is possible to adjust the channel

height with ≈ 5 nm accuracy. Also, there can be still a gap between the membrane and

substrate while the particles are isolated for a long time in the cavities. The observations

gave us the idea to use the nanofluidic device as label-free confinement method while

allowing reagent molecules to access the cavity through a gap.

In the second project, we exploited the capability of the nanofluidic device for the de-

tection of nucleic acid markers (DNA) with the aim of detecting markers on nucleic acids

encapsulated inside EVs. The initial device design is modified by adding a second mi-

crochannel connected to nanochannels located below the membrane region adjacent to

the nanocavities. This modification provides the opportunity for loading the detection

reagents (e.g., fluorescent markers) very close to the nanocavities while not touching the
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target molecules (DNA). Then, the reagents can be guided to the nanocavities by adjust-

ing the height of microfluidic channels. First, we observed that the target molecules in

nanocavities can be concentrated by adjusting the membrane height. This feature is very

important for the samples in which the target molecule is diluted. Modulation of the

channel height increases the concentration rate which is necessary for tests requiring sev-

eral sequential confinement and release steps (high-throughput analysis of EVs). After

the particle confinement in the nanocavities, we are able to adjust the channel height to

keep the target DNA molecule fully confined (residing in the cavities for more than sev-

eral hours) while still a tiny gap between the membrane and nanocavities is retained. The

detection molecules can be loaded in the nanocavities through the tiny gap. We observed

that there is not any depletion of target molecules inside the cavities, while the detection

reagents are loaded in cavities or washed from the nanocavities. Also, we examined how

the confinement is sensitive to the size of particles. In this regard, we examined two dif-

ferent batches of fluorescently labelled gold nanoparticles with different values of mean

radii. The results indicate that we can control the size range of particles that pass by

modulation of the channel height. Finally, we tested the capability of the device for per-

forming two isothermal amplification methods- Loop-mediated isothermal amplification

and Rolling circle amplification. single-stranded DNA vectors (M13Mp18) are confined

in nanocavities and then amplification reagents are loaded in the nanocavities via a small

gap maintained to allow reagents to pass from the side nanochannels.

In comparison with the single EVs methods, using the nano-fluidic coupled mem-

brane approach provides the following features simultaneously:

1. Label-free isolation: In some previous methods, isolation was achieved via anti-

body capture. Use of capturing antibodies reduces detection sensitivity since all EVs

do not carry the corresponding protein antigen. A maximum 50 – 60% of EVs carry

proteins specific to a given capture antibody (e.g., CD9). In some studies EVs are

biotinylated to capture all EVs by streptavidin conjugation; however, this requires

pretreatment which might affect the biochemistry of EVs. Also, it is shown that
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label-based capturing increases the steric hindrance between the detection reagents

and consequently reduces the detection sensitivity. The other point is that, when a

label-free method is used for particle isolation, it is possible to detect several rounds

of particles in one position of the device by loading and reloading the sample. In

contrast, in the immunoaffinity isolation methods, several extra detachment and

device preparation steps are required for sequential rounds of detection.

2. High throughput: We were able to accommodate approximately 4300 cavities in

200μm × 200μm surface area. Considering our capability for concentrating parti-

cles inside the cavities, we hope that all the cavities will be filled with each EVs.

Also, sequential analysis can be performed to increase the number of analyses for

each sample. Another solution might be expanding the surface area. There will

be two main challenges in this regard. 1- The maximum sensor size of the current

commercially available microscope cameras is 20.8mm × 20.8mm (Kinetix sCMOS,

Teledyne Photometrics). By using the 60X objective, the field of view will be limited

to 367μm × 375μm. We can confront the challenge by using smaller magnification

or scanning the Region Of Interest (ROI). Using smaller magnification reduces the

resolution of detection and scanning the ROI increases the detection time. 2- Ex-

panding the membrane area is restricted by the anodic bonding step of the device

fabrication procedure. In our one attempt to expand the membrane area, two mem-

brane sizes were included in one wafer with 200μm × 200μm and 500μm × 500μm

surface areas. The fabrication of all the 500μm × 500μm devices failed by collapsing

the SiNx membrane inside the microchannels, although all the 200μm×200μm were

successfully fabricated. In our first attempt, there is a big gap between two mem-

brane sizes (200μm to 500μm). Therefore, in future studies, first, the threshold at

which the collapsing happens should be tested by fabricating different membrane

sizes. Next, we can optimize the following parameters to maximize the possible

membrane area. The first parameter is the etched depth of the channels. We hy-

pothesize that increasing the etched depth of the channel will enhance the fabrica-
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tion yield. Also, different parameters can be adjusted during the anodic bonding

step including the applied voltage, temperature, and pressure; however, changing

the parameters can reduce the quality of bonding as well. Therefore, there would be

an optimized value for the parameters which results in maximum yield. Also, it is

possible to implement different membrane areas in one device, and the microscope

stage sweep between the membrane areas automatically.

3. Accessibility of the confined particles: Current well-known methods for label-free

single particle isolation (e.g, droplet generation or SiMoA technology) isolate the

particles in such a way that the confined particles are inaccesible. The accessibil-

ity of particles will be important from different aspects. 1- Accessibility of the iso-

lated particles let us have multidimensional/multiplex/multiomic analysis. Due to

the overlap between spectra of different fluorescent dyes, only 4-6 fluorescent dyes

(and consequently target biomarkers) can be detected simultaneously in one step.

It should be mentioned that some studies have attempted to increase the number of

detectable spectra in one step; however, this decreases sensitivity. The accessibility

to the isolated particles opens up the opportunity for sequential staining/bleaching

steps which results in the detection of non-limited number of biomarkers. 2- Clean

up the confined particles from unfavourable solutions or contamination. For exam-

ple, if there is a need for EV lysis, the lysis buffer (0.5-1X Triton) will interfere with

the subsequent amplification or detection steps. The accessibility to the confined

particles lets us wash out the nanocavity bioreactors from the added unfavourable

solutions. Also, although the isolation methods can provide relatively high pu-

rity from contaminations (such as free proteins); however, we can wash out the

remained small particles based on their size before detection steps which results

in higher specificity. 3- Usually, label-free single-particle detection methods confine

and isolate the target molecules and the detection reagents together. Then the detec-

tion sensitivity will be limited by the probability of confining the required detection

reagents in the isolated spaces. In our method, however, the detection reagents can
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be continuously loaded inside the confined space to make sure that they are at suf-

ficiently high concentration.

4. The possibility of accessing EV encapsulated cargo: As discussed in the section on

future work, we believe that using the platform to access encapsulated molecular

cargo should be possible on the level of single EVs. In previous studies, the loading

of the lysis buffer was not practical, or the particles were not fully isolated and by

lysing the EVs, their contents will be dispersed in solution. However, in our device,

it should be possible to lyse the EVs and keep their contents confined.

6.2 Future Work

In the future, this work can be extended in different directions. First, given the het-

erogeneity of Extracellular Vesicles in body fluids, a multidimensional analysis is re-

quired. For obtaining a multidimensional analysis, we should be able to barcode the

target sequence of DNA/RNA. In the Rolling Circle Amplification method, the barcod-

ing is achieved using a strategy called Pad-Lock-Probe (PLP). In the PLP strategy, a know

sequence makes a circle while attached to the target molecule with cyclization achieved

using a polymerase (e.g., T4 DNA ligases, which works at 70 C). In the nanofluidic device,

the cyclization reaction of T4 DNA ligase and DNA should be examined. Then using the

PLP, we should be able to detect different sequences of DNA using different fluorescent

dyes or even sequential quenching and re-staining steps. After this step, the nanofluidic

device can be used for testing EVs for their RNA (e.g., mRNA, miRNA) detection. After

the detection of EVs surface proteins using methods like SEA, EVs can be lysed using a

lysis buffer or via a heat shock. Since the loading and unloading of detection reagents are

performed based on the size of the particles, the initial target biomarker can be a large

mRNA capsulated in EVs, such as 9104 bp EGFR VIII which capsulated in EVs secreted

from the Glioblastoma cell line. For other small RNAs (e.g., miRNAs) which have the

same size as primers, the miRNAs can be captured on the surface of beads before adding
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the detection reagents. In fact, our method can be combined with SiMoA technology.

First, the beads which contain the capturing molecules can be loaded in the cavities and

then the membrane is deflected to hold the particles. The EVs can be simultaneously

confined with the capturing beads in the cavities. Then, the membrane can be pushed to

achieve complete deflection, so that the solvent molecules can pass through between the

membrane and substrate. The lysis buffer or heat shock can be applied to rupture the EVs

membrane and release their contents and the released contents will be captured using the

trapped beads. Afterwards, we can increase the gap for loading the detection reagents

inside the cavities while the trapped beads are still confined in the cavities. The released

EV inner contents are already captured on the bead surface.
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[5] AKGÜL, S., PATCH, A.-M., D’SOUZA, R. C., MUKHOPADHYAY, P., NONES, K.,

KEMPE, S., KAZAKOFF, S. H., JEFFREE, R. L., STRINGER, B. W., PEARSON, J. V.,

ET AL. Intratumoural heterogeneity underlies distinct therapy responses and treat-

ment resistance in glioblastoma. Cancers 11, 2 (2019), 190.

144



[6] AKTAS, G. B., RIBERA, A., SKOURIDOU, V., AND MASIP, L. Dna immobilization

and detection using dna binding proteins. Analytical and Bioanalytical Chemistry 413,

7 (2021), 1929–1939.

[7] ALVAREZ, M. L., KHOSROHEIDARI, M., RAVI, R. K., AND DISTEFANO, J. K. Com-

parison of protein, microrna, and mrna yields using different methods of urinary

exosome isolation for the discovery of kidney disease biomarkers. Kidney interna-

tional 82, 9 (2012), 1024–1032.
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HOSSAIN, M. S. A., NGUYEN, N.-T., AND SHIDDIKY, M. J. An electrochemical

method for the detection of disease-specific exosomes. ChemElectroChem 4, 4 (2017),

967–971.

[258] YAMAMOTO, K., MORIKAWA, K., IMANAKA, H., IMAMURA, K., AND KITAMORI,

T. Picoliter enzyme reactor on a nanofluidic device exceeding the bulk reaction rate.

Analyst 145, 17 (2020), 5801–5807.

[259] YAN, Z., DUTTA, S., LIU, Z., YU, X., MESGARZADEH, N., JI, F., BITAN, G.,

AND XIE, Y.-H. A label-free platform for identification of exosomes from differ-

ent sources. ACS sensors 4, 2 (2019), 488–497.

[260] YANG, S., CHE, S. P., KURYWCHAK, P., TAVORMINA, J. L., GANSMO, L. B., COR-

REA DE SAMPAIO, P., TACHEZY, M., BOCKHORN, M., GEBAUER, F., HALTOM,

A. R., ET AL. Detection of mutant kras and tp53 dna in circulating exosomes from

healthy individuals and patients with pancreatic cancer. Cancer biology & therapy 18,

3 (2017), 158–165.

[261] YANG, Z., ATIYAS, Y., SHEN, H., SIEDLIK, M. J., WU, J., BEARD, K., FONAR,

G., DOLLE, J. P., SMITH, D. H., EBERWINE, J. H., ET AL. Ultrasensitive single

177



extracellular vesicle detection using high throughput droplet digital enzyme-linked

immunosorbent assay. Nano letters 22, 11 (2022), 4315–4324.

[262] YE, S., LI, W., WANG, H., ZHU, L., WANG, C., AND YANG, Y. Quantitative

nanomechanical analysis of small extracellular vesicles for tumor malignancy in-

dication. Advanced Science 8, 18 (2021), 2100825.

[263] ZENG, Z., LI, Y., PAN, Y., LAN, X., SONG, F., SUN, J., ZHOU, K., LIU, X., REN,

X., WANG, F., ET AL. Cancer-derived exosomal mir-25-3p promotes pre-metastatic

niche formation by inducing vascular permeability and angiogenesis. Nature com-

munications 9, 1 (2018), 5395.

[264] ZHAI, H., ACHARYA, S., GRAVANIS, I., MEHMOOD, S., SEIDMAN, R. J., SHROYER,

K. R., HAJJAR, K. A., AND TSIRKA, S. E. Annexin a2 promotes glioma cell invasion

and tumor progression. Journal of Neuroscience 31, 40 (2011), 14346–14360.

[265] ZHANG, H., FREITAS, D., KIM, H. S., FABIJANIC, K., LI, Z., CHEN, H., MARK,

M. T., MOLINA, H., MARTIN, A. B., BOJMAR, L., ET AL. Identification of distinct

nanoparticles and subsets of extracellular vesicles by asymmetric flow field-flow

fractionation. Nature cell biology 20, 3 (2018), 332–343.

[266] ZHANG, H.-G., AND GRIZZLE, W. E. Exosomes and cancer: A newly described

pathway of immune suppressionexosomes and cancer. Clinical Cancer Research 17,

5 (2011), 959–964.

[267] ZHANG, P., HE, M., AND ZENG, Y. Ultrasensitive microfluidic analysis of circulat-

ing exosomes using a nanostructured graphene oxide/polydopamine coating. Lab

on a Chip 16, 16 (2016), 3033–3042.

[268] ZHANG, Q., JEPPESEN, D. K., HIGGINBOTHAM, J. N., FRANKLIN, J. L., AND COF-

FEY, R. J. Comprehensive isolation of extracellular vesicles and nanoparticles. Na-

ture Protocols (2023), 1–26.

178



[269] ZHAO, Y., CHEN, F., QIN, J., WEI, J., WU, W., AND ZHAO, Y. Engineered janus

probes modulate nucleic acid amplification to expand the dynamic range for direct

detection of viral genomes in one microliter crude serum samples. Chemical science

9, 2 (2018), 392–397.

[270] ZHAO, Z., YANG, Y., ZENG, Y., AND HE, M. A microfluidic exosearch chip for

multiplexed exosome detection towards blood-based ovarian cancer diagnosis. Lab-

on-a-Chip 16 (2016), 489–496.

[271] ZHEN, K., WEI, X., ZHI, Z., ZHANG, S., CUI, L., LI, Y., CHEN, X., YAO, J., AND

ZHANG, H. Comparison of different isolation methods for plasma-derived extra-

cellular vesicles in patients with hyperlipidemia. Life 12, 11 (2022), 1942.

[272] ZHOU, Q., RAHIMIAN, A., SON, K., SHIN, D.-S., PATEL, T., AND REVZIN, A.

Development of an aptasensor for electrochemical detection of exosomes. Methods

97 (2016), 88–93.

[273] ZHOU, W., FONG, M. Y., MIN, Y., SOMLO, G., LIU, L., PALOMARES, M. R., YU,

Y., CHOW, A., O’CONNOR, S. T. F., CHIN, A. R., ET AL. Cancer-secreted mir-105

destroys vascular endothelial barriers to promote metastasis. Cancer cell 25, 4 (2014),

501–515.

[274] ZHU, S., MA, L., WANG, S., CHEN, C., ZHANG, W., YANG, L., HANG, W.,

NOLAN, J. P., WU, L., AND YAN, X. Light-scattering detection below the level

of single fluorescent molecules for high-resolution characterization of functional

nanoparticles. ACS nano 8, 10 (2014), 10998–11006.

[275] ZIMMERMAN, B., KELLY, B., MCMILLAN, B. J., SEEGAR, T. C., DROR, R. O.,

KRUSE, A. C., AND BLACKLOW, S. C. Crystal structure of a full-length human

tetraspanin reveals a cholesterol-binding pocket. Cell 167, 4 (2016), 1041–1051.

179



[276] ZONG, S., WANG, L., CHEN, C., LU, J., ZHU, D., ZHANG, Y., WANG, Z., AND CUI,

Y. Facile detection of tumor-derived exosomes using magnetic nanobeads and sers

nanoprobes. Analytical Methods 8, 25 (2016), 5001–5008.

180


	Abstract
	Abrégé
	Acknowledgements
	Contribution to original knowledge
	List of Figures
	List of Tables
	 Introduction 
	Motivation
	Thesis objectives
	Connection between Chapter 1 and 2

	Single Extracellular Vesicles
	Extracellular Vesicles
	Molecular Cargo of EVs
	EVs Biogenesis
	General definitions for EVs analysis
	Why there is a need for high throughput multi-dimensional analysis of single EVs
	Characteristics of ideal single EV analysis approach
	Current single EVs analysis methods
	Connection between Chapter 2 and 3

	Background
	Nanoparticle Confinement in Electrostatic Energy Wells
	Brownian motion of nanoparticles
	Pneumatic nanofluidic devices
	Experimental Steps
	Nanofluidic fabrication
	3D printed chuck:
	Nucleic Acid Amplification
	Extracellular Vesicles Isolation

	Connection between Chapter 3 and 4

	Nanofluidics for Simultaneous Size and Charge Profiling of Extracellular Vesicles
	Abstract
	Introduction
	Material and Methods
	Results and Discussion
	Conclusion
	Supplementary Information
	Device Fabrication and Operation
	Slit Height Calibration
	Measurement of Solution Ionic Concentration
	Calculation of Particle Escape Time
	Solution for Electrostatic Potential
	Determining Zeta-Potential of Device Surfaces
	Effect of hydrodynamic coupling between particle and device surfaces
	Relationship Between Zeta Potential and Charge
	Automation
	Preparation of Extracellular Vesicles
	Data Table for Vesicle Measurements
	Discussion of Technology Scaling
	Supporting Movie

	Connection between Chapter 4 and 5

	Tunable nanofluidic device for digital nucleic acid analysis
	Abstract
	Introduction
	Experimental
	Device design
	Device operation
	Nucleic Acid Concentration in Nanocavities

	Result and Discussion
	DNA in-cavity retention during buffer exchange
	Nanoparticle Retention in Nanocavities
	DNA retention in nanocavities
	Amplification Results

	Conclusions
	Author Contributions
	Conflicts of interest
	Acknowledgements
	Supporting Information
	Device Fabrication and Operation
	Temperature Controller
	Slit Height Calibration
	Flow Measurement
	Gel electrophoresis and Real-Time PCR
	Particle size measurement
	Primer Design
	Point-spread function 
	Supporting Movie


	Discussion and Conclusion
	Discussion
	Future Work


