Next generation of human cancer diagnostics: Nanomaterial-based
electrochemical sensors for clinically relevant exosomes and exosomal
biomarkers analysis.

School of Natural Sciences

Queensland Micro- and Nanotechnology Centre
Griffith University

Submitted in fulfilment of the requirements of the degree of
Doctor of Philosophy
by
Kseniia Boriachek
Bachelor of Science
Master of Science

3

Next generation of human cancer diagnostics: Nanomaterial-based electrochemical
sensors for clinically relevant exosomes and exosomal biomarkers analysis.

Kseniia Boriachek

Master of Science (Medical physics)
Bachelor of Science (Nanobiophysics)

Principal supervisor: Dr Muhammad J. A. Shiddiky
Associate supervisor: Professor Nam-Trung Nguyen

Brisbane, Queensland Australia

4

5

Abstract
Exosomes are 40-100 nm diameter membrane vesicles which are released from cells
and circulate in body fluids such as blood, urine, and saliva. Being encapsulated by a
lipid bilayer, these nanoscale vesicles carry a cargo of proteins, lipids, mRNA,
microRNA (miRNA) and transfer this cargo to recipient cells. Exosomes play an
important role in various biological processes such as intercellular signalling,
coagulation, inflammation, cellular homeostasis and involved in many pathological
conditions such as cancer progression and metastasis. Due to these unique properties,
exosomes are being pursued as promising biomarker source for diagnosis and prognosis
of various diseases. Despite excellent analytical performance of the conventional
methods for exosome analysis, most of them require large amount of input samples,
long assay time and cumbersome pre-processing steps. Therefore, the development of a
simple, sensitive and inexpensive platform that can be used for rapid quantification and
analysis of exosomes is of great importance to biology and medicine. This PhD project
endeavours to engineer such translational approaches to address the aforementioned
challenges for developing an inexpensive, rapid, sensitive and specific biosensor
platform. The thesis initially investigates the biogenesis, functions, diagnostic,
prognostic and therapeutic potential of exosomes an exosomal biomarkers followed by a
comprehensive study of recent progress in exosome analysis techniques including
conventional methods as well as electrochemistry-based approaches. We then report on
a simple electrochemical platform for detection of disease specific exosomes present in
cell culture media using commercially available extravidin-modified screen printed
electrodes. The assay has a two-step design, where initially total exosome population
was captured by a generic antibody and the disease specific exosomes were subpopulated using a cancer-specific antibody. All the steps were performed on a single
extravidin-modified electrode and final quantification of disease-specific exosomes
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were done by differential pulse voltammetry readout. Subsequent to the development of
this proof of concept sensor, we attempted to address the increasing demand for
detecting low concentrations of disease-specific exosomes. Utilizing the capability of
quantum dots to serve as signal amplifiers, we next developed a highly sensitive
electrochemical approach enabled to detect 100 exo/µL and demonstrated the clinical
applicability via detecting disease-specific exosomes in serum samples derived from
patients with colon cancer of diﬀerent stages. As not only exosomes themselves, but
also exosomal RNA showed a great promise as cancer biomarker, we also developed a
simple electrochemical approach for the detection of cancer-derived exosomal miRNAs
by selectively isolating the target miRNA using magnetic beads pre-functionalized with
the specific capture probes. The isolated targets were then directly adsorbed onto a gold
electrode surface and quantified via differential pulse voltametric readout. In our final
readout strategy, we developed a novel platform using nanoporous Au—NPFe2O3NC
nanocubes, which enable an efficient and easy exosome isolation with a subsequent
sensitive detection. To achieve this goal, we exploited the advantages of nanocubes such
as supermagnetism, high electrocatalytic and peroxidase-like activity. The approach
compromise both electrochemical (amperometric) and colorimetric (naked-eye) readout
strategies and was enable first to isolate the bulk exosome population and then
specifically detect choriocarcinoma-derived exosomes. All the readout platforms
reported in this thesis have shown excellent analytical performance with high specificity
and sensitivity. We also demonstrated the applicability of all assays in complex
biological samples including cohort of patient samples. We hope that in near future our
research efforts will be translated from lab settings to the point-of-care platform for
exosome analysis which could be used in clinical settings for improving patient care.
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Chapter 1: Introduction
1.1 Background and motivation
Despite incredible improvements in health care since 1950, one billion people still lack
access to health care systems, 36 million deaths each year are caused by noncommunicable diseases, such as cardiovascular disease, cancer, neurodegenerative,
diabetes and chronic lung diseases. Among these diseases, cancer is considering as one
of the leading causes of death in the modern world. According to the statistics, in 2017,
approximately 134,174 new cases of cancer was diagnosed in Australia with an
estimated number of deaths of 47,753.1 Data show that chances of survival are much
higher if cancer is diagnosed at the early stage and the disease is confined to the organ
of origin (stage I).2 However, current strategies for cancer diagnosing are inadequate.
Many patients often get undiagnosed, in part due to the absence of effective and easy
accessible diagnostic tools as well as stable and specific biomarker. Recently, exosomes
have been shown as promising biomarker source for diagnosis and prognosis of various
diseases.3 Exosomes are widely recognised as nano-sized vesicles, which represent the
latest mode of intercellular communication with their ability in transmitting crucial
cellular information (e.g., mRNAs, microRNAs, proteins, etc.) from parent cell to
numerous distant recipient cells.4,5 These vesicles are ideal for diagnostic development
as they can be easily isolated from liquid biopsies including serum, plasma, saliva or
urine.6 Recent evidences also suggested that exosomes play an important role in the
pathogenesis of several diseases including cancers.7 Thus, accurate isolation,
quantification and analysis of disease specific exosomes have gain much attention in
recent years.8 Over the last decades, various conventional methodologies such as
differential centrifugation, ultrafiltration and immunological separation have been
employed to provide isolation of exosomes.9 Several commercial kits have also been
launched into the market for exosome isolation.9 A number of detection approaches
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have been employed to analyse exosomes and exosomal cargo for research and clinical
purposes.10 For example, nanoparticle tracking (NTA), enzyme-linked immunosorbent
assay (ELISA), flow cytometry and fluorescence-activated cell sorting have been
successfully developed for exosome quantification.11 Despite great analytical
performance, these conventional techniques are limited by the requirement of relatively
large volumes of exosome samples, long assay time and cumbersome technical steps.
These methods cannot discriminate between exosomes and other shed membranes, lipid
structures, or retrovirus particles found in body fluids which are similar in terms of size
and density.12 Most importantly, some of these traditional methods are limited by a high
levels of ‘biological noise’ (i.e. nonspecific adsorption). For this reason, there is a high
demand for new diagnostic platform that can easily be used as screening tool for
detection of clinically relevant exosomes. In this regard, much attention has been given
on developing a simple, robust and inexpensive method for accurate detection of
exosomes in resource-poor settings.

13,14,15

However, among many readout methods,

electrochemical readouts have the potential to suit with the point-of-care (POC)
detection of a wide range of target analytes.16,14,17 The inherent properties of the
electrochemical assays, such as sensitivity, and low cost, coupled with possibility of
multiplexing and miniaturisation, may be an ideal alternative tool for disease
diagnostics. However, the implementation of electrochemical biosensors to the clinical
settings usually faces several challenges such as biocompatibility and surface
modification of target recognizing electrodes. Current electrochemistry-based
biosensors involve complex chemical modifications, suffer from non-specific
adsorption and lack of sensitivity. In this context, the advancement of current
nanotechnology offers a great deal of advantages in highly sensitive biosensing owing
to their inherent signal generation, amplification and intrinsic enzyme mimicking
activity.18 For example, QDs possess inherited optical signal generation, magnetic iron
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oxide NPs possess intrinsic peroxidase mimetics, and easy synthesis and
bioconjugations.19,20 Moreover, magnetic NPs have broadly been used to isolate and
purify the target-biomolecules from complex biological samples.20,21 Inspiring from
such advantage, we have utilized QDs and in-house synthesized superparamagnetic
nanoporous composite materials in our assay to achieve highly sensitive detection
platform. This PhD research project focuses on the development of novel
electrochemical biosensors for exosome and exosomal biomarker detection in human
cancers. The primary aim is to develop an expensive, simple and accurate diagnostics
platform which would address the existing challenges in biosensing and enables a
sensitive and quick exosome detection with minimal equipment facilities. Initially, a
simple method using extraavidin-modified screen-printed electrodes was developed for
the detection of disease- specific exosomes from the spiked serum samples. The assay
was then further extended by leveraging the advantages of signal enhancement
capability of QD. An electrochemical approach was developed with anodic stripping
voltammetric readout, which enables to detect 100 exosomes per µL in cancer cell lines
and serum samples collected from patients with colorectal adenocarcinoma.
Furthermore, an amplification-free electrochemical detection approach was introduced
for the detection of cancer-derived exosomal miRNAs, which avoids any sort of electrode
modification, and relies on the direct adsorption of magnetically purified RNA samples
on an unmodified disposable gold electrode. And finally we reported a method for
direct exosome isolation from cell culture medium, followed up by the detection via
electrochemical readout, based on peroxidase-like activity and paramagnetic properties
of gold-loaded nanoporous ferric oxide nanocubes.
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1.2 Aims
The primary aim of this PhD work is to develop an expensive, simple and accurate
diagnostics platforms for detection of exosomes and exosomal biomarkers in human
cancer samples. The specific aims are:
1) Development of electrochemical based approaches for exosome and exosomal
RNA detection;
2) Development of nanotechnology-based assays for direct exosome isolation;
3) Development of colometric (naked-eye) method for exosome detection;
4) Applying the developed platforms for clinical sample analysis.

1.3 Significance of project
The significance of the research is summarised as follows:
o One of the main limitations in cancer diagnosis is the lack of highly sensitive,
specific and non-invasive biomarker. In this PhD thesis, we selected exosomes,
which have been recently shown to be a sensitive and specific biomarker for
cancer prognosis and diagnosis. Additionally, due to their availability in
biological fluids and high stability, exosomes require minimally invasive
procedures to be isolated and serve as liquid biopsy of cancer. Moreover we
also have developed an electrochemical-based platform for exosomal miRNA
detection. Circulating miRNA is still under the debate as biomarkers due to the
concerns on their specificity and reproducibility as a biomarker. In this context,
exosomal miRNAs have been considered as a better alternative as it confers
unique stability (i.e, protected from RNase) and specificity (specific, i.e.,
exosomes’ capability of representing parental cell);
o The assays reported in this thesis demonstrated a significant improvement in
the sensitivity for detecting exosomes in complex biological samples. For
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example, one of the platform reported herein have shown a several hundred
fold increased sensitivity compared to current bio-aﬃnity based assays and
conventional technologies. Using the advantage of signal enhancement
capability of QD based anodic stripping voltametric readout, we were
capable to detect 102 exo/µL;
o Our assays also improved the low sensitivity issues arising in many assays for
exosome detection. Most of the biosensors are based on direct modification of
electrode surface, which leads to non-specific adsorption of non-hybridized
nucleic acids and of other surface-active co-existing molecules. The usage of
magnetic beads are subjected to repetitive washing steps which provides a
significant reduction in non-specifically bound molecules on the beads and
therefore increases the sensitivity and capture efficiency of our assay;
o One of the major challenges associated with the exosome research is rapid and
efficient exosome isolation due to the complex composition of the biomatrix and
overlapping of the physicochemical and biochemical properties of exosomes
with other extracellular vesicles. However, there is no platform which could
provide an efficient and direct isolation of exosome with the subsequent
sensitive detection of exosomes. This PhD thesis reports the development of a
method for direct exosome isolation from cell culture medium, followed up by
the detection via electrochemical readout, based on peroxidase-like activity and
paramagnetic properties of gold-loaded nanoporous ferric oxide nanocubes.

1.4 Structure of the thesis
The thesis consists of seven chapters. Chapters 2, 3, 4, 5, 6 are a collection of journal
papers that have been published or under consideration for publication.
Chapter 1 introduces motivation, background, aims and significance of the research.
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Chapter 2 presents a comprehensive literature review describing biological functions,
significance, and potential role of exosomes as biomarkers and therapeutics are
discussed. Moreover, an overview of the most commonly used techniques for exosome
analysis, highlighting the major technical challenges and limitations of existing
techniques, is presented. This chapter provides a strong background why exosomes have
been chosen as a cancer biomarker for the research described in the subsequent
chapters.
Chapter 3 reports on the electrochemical detection method for direct quantification of
the disease-specific exosomes present in cell culture media. The assay has a two-step
design, where bulk exosome populations are initially captured using a generic antibody.
Subsequent detection of the cancer-specific subset within the captured exosomes was
carried out using a cancer-specific antibody, allowing quantification of breast-cancerderived exosomes. The key advantages of the assay are easy fabrication steps, faster
target analysis and consumption of only 5 µL of sample.
Chapter 4 reports an extension of the work from Chapter 3. A stripping voltammetric
immunoassay for the electrochemical detection of disease-specific exosomes using
quantum dots as signal amplifiers was developed. In this assay, the significant
enhancement in the sensitivity of exosome detection (LOD=100 exosomes/µL) was
demonstrated. The clinical applicability of the method was tested via detecting diseasespecific exosomes in serum samples derived from patients with colon cancer of diﬀerent
stages.
Chapter 5 reports on the development of electrochemical approach for the detection of
cancer-derived exosomal miRNAs in human serum samples by selectively isolating the
target miRNA using magnetic beads pre-functionalized with capture probes and then
directly absorbing the targets onto the gold electrode surface. The level of adsorbed

miRNA is detected electrochemically in the presence of the [Fe(CN)6]

4-/3-
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redox system.

The applicability of the method was tested and validated in clinical samples.
Chapter 6 reports on the electrochemical-based platform for direct exosome isolation
from cell culture media using gold-loaded nanoporous ferric oxide nanocubes
(Au−NPFe2O3NC). Utilizing both properties of nanocubes such as paramagnetic and
horseradish peroxidase (HRP)-like activity, the approach was used for successful
isolation and detection of exosomes derived from BEWO cells.
Chapter 7 summarises the thesis and provides a perspective on future works.
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Chapter 2: Biological functions and current advances in
isolation and detection strategies for exosome nanovesicles
Exosomes are nanoscale (~30–150 nm) extracellular vesicles of endocytic origin that
are shed by most types of cells and circulate in bodily fluids. Exosomes carry a specific
composition of proteins, lipids, RNA, and DNA and can work as cargo to transfer this
information to recipient cells. Recent studies on exosomes have shown that they play an
important role in various biological processes, such as intercellular signaling,
coagulation, inflammation, and cellular homeostasis. These functional roles are
attributed to their ability to transfer RNA, proteins, enzymes, and lipids, thereby
affecting the physiological and pathological conditions in various diseases, including
cancer and neurodegenerative, infectious, and autoimmune diseases (e.g., cancer
initiation, progression, and metastasis). Due to these unique characteristics, exosomes
are considered promising biomarkers for the diagnosis and prognosis of various diseases
via noninvasive or minimally invasive procedures. Over the last decade, a plethora of
methodologies have been developed for analyzing disease-specific exosomes using
optical and nonoptical tools. Here, the major biological functions, significance, and
potential role of exosomes as biomarkers and therapeutics are discussed. Furthermore,
an overview of the most commonly used techniques for exosome analysis, highlighting
the major technical challenges and limitations of existing techniques, is presented.

This chapter has been published as:
K. Boriachek, M. N. Islam, A. Möller, C. Salomon, N.-T. Nguyen, M. S. A. Hossain, Y.
Yamauchi, M. J. A. Shiddiky, Small, 2018, DOI: 10.1002/smll.201702153.
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2.1 Introduction
Exosomes are nanosized (30–150 nm) vesicles released by most cell types and
[1–4]

present in different biological fluids such as blood, saliva, and urine.

These

vesicles carry unique cargo containing proteins, messenger RNA (mRNA), and
microRNA (miRNA). Exosomes can transfer their cargo to recipient cells, which
has been demonstrated to alter the biochemical composition and signaling pathways
[5,6]

of the recipient cells.

Exosomes were discovered nearly 30 years ago. In 1983,

two research groups independently reported that transferrin receptors in
reticulocytes are associated with small, ~50 nm diameter-sized vesicles.

[7,8]

These

vesicles are literally jettisoned from maturing blood reticulocytes into the
extracellular space. The functions of these small vesicles were unknown until 1996,
when it was reported that exosomes are secreted by B immune cells and can
+

[9]

stimulate human CD4 T-cell clones in an antigen-specific manner.

In 2007,

mRNA and miRNA were shown to be present in exosomes derived from mouse
and human mast cells.

[10]

Moreover, this work suggested that exosomes are capable

of shuttling RNA between the cells. This significant discovery indicated that
exosomes represent a new type of intercellular communication.
Recent studies indicate that exosomes shed from tumor cells may be involved in
the metastatic process via the transfer of cancer-specific cargo (i.e., RNAs and
proteins) to normal cells.

[11–15]

It has been reported that breast and ovarian cancer

patients contain higher concentrations of exosomes

than healthy individuals,

suggesting that cancer could increase the overall exosome abundance.

[16–18]

Due to

their ability to represent the metabolic stage of cell/organ origin and their critical
role in major pathological processes, exosomes are considered novel and
promising biomarkers for a wide range of diseases, including different types of

cancer.

[19,20]
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Therefore, accurate isolation, quantification, and analysis of disease-

specific exosomes have gained much attention in recent years. Due to the complex
nature of the sample matrix and the physicochemical properties of exosomes,
accurate isolation of exosomes from bodily fluids poses significant challenges.

[21,22]

Over the last several decades, various conventional methods such as differential
and buoyant density centrifugation, ultrafiltration, and immunological separation
have been employed to isolate exosomes.

[23–28]

Among these methods, differential

and buoyant density centrifugation is the most widely used approach to extract
exosomes from cell culture media and bodily fluids.

[29]

Currently, several

commercial exosome isolation kits are also available. These kits avoid timeconsuming differential steps by precipitating the vesicles with polyethylene glycol
or similar components, although the isolation of nonvesicles has also been
observed.

[30]

Despite these advances in detection strategies, routine detection and

quantification of exosomes are still challenging and cumber- some,

[31,32]

partly

due to the lack of rapid, sensitive, reproducible and low-cost methodologies.
In recent years, many detection approaches have been extensively developed to
analyze exosomes and exosomal cargo for both research and clinical purposes.
For

example,

nanoparticle

immunosorbent assay (ELISA),
cell

sorting

[38]

(FACS)

tracking
[37]

have

analysis

flow cytometry,
successfully

(NTA),
[23]

been

[36]

[33–35]

enzyme-linked

and fluorescence-activated
developed

for

exosome

quantification. ELISA is one of the most widely used exosome detection
techniques, relying on a sandwich immunoassay between antibodies against the
protein enriched membrane of exosomes (e.g., tetraspanin marker of exosome
membrane) and a secondary type of antibody marked with horseradish peroxidase
(HRP).

[39]

A range of modified ELISA approaches with improved analytical
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performance has also been developed. For instance, while conventional ELISA
suffers from long assay times, laborious sample loading, reagent addition, washing
and incubation steps, a modified ELISA integrated with a lab-on-a-chip
microfluidic platform offers a simple, fast, and automated analysis of exosomes.

[40]

Much attention has also been given to developing new strategies based on
microfluidics and electrochemical biosensors.

[41–45]

Among these, electrochemical

biosensor approaches have shown great promise due to their fast, simple, and costeffective procedures, as well as the requirement for less sample volume. On the
other hand, microfluidics-based approaches are well known for improving the
overall analytical performance (e.g., significant reduction in the total assay time,
minimum consumption of samples and reagents, enhanced sensitivity, etc.) of the
method. Moreover, such platforms reduce manual intervention by providing
automated processes.[46]
The aim of this review is to discuss the significance and role of exosomes as
intercellular communication vehicles in altering the physiological and pathological
conditions of various dis- eases, including cancer and neurodegenerative, infectious,
and autoimmune disorders via transferring RNA, DNA, proteins and lipids between
cells. Current advances in exosome isolation and detection strategies will also be
discussed alongside their major technical challenges and limitations.

2.2 Biogenesis of exosomes
In 1987, the term ‘exosome’ was coined to describe a group of nanosized (30–150
nm) vesicles that are formed inside endosomes and released into the extracellular
environment once endosomes fuse with the cellular membrane.[47] Since then, a
series of extracellular vesicles (EV) have been described and classified based on
their

cellular

origin,

functions,

and/or

biogenesis.[48,49]

Nevertheless,

the

nomenclature for different types of EV remains unclear in various reports.

[5,50]
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In

accordance with the biogenetic pathway of secretion from cells, extracellular
vesicles can be classified into three main categories:[51] (i) exosomes (~30–150 nm
diameter), small vesicles that are released by exocytosis when multivesicular bodies
(MVB) fuse with the plasma membrane; (ii) shedding microvesicles, which are
vesicles with a diameter of ~50–1000 nm that are directly shed from the plasma
membrane; and (iii) relatively larger apoptotic bodies (1000–5000 nm diameter)
that are released by dying cells.
Several mechanisms are involved in exosome biogenesis, which also facilitates
protein and RNA cargo sorting to generate exosomes with a particular biochemical
composition.

As

mentioned

above,

exosomes

are

of

endocytic

origin

(Fig.2.1A).[5,52-54] An endosome, which is a membrane-bound compartment inside
eukaryotic cells, comprises three different compartments: early endosomes, late
endosomes, and recycling endosomes. When early endosomes mature into the late
endosome state, their location (from the outer cytoplasm to closer to the nucleus)
and shape (from tube-like to spherical) are changed.[50] Additionally, intraluminal
vesicles (ILV) are formed inside the lumen of the late endosome via an inward
budding of the endosomal membrane.[55] These late endosomes are known as
MVBs. MVBs have two potential fates: either to fuse with lysosomes or with the
plasma membrane. Once an MVB fuses with the lysosome, its contents become
degraded inside of the lysosome by hydrolysis. Alternatively, the MVB can fuse
with the plasma membrane thereby releasing its ILVs into the extracellular
space.[56] These released vesicles are known as exosomes. Recent advances in the
exosome field have shown that these vesicles are produced initially as ILVs, but not
all ILVs are eventually released into extracellular space as exosomes.[50,52]
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Exosomes are mainly secreted by two different mechanisms, which constitute
release via the trans-Golgi network and inducible release. Several Rab family
proteins, including Rab27a and Rab27b, act as key regulators of exosomes
secretion.[53] Apart from Rab 27a and 27b, other Rab family members, Rab 35 and
Rab 11, have also been shown to regulate the secretion of exosomes by interacting
with the GTPase-activating protein TBC1 domain family member 10A-C
(TBC1D10A-C).[53] It has also been shown that activation of the tumor suppressor
protein, p53, stimulates and increases the rate of exosome secretion by regulating
the transcription of various genes such as TSAP6 and CHMP4C.[53]

2.3 Exosomal contents
Exosomes contain a variety of molecules such as proteins, mRNAs, noncoding
RNAs, DNAs, and lipids (Fig.2.1B).[39] These species have been collected in an
exosome database, which is accessible via ExoCarta (http://www.exocarta.org) and
Vesiclepedia (http://www.microvesicles.org).[57] Since 2009, the database has
hosted 41860 proteins and over 7540 RNA and 119 lipid molecules. Note that the
databases are user submitted, and no quality control of the entry or verification of
the authenticity of a claim for an exosomal protein is provided. Additionally,
different exosome isolation methods can copurify nonexosomal artifacts, which are not
largely described in these databases. A more recent community database, EVpedia,
attempts to incorporate some of this additional information.[58]

2.3.1 Proteins
The protein content of exosomes reflects their origin in endosomes and varies
depending on their parent cell type.[59,60] All exosomes from diverse cell types carry a
few common sets of proteins, such as (i) transmembrane proteins (e.g., CD9, CD63, and
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CD81) from the tetraspanin family; (ii) programmed cell death 6-interacting proteins
(PDCD6IPs), which participate in programmed cell death;[61] (iii) tumor susceptibility
gene 101 (Tsg101) proteins, which are involved in sorting and transporting
exosomes;[62] and (iv) major histocompatibility complex (MHC) class II molecules.[63]
Exosomes also contain other proteins that depend on their cell type of origin. These
proteins include cytoskeletal proteins (e.g., actin and tubulin), membrane transport
proteins, heat shock proteins (e.g., HSP60, HSP70, and HSP90), and annexins (used for
regulation

of

cytoskeletal

changes

in

membranes

and

membrane

fusion

mechanisms).[64,65] In addition, exosomes contain surface proteins, which are involved
in intracellular signaling, such as Wnt proteins that activate the Wnt signaling pathway
in target cells.[66,67] Furthermore, exosomes contain various enzymes, particularly
GTPase from the Rab family, which promotes the fusion of membranes,[53,68] and
metabolic enzymes, such as peroxidase, pyruvate kinase,[69] and lipid kinase-1. All the
exosomal proteins that have been identified to date are found in the cytosol, plasma
membrane or in membranes of endocytic origin. These proteins were not found to
consist of proteins of nuclear, mitochondrial, endoplasmic-reticulum or Golgi-apparatus
origin. Moreover, proteomic studies of exosomes demonstrated that exosomal proteins
are not necessarily obtained from the plasma membrane during fusion. Further analysis
showed that exosomes lack abundant cell-surface proteins such as Fc receptors in
dendritic cell (DC)-derived exosomes, CD28 and CD40 L proteins in T-cell-derived
exosomes, and transferrin receptors in B-cell-derived exosomes.[50]

2.3.2 Nucleic acids
The observation of mRNA and miRNA in exosomes secreted by mast cells sparked
great interest in biology. In vitro experiments showed that some mRNAs present in
exosomes could be translated into proteins in target cells. These observations showed
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that exosomes have roles in the intracellular transfer of genetic information. One of the
most interesting findings was that not all mRNAs present in a cell end up in exosomes,
and there are apparently selective mechanisms that control the specific loading of RNA
species into exosomes. Originally, the presence of nucleic acids in exosomes derived
from mast cells was observed. Further studies have shown that RNAs are also present in
the exosomes of various types of cells such as dendrite cells, tracheobronchial cells, Band T-lymphocytes, lung, esophageal, and stomach cancers cells, and pancreatic
adenocarcinoma cells.[70–73] Although many recent fundamental studies have shown that
exosomes contain mRNAs, miRNAs, and other noncoding RNAs, the mechanisms that
control the specific loading of RNA species into exosomes are still not well understood.
Recently, a mechanism involving the encapsulation and exportation of exosomal
miRNAs was identified by showing short sequence motifs, which were overrepresented
in miRNAs (EXOmotifs), that guide their loading into exosomes.[74] The heterogeneous
nuclear ribonucleoprotein A2B1 (hnRNPA2B1) specifically binds exosomal miRNAs
through the recognition of these motifs and controls their loading into exosomes. It was
also suggested that hnRNPA2B1 might be a key player in miRNA sorting into
exosomes and provides a better understanding of how miRNAs are loaded into
exosomes and exported from cells.

2.3.3 Lipids
In recent years, various studies have shown that besides proteins and nucleic acids,
exosomes also carry certain types of lipids, which play an important role in maintaining
the bio- logical activity of exosomes.[75–77] An exosome database, Exo- Carta,
summarizes a total of 194 lipids that have been found in various exosomes types. These
lipids include ceramides (implicated in the differentiation of exosomes from
lysosomes), cholesterol, other sphingolipids, and phosphoglycerides with long and
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saturated fatty-acyl chains. It was also shown that exosomes might deliver
prostaglandins to target cells. However, the lipid composition of exosomes does not
represent the parent cell.[78] For instance, compared with parent cells, exosomes are
more enriched in sphingomyelin but not in cholesterol. The phosphatidylcholine content
was decreased, but enrichment was noted in desaturated molecular species, as in
phosphatidylethanolamines. Moreover, lyso(bis)phosphatidic acid was not enriched in
exosomes compared with the parental cells.

2.4 Exosome functions
Exosomes are shed by most cell types, circulate in different bodily fluids (e.g., urine,
blood, and saliva) and transfer their cargo to recipient cells. These vesicles play a
significant role in various pathological conditions, such as different types of
cancer,[79,80]

neurodegenerative

diseases,[81]

infectious

diseases,[82]

pregnancy

complications, obesity[83–85] and autoimmune diseases[86] (Fig.2.2). Moreover, several
studies have indicated that exosomes are associated with inflammation, coagulation,
angiogenesis, and apoptosis.[39,87] Exosomes play a role in intercellular communication
between cells by interacting with target cells via endocytosis.[88–90] Additionally, it has
also been shown that exosomes play an important role in cancer development.[91–95]
Tumor-derived exosomes can transfer oncogenetic cargo and modulate the genetic
expression of recipient cells, thereby playing a crucial role in the progression, survival
and metastasis of tumor, and drug resistance.[9,37,60,96] Exosomes are actively involved in
the remodeling of the extracellular matrix, followed by the promotion of angiogenesis,
thrombosis, and proliferation of tumor cells.[97,98] Studying the intercellular
communication among tumors of highly malignant brain glioblastoma multiforme
(GBM) in a mouse model revealed that exosomes mediate hypoxia-dependent
intercellular signaling.

32

Considering that hypoxia is a key regulator of tumor development and
aggressiveness, it was suggested that exosomes play a prime role in tumor
vascularization and hypoxia-mediated intertumor communication during cancer
progression.
niches.

[97]

[80,98–100]

Exosomes are also a key player in harboring premetastatic
The formation of premetastatic niches is one of the major events

in cancer metastasis, which provides a platform for tumor cells to colonize in a
[101,102]

distant tissue for the initiation of metastasis.

in the development of these premetastatic niches.

Exosomes are actively involved

[98]

It has also been reported that

exosomes, along with cytokines and other soluble mediators, are involved in the
transport of bone marrow-derived cells to a premetastatic niche to enable the
establishment of a tumor microenvironment.

[101,102]

Furthermore, exosomes were

also found to maintain a role in tumor survival via allowing the tumors to design an
immune-escape mechanism.

[95]

Exosomes from tumor cells inhibit lymphocyte proliferation.

[103]
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Interesting

findings suggest that various infectious pathogens (e.g., viruses) can take advantage
of exosome properties to infect cells. Exosomes from immature dendritic cells can
mediate HIV infection by transferring the virus particles to CD4+ T cells via the
endosomal pathway, and in this way, the virus avoids detection by the innate
immune system.

[104]

Moreover, cells infected with the Epstein-Barr virus (EBV)

release functional EBV miRNA in exosomes, which is taken up by both neighboring
and outlying cells, may spread the infection.

[82]

Another area of interest regarding the potential role of extra- cellular vesicles and
mainly the exosomes is during pregnancy. As such, exosomal signaling is an
integral signaling pathway that mediates the communication between the maternal
and fetal circulation during gestation.

[105,106]

During gestation, the human placenta

secretes exosomes into the maternal circulation from as early as 6–7 weeks of
[105]

pregnancy.
regulated

by

Interestingly, the release of exosomes from placental cells is
factors

that

include

both

oxygen

tension

and

glucose

concentration[107–110] and correlates with the placental mass and perfusion.[107] The
concentration of exosomes that originate from placental cells increases
progressively during gestation in maternal circulation.[107] The concentration of
placenta-derived exosomes is higher in pregnancy complications such as gestational
diabetes[85] and preeclampsia[83] than in normal pregnancy during the first trimester
of pregnancy; therefore, profiling placental exosomes that are present in maternal
circulation at early gestation may be used to classify women at risk to develop these
pregnancy complications.
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2.5 Potential use of exosomes as biomarkers and therapeutics
agents
Over the past years, several studies have demonstrated the diagnostic and
therapeutic potential of exosomes and exosomal content (i.e., nucleic acids and
proteins) in many diseases including cancer as well as cardiovascular,
neurodegenerative and infectious diseases.

2.5.1 Proteins Associated with Exosomes as Biomarkers of Onset and Disease
Progression
As discussed in Section 3.1, exosomes contain a variety of proteins including
proteins involved in exosome biogenesis (e.g., Alix, Tsg101 and ESCRT complex)
and endosomes (e.g., annexins and flotillin); tetraspanins (e.g., CD9, CD63, CD81,
and CD82) and heat-shock proteins (Hsp70 and Hsp90) (Table 2.1).[108] In a
previous study, the presence of exosomal protein markers in human prostate and
breast cancer cell lines was tested, and it was found that all the samples tested
positive for CD9 and CD81.[109] Recently, a number of studies have established the
role of exosomal proteins as diagnostic biomarkers of breast cancer.[110–112] For
instance, anti-CD24 and antiepithelial cell adhesion molecule (EpCAM)-coupled
magnetic beads that are used to isolate exosomes in immune- affinity techniques
showed that exosomal CD24 can work as a breast. Another study demonstrated that
both EDIL3 and fibronectin in the exosome population can serve as promising
biomarkers for the early detection of breast cancer.[111] In addition to breast cancer,
exosomal proteins have also been reported to play a diagnostic role in other cancers
such as prostate, bladder, ovarian, pancreas and colorectal cancer.[108,113,114]

Biofluid

Disease

Plasma

Prostate
cancer
Melanoma

Serum

Urine

Cell culture medium

Exosomal protein
content
Survivin

CD63, caveolin-1,
TYRP2, VLA-4,
HSP70,HSP90
Glioblastoma Epidermal growth
factor receptor VIII
Ovarian
CD24, EpCAM, CAcancer
125, TGF b1, MAGE
3/6
Breast
EDIL3, Fibronectin
cancer
Pancreatic
Glypican-1
cancer
Colorectal
CD147,CD9
cancer
Glioblastoma EGFR,CD63,EGFRnIII
Breast
Survivin
cancer
Prostate
Survivin
cancer
Prostate
PCAcancer
3,TMPRSS2:ERG,PSA
Bladder
EGF, ! subunit of Gs,
cancer
resisitin, retinoic acidinduced protein 3
Ovarian
cancer
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Reference
138
11
77
163
110,111
115
109
169
113
138
120
121

L1CAM, CD24,
122
ADAM10, EMMPRIN,
claudin

For example, significantly higher amounts of exosomal survivin were detected in
patients with prostate cancer than in healthy subjects.[127] The study was further
extended to show that alternative splice variants of survivin were also elevated in
the plasma of breast cancer patients, suggesting its strong role as a potential breast
cancer biomarker.[113] Another exosomal surface protein known as glypican-1 has
been found to be exclusively present in the serum of pancreatic cancer; however,
the protein is not present in samples that are derived from benign pancreatic

diseases.

[115]
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This finding strongly suggests that exosome derived glypican may

work as a potential biomarker for pancreatic cancer.
Exosomal proteins have also been found to provide a diagnostic role in hepatic
diseases. For example, it has been reported that exosomal CD81 was increased in
patients with chronic hepatitis C compared with healthy controls and cured patients.
This study also correlated CD81 with inflammation and fibrosis and suggested that
exosomal CD81 may be used as a potential biomarker for the diagnosis and
prognosis of hepatitis C.[116] Several other exosomal proteins have been found to be
potentially associated with the diagnosis of neurological disorders such as
glioblastoma-specific epidermal growth factor receptor vIII (EGFRvIII) in
glioblastoma;[79] EGFR, EGFRvIII, and TGF-beta in brain tumor;[117] exosomal
amyloid peptides and phospho-tau (Thr-181) in Alzheimer’s disease;[80,118] and αsynuclein in Parkinson’s disease.[119]

2.5.2 RNAs within Exosomes as Potential Biomarkers for Onset and Disease
Progression
Despite being available in most biological fluids, miRNA as a cancer biomarker is
still waiting to be widely used in routine clinical application. This is reportedly due
to their poor specificity and irregular reproducibility in different physiological and
pathological conditions.[123] Additionally, RNA is generally unstable at room
temperature for ribonuclease (RNase)-associated progressive RNA degradation.
Recently, Witwer[124] has provided a comprehensive review on specificity and
reproducibility issues associated with miRNA-based diagnostics. In another review,
Haider et al. studied 416 circulating miRNA biomarkers in 57 noncancerous
diseases and identified that miR-16, –155, –21, –126, and –223 biomarkers were
associated with at least 10 noncancerous conditions, although these miRNAs have

been considered as cancer-specific markers.

[125]
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Therefore, applications of miRNA

as cancer biomarkers are reportedly under careful consideration. However, several
studies have suggested that these biological pitfalls and challenges can be overcome
by considering exosomal miRNA as the target biomarker.[123,124] This is because
exosomal miRNAs are exclusively protected from RNase-dependent degradation
and thus can be stably detected in circulation. Thus, exosomal miRNA is a potential
candidate for an ideal biomarker in clinical diagnostics.
Since 2007, after the first report on exosomal miRNA, an increasing number of
studies have demonstrated the role of exosomal miRNA in several diseases, mostly
in cancer (Table 2.2).[126] For example, in 2009, the circulating levels of exosomes
and its cargo (exosomal small RNA and miRNAs) in patients with lung
adenocarcinoma and healthy subjects were evaluated for their diagnostic potential.
This study found a similarity between the circulating exosomal miRNA and the
tumor- derived miRNA patterns, which suggested that circulating exosomal miRNA
somewhat represents the tumor miRNAs and thus may be useful as diagnostic and
prognostic markers of lung adenocarcinoma.[127] It has been suggested that
exosomal miRNAs can improve the current diagnosis strategies for prostate cancer.
Note that the widely used prostate-specific antigen (PSA) tests for the early
detection of prostate cancer have long been under debate for the associated high
false-positive results. In this regard, prostate cancer specific exosomal miRNA may
be proven useful in the development of a highly robust and specific diagnostic
method. Several studies reported that RNase resistant miR-141 and miR-375
remained stable in circulation and could be used as a specific diagnostic marker for
prostate cancer.[128,129] Since, exosomal miR-141 and miR-375 are highly stable
inside the protected layer of exosomes, they may pro- vide clinical relevance for
prostate cancer diagnosis. Exosomal miRNAs were also reported for use as
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diagnostic biomarkers in esophageal squamous cell cancer. In addition to cancer,
these miRNAs have also demonstrated a diagnostic role in cardiovascular and renal
diseases.[34,130]
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Biofluid

Disease

Exosomal RNA content

Reference

Plasma

Ovarian cancer
Prostate cancer
Breast cancer
Lung cancer

miR-21, -141, -200a, - 200b, -200c, -203, -205, -214
miR-141, miR-375
miR-21, -1246
miR-17, -3p, -21, -20b, -223, -301, let-7f, -19a, -19b, -30b, -20a, 30e-3p,
-378, -379, -139-5p,-200b-5p,-151a-5p,-629,-100,-154-3p
miR-21, miR-1246
miR-34a, -125b,-21
Let-7 family miRNAs
mRNAs
miR-584, -517c, -378, -520f, -142-5p, -451, -518d, -215, -133b, -367
miR-4258, -221, -193a-3p,30e, -1297, -129, -21, -485-3p
miR-133b, -98, -181a, -21
miR-1469, -320b, -320c,-191,-222,Let-7a,-923,-1308,-2185,-351-5p,25,-939,-30c,-422a,-221,-487a,-335,-4329
miR-16, - 1246, -451,-20
miR-29c, CD2APmRNA
miR-17-5p, -21
miR-21, -141, -200a,- 200c
miR-141,-107,-375,-574-3p
miR-17-5p, -21
miR-200a, -200c, -205,-101,-372,-373
miR-21,-574-3p,Snc RNA (RNU6-1)
miR-4772-3p,let-7a,-1229,-1246,-150,-21,-223,-23a
miR-34a, -125b,-21
miR-17-3p,-21,-106a,-146,-155,-191,-192,-203,-205,-210,-212,-214

27
21,22
140,141
142

Cell culture
medium

Urine
Serum

Peripheral blood

Esophageal cancer
Liver cancer
Gastric cancer
Colorectal cancer
Hepatocellular carcinoma
Prostate cancer
Lung cancer
Glioblastoma
Breast cancer
Renal fibros
Pancreatic cancer
Ovarian cancer
Prostate cancer
Pancreatic cancer
Breast cancer
Glioblastoma
Colon cancer
Liver cancer
Lung adenocarcinoma

Table 2.2. Exosomal miRNA for clinical applications.

19,143
155
71
144
145
146
147
148
149
34
19
27
150
151
152
153
154
155
127

40
2.5.3 Exosomes as therapeutics agents
Over the past few years, several exosome-based therapeutic approaches (e.g.,
vaccine development, tissue regeneration therapy, drug delivery, and gene
silencing) have been developed and some of them were tested in phase II clinical
trials.[39] The first clinical trial (phase I) to develop a vaccine against metastatic
melanoma patients using autologous DC-derived exosomes (DEX) was reported in
France in 2005.[131] DEX was engineered with functional MHC-peptide complexes
that can activate T-cell immune responses thereby allowing tumor rejection. The
study also developed a good manufacturing practice protocol to produce exosomes
at a large scale. Under this trial, several of III/IV melanoma patients were
immunized with four types of exosome vaccines. Following the vaccination,
NKG2D protein expression in natural killer (NK) and CD8T cells of many patients
were restored and an increased number of NK cells was observed. The results of the
trial demonstrated that DC derived-exosomes from melanoma patients are
specifically endowed with NK cell stimulatory capacity in vivo. Morse et al.
reported a similar phase I clinical approach that employed DEX immunotherapy in
patients with advanced non-small-cell lung cancer (NSCLC).[132] In addition to
these two trials, few other clinical studies that utilized exosome vaccines were
introduced against colorectal[133] and stage III/IV non-small-cell lung cancer.
Exosomes were also reported to have therapeutic potential in tissue regeneration.
Lai et al. showed that purified exosomes derived from mesenchymal stem cells
(MSCs) significantly reduced the infarct size in a mouse model of a myocardial
ischemic injury.[98] Recently, MSC-derived exosomes were employed for the
treatment of pediatric refractory graft-versus- host disease (GvHD).[134] The utility
of MSC-derived exosomes in GvHD treatment further triggered its potentiality
against other diseases such as type 1 diabetes.[135] Due to this therapeutic success,
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regulatory approval was sought in Canada and New Zealand for the clinical use of
MSC-derived exosomes in the treatment of pediatric GvHD.[136] MSC-derived
exosomes were also found to accelerate the functional recovery from stroke[137] and
brain injuries[138] in animal models, which could be explained by improved posttherapeutic neurogenesis and angiogenesis. In addition to protein and miRNA,
exosomes can be engineered to express small interfering RNA (siRNA). Note that
synthetic siRNAs can be introduced into cells to activate RNA interference (RNAi)
that can silence the gene. Thus, an exosome that is engineered with siRNA can be
therapeutically used to silence disease specific genes, as evidenced by a study
where the tumor gene was knocked out in vitro using exosomal siRNA.[139]

2.6 Isolation of exosomes
Since the discovery of exosomes, several conventional techniques have been used
to isolate exosomes from bodily fluids. These techniques include differential and
buoyant

density

centrifugation,

ultrafiltration,

immunological

separation,

and

commercial exosome isolation kits.

2.6.1 Differential and gradient density centrifugation
Centrifugation-based techniques are considered the gold standard for exosome
isolation.[9,29,145] These methods do not require technical expertise or complicated
sample pretreatment steps. Due to these benefits, ultracentrifugation has been the most
commonly used method to extract nanosized vesicles from cell culture media and bodily
fluids.[29,156–158] There are two types of ultracentrifugation: differential centrifugation
and density gradient ultracentrifugation. Differential centrifugation usually requires
multiple steps including a low-speed centrifugation (300 × g for 10–15 min) step to
remove cells and apoptotic debris, followed by a high-speed spin to eliminate larger

42
vesicles and finally high-speed centrifugation at 100 000 × g to precipitate the
exosomes. These different centrifugation steps are performed because the sedimentation
completely relies on the vesicle density and the distance the exosomes or vesicles can
travel. Thus, smaller EV particles at the bottom of the tube are pelleted at low speed,
whereas a high-speed spin is required to sediment the larger particles near the top of the
tube.[159] Therefore, the top of the tube contains the larger vesicles, with possible
coprecipitation of protein aggregates, apoptotic bodies, and other types of EVs, which
cannot be separated from the tube. The coprecipitation results in less sample purity and
contamination of exosomes with other particles. One possible solution is the use of
multiple resuspending and recentrifuging steps of each pellet in a buffer solution (e.g.,
phosphate-buffered saline (PBS)) to remove some of these impurities, although this step
alone cannot perform absolute separation. One of the better alternatives could be the use
of a sucrose density gradient with centrifugation steps. This method is based on
separating the vesicles according to their different flotation densities, which eventually
allows the vesicles to float upward into an overlaid sucrose gradient. Therefore, this
method allows the proteins or impurities to be pelleted at the bottom of the tube, which
can easily be removed to enable aggregate-free separation of exosomes.[29,160]

2.6.2 Filtration
Filtration-based techniques have been recently introduced to isolate exosomes.[161]
Although filtration was introduced as an independent method, it is currently used in
combination with ultracentrifugation to replace the first two spins of the differential
centrifugation protocol. The main principle of the ultrafiltration method is to separate
the resuspended particles, depending on their size and molecular weight.[162] Thus, the
filtration step can eliminate dead cells and large debris, whereas the ultracentrifugation
step provides further purification of the filtered samples. A filtration protocol for
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exosome isolation from urinary samples using a nanomembrane concentrator was
reported.[163] Their approach can enrich exosomal proteins from small urine volumes.
Recently, another group described a microfiltration isolation method using low-proteinbinding- size exclusion filters for the isolation of urinary biomarkers.[25] This method
used a hydrophilized polyvinylidene difluoride membrane to extract exosomes from
fresh urine samples. The efficiency of this method was also validated by liquid
chromatography-mass spectrometry, immunoblot analysis, and electron microscopy.
Although, compared with the ultracentrifugation method, the filtration method is
relatively simpler and faster and does not rely on specialized equipment, it could still be
affected by the loss of exosomes due to the trapping of the exosomes in the pores of
filters.[164] Additionally, the force applied to pass the sample through the filter
membranes may result in the damage, deformation and break up of large vesicles.[165]
One possible solution for the recovery of the exosomes entrapped in filter membranes
could be the use of a membrane with low exosomal protein-binding properties. The
force driven step can also be avoided via a centrifugation step to prevent the
deformation of exosomes.

2.6.3 Immunological separation
Numerous proteomic studies of the molecular composition of exosomes have revealed
the presence of various proteins on the exosomal membrane.[64,166–168] These proteins
can be ideal markers for immune-isolation of exosomes due to immuno- affinity
interactions between the proteins (antigens) and anti- bodies.[29] Recent advances in the
exosome isolation field have shown that antibody-coated magnetic beads can be
effectively employed to isolate exosomes from antigen-presenting cells. In this regard,
choosing a proper exosome membrane marker is one of the most important steps in
these immunoassays. It was shown that members of the tetraspanin family, such as
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CD81, CD9, and CD63, that are present on the membranes of exosomes can be used for
efficient immunocapture.[23,169–171] Unlike other conventional techniques for exosome
isolation, antibody-coated magnetic beads can be used for direct exosome isolation from
bodily fluids, which reduces the time-consuming centrifugation steps. A method for
isolating breast cancer-specific exosomes that uses magnetic beads coated with
antibodies against the tumor-specific HER-2 (human epidermal growth factor receptor
2) protein found in exosomes was also reported.[172] The isolation efficiency of this
method was successfully confirmed by FACS analysis. Taylor and Gercel-Taylor
isolated circulating tumor-derived EpCAM-positive exosomes using anti-EpCAMcoated magnetic beads.[18] Zarovni et al. used antibody-functionalized magnetic beads
for exosome isolation from both cell culture and plasma samples.[158] They have shown
that the capture efficiency of their immunoassay is close to that of the
ultracentrifugation method. The advantage of the immunological isolation technique is
the associated high specificity due to the use of the antibody, although this high
selectivity and specificity can result in a low exosome yield compared with physical
separation-based methods. More recently, another immunological method was
reported.[173] A lipid nanoprobe system was used to isolate exosomes from serum-free
cell-culture supernatant and blood plasma. First, the lipid bilayer of exosomes was
labeled with biotin-tagged 1,2-distearoyl-snglycero-3-phosphethanol- amine-poly
(ethylene glycol). Next, the labeled vesicles were collected by NeutrAvidin-coated
magnetic submicrometer particles for subsequent extraction and analysis of the
exosomal cargo. The method was successfully applied to the analysis of exosomal DNA
derived from 19 stage-IV NSCLC patients, which allowed the detection of mutations in
KRAS (V-Ki-ras2 Kirsten rat sarcoma viral oncogene homologue) codons 12 and 13
and EGFR (epidermal growth factor receptor) exons 19 and 21. These approaches are
also limited by the requirement of costly and diverse antibody-antigen combinations and
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the isolation procedures. Moreover, the immune-affinity-based capture can only
separate exosomes from cell-free samples. Note that during clinical sample analysis, the
tumor heterogeneity in a real sample can affect the efficiency of immune capture.
Another considerable issue is the use of elution buffers, which are required to release
the exosomes from immunocomplexes. This is because unfavorable conditions (i.e., pH
alteration, the presence of detergents and reducing agents, etc.) in the buffer can affect
exosome functionality via membrane permeability disruption. For these reasons,
immunological separation is not yet suitable for large-scale analysis of exosomes.[89]

2.6.4. Exosome precipitation
Polymer-based precipitation methods usually involve mixing the biofluids of interest
with a polymer solution under optimized salt concentration and low-temperature
conditions, followed by an overnight incubation at 4 °C. Then, the precipitated
exosomes are recovered by low-speed centrifugation and resuspended in PBS for further
applications. The most commonly used polymer for this approach is polyethylene glycol
(PEG). This method has been routinely used for the precipitation of various
biomolecules, viruses, and other small particles.[174–176] Commercially available isolation
kits also use PEG to isolate exosomes from cell culture media and bodily fluids. Several
studies indicate that commercial isolation kits (e.g., the Total Exosome Isolation Kit
from Invitrogen, Aus and the ExoSpin Exosome Purification Kit from Cell Guidance
Systems, USA) provide a simple methodology for the efficient isolation of exosomes
from clinical samples via avoiding the need for long differential centrifugation and the
precipitation steps used in conventional isolation technologies.[29,30] These kits are also
compatible for assaying exosomes in bodily fluids, including serum, plasma, urine, and
cerebrospinal fluid, and culture media. One comparative study reportedly found that the
commercial kits were more efficient in isolating exosomes from urinary samples
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compared with differential ultracentrifugation and nanomembrane concentrators.

[161]

Recently, the extraction performance of four exosome isolation techniques:
ultracentrifugation, two sedimentation isolation kits (e.g., the Invitrogen Total Exosome
Isolation Kit and the ExoSpin Exosome Purification Kit), and the density gradient
method (PureExo Exosome Isolation Kit from Fisher scientific, USA)[177] using
liposomes as a model vesicle system, was evaluated. After extraction of the liposomal
vesicles from serum-free cell culture media, the samples were characterized by tunable
resistive pulse sensing (TRPS) (Fig.2.3). The ExoSpin and Invitrogen kits resulted in
the highest yields (between 2 × 1011 and 3.5 × 1011 particles mL-1), whereas both the
ultracentrifugation and PureExo methods generated yields that were approximately two
orders of magnitude lower, with concentrations between 1 × 109 and 1.5 × 109 particles
mL-1. Although exosome isolation kits offer many advantages, such as low sample
volume, simplicity, and cost-effectiveness, they are limited by their low specificity due
to the coisolation of the nonexosome material. Apart from these potential nonexosomal
contaminants, the precipitated samples contain polymer molecules, which is unsuitable
for some detection/quantification methods such as mass spectrometry.

qNano
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2.7 Challenges in exosome analysis and potential solutions
The major issue in the clinical application of exosomes is the lack of consistent and
specific methods to isolate and detect an enriched population of exosomes (e.g., tumorderived exosomes) among other nonspecific exosomes and EVs pre- sent in circulation.
Because of increasing interest in the exosome research field, there is an urgent need for
an efficient and reliable tool for the isolation of specific exosomes. Evidently, precise
exosome isolation remains cumbersome due to several technical challenges associated
with the currently available isolation and detection techniques. Moreover, there are
several biological challenges that need to be considered to develop a reliable method for
the analysis of exosomes.

2.7.1. Technical challenges
It has been reported that the different preanalytical steps, such as sample collection,
storage, use of anticoagulants, and sample processing time, involved in exosome
isolation and detection can significantly affect the outcomes of the analysis (i.e.,
variable out- comes in the analysis).[178] To overcome this issue, the analysis platform
should be standardized with regularly calibrated instruments. In this regard, the
International Society for Extracellular Vesicles has started providing recommendations
for a standardized and evidence-based platform for extracellular vesicle analysis.[159]
One common challenge involved in the sample collection procedure is the presence of
impurities, which results from activated platelet-derived vesicles that are mostly due to
the physical forces associated with the blood draw. Therefore, standardization of
sampling sites, the use of larger needles, and careful blood drawing are suggested to
avoid the associated shear stress and resulting platelet activation.[159,179] Another
recommendation is to avoid the use of heparin-based anticoagulants in the sample
collection tube. This is because heparin competes with primers and/or enzymes for
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binding to nucleic acids, thereby resulting in a false-negative polymerase chain reaction
(PCR) response[180] that affects the analysis and validation of the nucleic acid present in
exosomes and other EVs. Heparin was also reported to inhibit the uptake of EV by
recipient

cells.[181]

Therefore,

as

alternative

choices

for

anticoagulants,

ethylenediaminetetraacetic acid (EDTA), sodium fluoride, or sodium citrate in
combination with or without different additives such as dextrose have been commonly
used in collection tubes. Among these, citrate is gen- erally preferred because EDTA
was also found to interfere with the amplification of nucleic acids in EVs (although to a
relatively lesser extent compared with heparin).[182]
The discrepancy in the analysis due to inappropriate storage conditions (e.g., freezing)
is another hurdle to overcome in exosome analysis. For large-sample analyses, samples
are generally collected from distant locations and freeze-stored prior to the analysis,
which may affect the quantification.[177,183] Therefore, it is always recommended to use
freshly collected samples for exosome analyses.
Over the past several years, many exosome isolation techniques have attempted to
address these challenges with little success. For example, differential ultracentrifugation
is one of the most widely used methods for exosome isolation but is not convenient in
resource-limited settings due time-consuming procedures and high-cost equipment. This
technique also frequently suffers from the loss of exosomes and copelleted impurities
during the analysis. Immunoaffinity-based techniques provide high selectivity and
specificity, but they are limited by the use of costly antibodies, less exosome yield, etc.
On the other hand, although exosome precipitation-based methods are relatively simpler
and do not require expensive equipment, they are limited by the coprecipitation of
exosomes with other extracellular vesicles and protein aggregates. (Table 2.3
summarizes the advantages and drawbacks of current techniques for exosome isolation.)
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2.7.2 Biological challenges
Many genetic, physiological, and environmental factors that are associated with sample
heterogeneity can affect exosome analysis. Even in healthy individuals, disease-specific
exosomes can be present in higher or lower amounts than normal due to different factors
such as age, gender, body mass index (BMI), and immunity, which vary from person to
person.[159] Therefore, choosing an ideal matched control for a large cohort of
heterogeneous samples is a significant challenge (i.e., a control derived from young
individuals cannot reliably be used to screen exosomes that are derived from elderly
people). More systemic studies are needed to study the effects of sample heterogeneity
on the biogenesis, functionality, and quantity of exosomes. Importantly, there is an
urgent need to establish a predesigned sample control bank, which contains controls
from all possible variants of the target population, such as different ages, races, sexes,
physiological conditions, etc.
Although recent progress has improved the isolation efficiency of exosomes from other
extracellular vesicles, there are only few reported strategies that describe the efficient
detection of disease-specific exosomes in the background of normal exosomes (i.e.,
exosomes that can be derived from both normal and diseased cells from the same
subject).[42,45] It is now widely acknowledged that exosomal cargo, which is
encapsulated in the protective layer of the exosome membrane, is a promising source of
biomarkers for disease diagnosis and prognosis. This is because the cargo is protected
from many harsh conditions inside the encapsulated protective environment of the
exosomes (e.g., exosomal miRNA is protected from ribonuclease (RNase) mediated
RNA degradation). However, this major advantage of exosomal miRNA may pose a
significant challenge, i.e., for the analysis of miRNA, because it needs to be released
from the isolated exosomes, which incurs multiple additional complicated steps in the
analysis.[184] There are also many fundamental questions still unanswered concerning the

functionality of exosomes and their contents.

[90]
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For instance, it is not confirmed

whether the transport and uptake of exosomes by distant recipient cells are due to
phagocytosis[185] or uptake by selective receptors of distant recipient cells.[186]
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Isolation method

Working principle

Advantages

Disadvantages

Ref.

Differential
Centrifugation

The method consists of multiple
centrifugation steps in order to
exclude large vesicles and cells
debris and precipitate exosomes.

Considered to be a gold standard and
reliable method. Allowing the analysis
of large sample volumes and multiple
samples at the same time.

Time-consuming procedures, high
equipment cost, high centrifugation
speed resulting in exosome damage

9,27,159

Density gradient
centrifugation

Combination of ultracentrifugation The method separates low-density
with sucrose density gradient.
exosomes from other extracellular
vesicles.
Ultrafiltration membranes are used Filtration allows separation of big
to separate exosomes from other
particles from exosomes. During the
vesicles due to size differences.
process, the exosomal population is
concentrated by the filtration
membrane.

Very high sensitivity to the
centrifugation time.

27,29,160

Filtration

Immunological
Separation

Polymer-based
precipitation

Trapping of exosomes in the pores of
161-163
the filters and attaching vesicles to the
membranes, leading to the loss of
exosomes. Additionally, the force
applied to pass the sample through the
membranes may result in the
deformation of, damage to and
breaking up of large vesicles.
Exosomes are captured due to
The method isolates exosomes directly The method cannot be applied to large 169-171
interactions between antigens on the from cell culture supernatant
volume samples.
exosome surface and preor body fluids.
functionalized magnetic beads
coated with antibodies.
The technique includes mixing of Easy to use, does not require
Polymer-based precipitation methods
177
the biological fluid with a polymer- specialized equipment, large and
co-isolate non-exosomal contaminants.
containing precipitation solution,
scalable sample capacity
followed by an incubation step and
centrifugation at low speed.

Table 2.3. Comparison of exosome isolation techniques
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2.8 Detection of exosomes
ELISA, flow cytometry, FACS, NTA analysis, TRPS, and microfluidics- and
electrochemistry-based approaches are the most commonly used methods for the
detection and quantification of exosomes. In this section, these developments are
discussed.

2.8.1 ELISA
Over the past decade, ELISA has been widely used for the detection of exosomes.[37,187–
191]

Generally, for ELISA-based detection, exosomes are directly immobilized on a

microwell plate. After blocking the plates with a blocking agent, a recognition antibody (e.g., anti-CD9) is added to the wells for binding to specific antigens (e.g., CD9)
present on the exosome surface. Finally, an HRP-linked detection antibody is used for a
sensitive (via an enzymatic signal amplification step) and specific readout. A
colorimetric substrate (e.g., 3,3’,5,5’-tetramethylbenzidine (TMB)) is used for the assay
read-out.[192,193] Logozzi et al. designed a sandwich ELISA to capture and quantify
exosomes in cell culture media as well as in plasma samples using the housekeeping
proteins CD63 and Rab-5b and the tumor-associated marker caveolin-1.[37] One of the
major drawbacks of ELISA-based exosome detection methodologies is the high level of
‘biological noise’ (i.e., nonspecific adsorption of biomolecules) during the detection of
exosomes from complex bodily fluids.

2.8.2 Flow cytometry
Flow cytometry is a well-established technology for high- throughput analysis and
quantification of exosomes.[194,195] The principle of the flow cytometry method is based
on the recording of fluorescence and light scattering by individual exosomal vesicles
(i.e., nanosized particles) that are present in the suspension. Initially, a single particle
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suspension is hydro- dynamically focused with a sheath fluid to intersect with a
laser.[195] Signals are obtained by a forward angle light scatter detector, a side-scatter
detector, and multiple fluorescence emission detectors. Then, the signals are amplified
and converted to digital form. To acquire information regarding the exosomes that are
present in the samples, flow cytometry data are interrogated based on the physical
properties of the individual vesicles. However, conventional flow cytometry-based
methods have several disadvantages.[195] The major concern is the plat- form-dependent
variation in the analysis, where the data interpretation significantly varies among
different laboratories. This variation is because different flow cytometers have different
optical setups (e.g., varying laser wavelengths and powers) and different sensitivities.
Since exosomes have a lower refractive index than that of the polystyrene beads (PS) of
the flow cytometer, the scattered light derived from similar-sized particles is
approximately tenfold lower than that of the beads. To resolve this issue, the accurate
standardization of the flow cytometry technique is definitely required before it can be
employed for exosome detection in clinical applications. Note that dedicated software
has already been developed (available at www.exom- etry.com) for choosing the
optimal optical setup and correcting the light scattering differences between reference
materials (e.g., PS) and exosomes.
A specialized type of flow cytometry is FACS,[196] which allows the sorting of exosomal
vesicles based on fluorescent labeling. This method involves a relatively complex
mechanism compared with that of conventional flow cytometry analysis. Using specific
antibodies tagged with fluorescent dyes, the target exosomes can be captured and sorted
depending on the required parameters. In recent years, both methods have widely been
used for the analysis of exosomes.[70,195,197–199] For instance, Rim at el. developed the
FACS method for the analysis of exosomes from murine lung-cancer cells.[38] In this
method, the initial isolation of the exosomes was performed using CD9- or CD63-
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antibody-coated magnetic beads. After staining the sample with an exo-fluorescein
isothiocyanate exosome staining solution, the analysis of exosomes was performed via
FACS. The study reported an increased level of CD63-specific exosomes in LA-4 lungcancer cells. Clayton et al. used the flow cytometry method to show the expression of
the B-cell marker CD20 on B-cell exosomes.[23] First, the isolation of exosomes based
on immune-magnetic extraction by anti-HLA-DP, DQ, and DR antibodies was
conducted, and then a subsequent analysis was performed by flow cytometry. Several
groups reported that 500 nm is the cutoff value for the precise identification of
nanosized particles using previous generation flow cytometers.[193] Recently, a new
generation of flow cytometers has been reported, which enables the detection of vesicles
smaller than 200 nm.[200] Nevertheless, capturing the relatively smaller vesicles by flow
cytometry remains challenging. Flow cytometry also requires expensive equipment,
which is not suitable for analyzing exosomes in resource-limited settings.

2.8.3 Nanoparticle tracking analysis
In recent years, fluorescence readout methods have been successfully used for
analyzing exosomes. Among the fluorescence methods, NTA is the most widely used
tool for the characterization of the concentration and size of exosomes due to its
simplicity and ability to capture vesicles within the diameter range of 50–1000 nm.[201]
In NTA, a laser beam interacts with the exosomal particle. The scattered light of the
particle is captured by a charge-coupled device camera and then analyzed by image
processing software. The NTA software tracks the individual vesicles moving under
Brownian motion and relates this movement to a particle size using the Stokes–Einstein
equation. This tool has been used by various groups for exosome- based research.
Dragovic et al. investigated and compared the efficiency of NTA and flow cytometry
methods using human placental exosomes.[36] Their findings suggest that NTA can
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measure the size of biological vesicles as small as ~50 nm with a greater sensitivity than
that of several existing approaches. NTA is also capable of analyzing relatively larger
amounts of vesicles compared with electron microscopy and atomic force
microscopy.[36] Despite this reliable performance in fundamental research, NTA has
substantial limitations for detecting exosomes in clinical samples.[30] These limitations
are due to the lengthy procedures involved in data acquisition. Specifically, flow
cytometry can analyze 1000 particles in less than a second, whereas NTA typically
takes 10 min. Long analysis time also causes the bleaching of the fluorescent dye (i.e.,
the exosomes are stained with common fluorescent dyes, such as green fluorescent
protein or antibodies that are conjugated with fluorescein isothiocyanate), whereas flow
cytometry does not have bleaching issues because the readout is obtained in a short time
(~1 s) before the bleaching of the dye occurs. Additionally, this tool cannot analyze the
biochemical composition of exosomes.

2.8.4. qNano (Tunable Resistive Pulse Sensing)
Recently, a new tool, which is based on the TRPS principle and commercialized as
qNano, has been developed for the quantification of nanosized particles.[202] The
instrument uses tunable pores manufactured in a polyurethane membrane to detect the
passage of nano- or microsized particles by a drop in the ionic current measured across
the pores. The flexible nature of the pore membrane allows the real-time optimization of
the pore size. Lobb et al. used TRPS to obtain measurements for the exosome
concentrations after isolating the nanosized vesicles using various protocols.[203] More
recently, Sina et al.[204] and Yadav et al.[42] reported the use of TRPS for the
characterization of breast cancer-derived exosomes prior to quantifying them with
surface plasmon resonance and electrochemical readouts, respectively. qNano has
shown great promise as a reliable tool for accurate exosome quantification. This method
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provides a quantitative analysis of vesicle samples with particles in the size range from
70 nm to 10 µm and performs real-time monitoring of ionic current flow across the
pore, which enables the detection of individual nanovesicles in mixed suspensions.
However, TRPS does not provide any information about the origin of exosomes.
2.8.5 Electrochemistry-based approaches
Electrochemical detection is highly suitable for biomolecular analysis due to its inherent
advantages, such as high sensitivity and specificity, compatibility with miniaturization,
simplicity, and relatively low-cost detection.[205–210] After the clinical success of
electrochemical glucose sensors, electrochemical systems for biomolecular analysis
have received significant attention and have become the focus of interest for many
research groups. In electrochemical detection, a recognition element (e.g., antibody)
interacts with the target exosomes to selectively recognize antigens that are present on
the exosome surface. An electroactive signal transducer is incorporated to obtain a
measurable electrochemical signal to quantify the amount of exosomes.[43,44] In most
cases, electroactive molecules are tagged with a detection antibody (highly specific to
the exosome) and used as an electroactive signal transducer. The detection is read via
voltammetry (i.e., cyclic voltammetry, linear sweep voltammetry, differential pulse
voltammetry, square wave voltammetry, and stripping voltammetry), amperometry, and
impedimetric techniques.
Over the past several years, several electrochemical assays have been developed for the
detection of exosomes. Recently, Jeong et al. developed an integrated magnetoelectrochemical sensor (iMEX) for exosome analysis.[41] The iMEX platform utilizes
two main steps: magnetic selection and electroche ical detection (Fig.2.4I). First,
magnetic beads, coated with antibodies against tetraspanin proteins (e.g., CD63, CD9,
and CD81), are used for exosome capture and labeling. Next, the captured exosomes are
detected via electrochemical sensing. The entire assay was completed within 1 h and

57
consumed only 10 µL of sample. The blood samples collected from ovarian cancer
patients were tested and used to demonstrate that the iMEX device can be applicable in
a clinical setting. Yadav et al. reported an electrochemical method to directly quantify
the disease specific exosomes that are present in cell culture media.[42] Their approach
has a two-step design. Bulk exosome populations are first captured using a generic
antibody (i.e., tetraspanin biomarker, CD9). The subsequent detection of the cancerspecific exosomes within the captured exosomes is then performed using a cancerspecific antibody. This method used a HER-2 antibody as the cancer-specific antibody
to quantify HER2-postive breast cancer-derived exosomes (Fig.2.4II). This method has
shown good sensitivity, with a detection limit of 4.7×105 exosomes µL-1. Doldan et al.
developed another electrochemical sandwich approach for exosomes determination.[45]
This approach uses gold electrodes prefunctionalized with α -CD9 antibodies.
After spreading the sample onto the electrodes, the captured exosomes are analyzed
with another α-CD9 antibody. At the final stage, HRP-conjugated α -mouse IgG
antibody is applied. The electrochemical reduction of HRP- oxidized TMB is
monitored. The sandwich immunosensor can detect 200 particles per microliter.
Kelley and co-workers reported another method where a microfabricated chip was
developed and the electro-oxidation of nanoparticles was used for the multiplexed
analysis of exosomes. In this study, an electroplated gold layer on the electrodes
were used as a sensing platform. Initially, the electrodes were functionalized with
thiolated anti-EpCAM aptamers for the efficient capture of epithelial exosomes or
microsomes. Then, silver (AgNPs) and copper (CuNPs) metal nanoparticles were
conjugated with EpCAM and PSMA (prostate-specific membrane antigen),
respectively, to compare the expression level of EpCAM and PSMA on microsomes
and exosomes. Linear sweep voltammetry was applied for the oxidation of the
AgNPs or CuNPs, which enabled the readout and confirmed the differential

presence of sur- face markers in prostate cancer cells.

[43]
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Recently, Zhou et al.

reported the development of an aptamer-based electrochemical biosensor for the
quantitative detection of exosomes.

[211]

In this method, aptamers specific to the

exosome transmembrane pro- tein CD63 were immobilized on gold electrode
surfaces and incorporated into a microfluidic system. More recently, our group has
reported a proof-of-concept electrochemical method to quantify exosomes using
quantum dot (QD)-functionalized disease specific antibodies, which achieved a
-1 [212]

sensitive detection limit of 100 exosomes µL .

This method leverages the

advantages of the signal enhancement capability of a QD-based anodic stripping
voltammetric readout. Briefly, magnetic beads that are functionalized with a
tetraspanin CD63 antibody were initially mixed into the extracted sample to isolate
the total exosome population. Then, breast and colon cancer-related exosomes
were quantified by the respective use of CdSe QD functionalized biotinylated breast
and colon cancer-associated antibodies. Nitric acid dissolution of the CdSe QDs and
a subsequent anodic voltammetric readout were performed to quantify the number
of cancer-related exosomes. The current method achieved a several hundred-fold
increase in sensitivity compared with existing bioaffinity-based assays, mainly due
to the use of QDs as the intrinsic signal amplifying labels. Over the past decade,
significant progress has been made in the nanotechnology field to bring new
strategies in electrochemical biosensing strategies to exosome analysis. In
comparison with conventional methods for exosome detection and quantification,
electrochemical techniques are fast, simple, cost-effective and do not require large
sample volumes. However, since complicated fabrication steps are involved in
biosensor development, the bioconjugation process has to be carefully controlled to
ensure assay reproducibility. At the same time, to avoid non- specific adsorption
issues in electrochemical immunoassays, careful attention must be given to signal
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amplification tags and biomarkers. The integration of electrochemical approaches
together with microfluidic platforms can result in an efficient tool for clinical
diagnosis, particularly in point-of-care (POC) devices for a wide range of disease
detection applications using exosomal biomarkers.
2.8.6 Microfluidics
Over the last several decades, microfluidic-based technologies have shown great
promise in producing novel manipulation techniques for biological applications.[213]
Micro- fluidic devices allow the manipulation of small amounts of samples and

Fig 2.4. Schematic representation of the I) integrated magnetic-electrochemical
exosome (iMEX) platform and II) sandwich assay for the detection of disease-specific
exosomes. Reproduced with permission.[41] Copyright 2016, American Chemical
Society. Reproduced with permission.[42] Copyright 2017, Wiley-VCH.
reagents in their channels and enable rapid and inexpensive separation and detection
of targets. Since 2010, various microfluidics-based platforms have been developed
for efficient exosome analysis. In 2010, Chen et al. reported a microfluidic exosome
analysis platform where an anti-CD63 functionalized channel was used for the
immunocapture of exosomes from human serum.

[31]

Anti-CD63 functionalized

channel was also used in another method, referred to as the ExoChip. This method
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utilized a surface-functionalized circular microchamber to capture exosomes,
followed by fluorescent carbocyanine dye (DiO) staining for quantification.

[35]

He

et al. developed an approach that enables on-chip immunoisolation and in situ
detection of exosomes directly from patient plasma. In this method, isolation and
enrichment

of

circulating

exosomes,

on-line

chemical

lysis,

protein

immunoprecipitation, and sandwich immunoassays assisted by chemifluorescence
detection were performed on a single chip. The device was successfully tested to
analyze plasma specimens derived from patients with NSCLC.[40] Zhao et al.
developed the ExoSearch chip which com- bines on-chip continuous-flow mixing
and

immunomagnetic

isolation

with

an

in

situ

multiplexed

exosome

immunoassay.[214] More recently, Fang and colleagues developed a microfluidic
device that comprises two chambers (for collecting the immunomagnetic particles),
two circuitous mixing channels, four inlets, and one outlet (Fig.2.5I).[215] First, the
sample was premixed with the capture agent Mag-CD63 to form a Mag-CD63-Exo
complex. The complex was passed through inlet 1, while the primary antibody was
introduced through inlet 2. This allowed the formation of a Mag-CD63-Exo-Ab1
complex. Then, the fluorescently labeled secondary antibody was introduced
through inlet 3 to capture the target exosomes, which were finally examined by an
inverted fluorescence microscope. This on-chip sensor was challenged to capture
breast cancer specific exosomes in clinical samples, and the results showed that a
significantly higher amount of EpCAM-positive exosomes were present in the
plasma of breast cancer patients than in healthy controls.
Previously, Vaidyanathan et al. demonstrated a multiplexed microfluidic device for
highly specific capture and detection of multiple exosome targets using a tunable
alternating current electrohydrodynamic (ac-EHD) methodology, referred to as
nanoshearing (Fig. 2.5II).[216] In this approach, the exosomes derived from cells
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expressing HER-2 and PSA were simultaneously detected via colorimetry using a
simple chip. The readout was based on the catalytic oxidation of TMB on the

Fig.2.5. A schematic representation of I) on-chip immunocapture of exosomes. A)
Schematic view of the microfluidic chip. B) Image of the chip. The scale bar
represents 1 cm. C) Assay steps for the immunocapture of exosomes. II)
Multiplexed device based on ac-EHD-induced nanoshearing for the isolation of
multiple exosome targets. Reproduced with permission.[215] Copyright 2017,
PLOS One. Reproduced with permission.[2] Copyright 2014, American Chemical
Society.
peroxidase-based exosome-antibody immunocomplex (e.g., from an HRPconjugated detection antibody). The device also exhibited a significant
enhancement in detection sensitivity and demonstrated the versatility of using acEHD-induced fluid flow through asymmetric microelectrode pairs that were used as

62
a microfluidic component, without the need for active components such as pumps,
valves, and mixers. The capture and detection domains were the same, and the
simultaneous analysis of multiple target exosomes under ac-EHD-induced fluid
flow was achieved. Shao et al. presented a microfluidic chip that could be used to
analyze mRNA levels in enriched tumor exosomes that were obtained from blood
(Fig.2.6).[217] Their iMER platform integrates three functional compartments for
targeted enrichment of extracellular vesicles, on-chip RNA isolation, and real-time

RNA analysis.[217]
Several other microfluidic platforms based on the size of the exosomes have
recently been demonstrated.
For example, Davies et al. fabricated nanoporous membranes in a microfluidic
filtration system to isolate vesicles from whole blood with a tunable size cutoff
(~500 nm).[218] Wang et al. fabricated a microfluidic device that consists of an array
of porous silicon nanowire-on-micropillar structures.[219] The internanowire spacing
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was tuned within a range of 30–200 nm to create a high density of interstitial sites,
which allowed the physical trapping of exosomes. Im et al. introduced a
nanoplasmonic exosome sensor (nPLEX), which is based on the transmission of
surface plasmon resonances through a periodic lattice of nanoholes that were
patterned in a gold film (Fig.2.7A).[33] The nPLEX platform is integrated with a
multichannel microfluidic cell for parallel and independent analyses. Shao et al.
developed another microfluidic-based device for analyzing exosomes that were
derived from glioblastoma (Figure 7B).[220] In this assay, the exosomes, which
were inserted onto a microfluidic chip, were labeled with target-specific magnetic
nanoparticles and finally detected by a miniaturized nuclear magnetic resonance
system.[220] More recently, another microfluidic platform has been developed,
which is based on a graphene oxide/polydopamine (GO/PDA) nanointerface.[221]
The PDA coating allows an easy coupling of Protein G to the surface to immobilize
mono- clonal antibodies (mAbs). This approach demonstrated a higher yield signal
and lower nonspecific background in comparison with a traditional GO/PEG
coating. This improvement could be due to several features associated with thick
PDA films such as 3D nanoporous structures, better surface coverage and larger
surfaces. This platform successfully analyzed exosomes that were purified from a
colon cancer cell line and plasma samples of patients with ovarian cancer. Since
2010, several microfluidic lab-on-a-chip technologies have been developed to
isolate, detect and provide the molecular analysis of exosomes. Due to many
advantages such as quick analysis output, high yield and efficiency, low-volume
consumption, automation and functional integration for streamlined exosome
molecular analysis, these microfluidic platforms have shown great promise for
exosome analysis in clinical applications. However, to implement microfluidic
technologies in clinical settings, several hurdles must be overcome. Many
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Fig.2.7. Schematic representation of A) exosomes released from cancer cells and a
nanoplasmonic sensor (nPLEX) for label-free detection of exosomes and B) µNMR
device for analysis of exosomes derived from human glioblastoma cells. Reproduced
with permission.
permission.

[220]

[33]

Copyright 2012, Nature Publishing Group. Reproduced with

Copyright 2012, Nature Publishing Group.

microfluidic chips are still not automated and require manual off-chip sample
preparations, which are not suitable

for real applications. Moreover, this

technology requires well- trained specialists to perform the experiments. In this
regard, a key point for future consideration of the microfluidic analysis of
exosomes should be the translation of a benchtop platform to a robust, userfriendly and automated point-of-care device

2.9 Conclusions and perspectives
We have summarized the biological functions and significance of exosomes and
their role as potential biomarkers for various diseases. Additionally, we have
thoroughly discussed the recent advances in isolation and detection techniques for
exosomes. We have also addressed the major technical and biological challenges of
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these strategies. Despite progressive advances, it is obvious that none of the existing
techniques for exosome isolation are a one-size-fits-all model. The major technical
challenge in exosome detection in clinical applications is to specifically detect
disease-specific exosomes in the presence of exosomes that are derived from
normal cells. Another considerable biological hurdle is the heterogeneity of diseasespecific exosomes and the exosomal cargo, which could significantly affect the
reproducibility of the analysis. Therefore, the right selection of detection techniques
is required, along with the proper choice of exosomal cargo as the established
biomarker. Most importantly, for ultimate clinical utility, there is an urgent need
for the development of normative sample pools, which contain control samples of
healthy heterogeneous populations (i.e., male and female, sedentary versus active
lifestyle, young and old, etc.). Furthermore, new assays and technologies should be
tested with a sufficiently large population of clinical samples for their robustness,
accuracy, and selectivity. We believe that by combining outstanding components of
different exosome quantification techniques and by innovative assay design in a
multiplexed system that is capable of selective isolation of various exosome subtypes in
heterogeneous samples, it will be possible to open a new avenue in exosome detection
and related research. Clearly, researchers have continuously attempted to develop such
techniques. For example, the recently developed iMEX platform,[41] which consists of a
portable eight-channel device, could simultaneously profile multiple exosomal markers
within one hour. Moreover, we recently reported a proof-of-concept electrochemical
method to quantify exosomes using quantum dots that were functionalized with a
disease-specific antibody, which could be extended to the development of a single-assay
platform for the simultaneous detection of multiple tumor-specific exosomes.[212] We
expect that, in the near future, ongoing effort toward the development of highperformance exosome detection techniques will result in an ideal next-generation
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platform that can be routinely used for exosome analysis for both research and clinical
purposes.

67

2.10 References
[1]

S. El Andaloussi, I. Mäger, X.O. Breakefield, M.J. a Wood, S. El Andaloussi, I.
Mäger, X.O. Breakefield, M.J. Wood, Nat. Rev. Drug Discov. 2013, 12, 347.

[2]

M. Yáñez-Mó, P.R.-M. Siljander, et al., J. Extracell. Vesicles 2015, 4, 27066.

[3]

M. Colombo, C. Moita, et al., J. Cell Sci. 2013, 126, 5553.

[4]

F. André, N.E.C. Schartz, N. Chaput, C. Flament, G. Raposo, S. Amigorena, E.
Angevin, L. Zitvogel, Vaccine, 2002, 20 Suppl 4: A28-31.

[5]

J. Kowal, M. Tkach, C. Théry, Curr. Opin. Cell Biol. 2014, 29, 116.

[6]

M. Tkach, C. Thery, Cell 2016, 164, 1226.

[7]

C. Harding, P. Stahl, Biochem. Biophys. Res. Commun. 1983, 113, 650.

[8]

B.T. Pan, R.M. Johnstone, Cell 1983, 33, 967.

[9]

G. Raposo, H.W. Nijman, W. Stoorvogel, R. Liejendekker, C. V Harding, C.J.
Melief, H.J. Geuze, J. Exp. Med. 1996, 183, 1161.

[10] H. Valadi, K. Ekström, A. Bossios, M. Sjöstrand, J.J. Lee, J.O. Lötvall, Nat. Cell
Biol. 2007, 9, 654.
[11] H. Peinado, M. Alečković, et al., Nat. Med. 2012, 18, 883.
[12] S. Yu, H. Cao, B. Shen, J. Feng, Oncotarget 2015, 6, 37151.
[13] A.S. Azmi, B. Bao, F.H. Sarkar, Cancer Metastasis Rev. 2013, 32, 623.
[14] X. Zhang, X. Yuan, H. Shi, L. Wu, H. Qian, W. Xu, J. Hematol. Oncol. 2015, 8,
83.
[15] S. Principe, A.B.-Y. Hui, J. Bruce, A. Sinha, F.-F. Liu, T. Kislinger, Proteomics
2013, 13, 1608.
[16] C. Sotiriou, L. Pusztai, N. Engl. J. Med. 2009, 360, 790.
[17] A.M. Friel, C. Corcoran, J. Crown, L. O’Driscoll, Breast Cancer Res.Treat. 2010,
123, 613.
[18] D.D. Taylor, C. Gercel-Taylor, Gynecol. Oncol. 2008, 110, 13.

68
[19] Y. Tanaka, H. Kamohara, K. Kinoshita, J. Kurashige, T. Ishimoto, M. Iwatsuki,
M. Watanabe, H. Baba, Cancer 2013, 119, 1159.
[20] Y. Fujita, Y. Yoshioka, S. Ito, J. Araya, K. Kuwano, T. Ochiya, Clin. Ther. 2014,
36, 873.
[21] J. Lötvall, A.F. Hill, et al., J. Extracell. Vesicles 2014, 3, 26913.
[22] R. Szatanek, J. Baran, M. Siedlar, M. Baj-Krzyworzeka, Int. J. Mol. Med. 2015,
36, 11.
[23] A. Clayton, J. Court, H. Navabi, M. Adams, M.D. Mason, J.A. Hobot, G.R.
Newman, B. Jasani, J. Immunol. Methods 2001, 247, 163.
[24] A. Sabapatha, C. Gercel-Taylor, D.D. Taylor, Am. J. Reprod. Immunol. 2006, 56,
345.
[25] M.L. Merchant, D.W. Powell, D.W. Wilkey, T.D. Cummins, J.K. Deegens, I.M.
Rood, K.J. McAfee, C. Fleischer, E. Klein, J.B. Klein, Proteomics - Clin. Appl.
2010, 4, 84.
[26] P.A. Gonzales, H. Zhou, T. Pisitkun, N.S. Wang, R.A. Star, M.A. Knepper, P.S.T.
Yuen, Methods Mol. Biol. 2010, 641, 89.
[27] D.D. Taylor, W. Zacharias, C. Gercel-Taylor, Methods Mol. Biol. 2011, 728, 235.
[28] C.E. Yoo, G. Kim, M. Kim, D. Park, H.J. Kang, M. Lee, N. Huh, Anal. Biochem.
2012, 431, 96.
[29] C. Théry, S. Amigorena, G. Raposo, A. Clayton, Curr. Protoc. Cell Biol. 2006, 3,
3.22.
[30] E. Van der Pol, A. N. Boing, E. L. Gool, R. Nieuwland, J. Thromb. Haemost.
2015, 14, 48.
[31] C. Chen, J. Skog, C.-H. Hsu, R.T. Lessard, L. Balaj, T. Wurdinger, B.S. Carter,
X.O. Breakefield, M. Toner, D. Irimia, Lab on a Chip. 2010, 10, 505.
[32] R. Cantin, J. Diou, D. Bélanger, A.M. Tremblay, C. Gilbert, J. Immunol. Methods.

69
2008, 338, 21.
[33] H. Im, H. Shao, Y. Il Park, V.M. Peterson, C.M. Castro, R. Weissleder, H. Lee,
Nat. Biotechnol. 2014, 32, 490.
[34] L.L. Lv, Y. Cao, D. Liu, M. Xu, H. Liu, R.N. Tang, K.L. Ma, B.C. Liu, Int. J.
Biol. Sci. 2013, 9, 1021.
[35] S.S. Kanwar, C.J. Dunlay, D.M. Simeone, S. Nagrath, Lab on a Chip 2014, 14,
1891.
[36] R.A. Dragovic, C. Gardiner, A.S. Brooks, D.S. Tannetta, D.J.P. Ferguson, P.
Hole, B. Carr, C.W.G. Redman, A.L. Harris, P.J. Dobson, P. Harrison, I.L.
Sargent, Nanomedicine Nanotechnology, Biol. Med. 2011, 7, 780.
[37] M. Logozzi, A. De Milito, et al., PLoS One 2009, 4, e 5219.
[38] K. Rim, S. Kim, J. Cancer Prev. 2016, 21, 194.
[39] A. V. Vlassov, S. Magdaleno, R. Setterquist, R. Conrad, Biochim. Biophys. Acta
2012, 1820, 940.
[40] M. He, J. Crow, M. Roth, Y. Zeng, A.K. Godwin, Lab on a Chip 2014, 14, 3773.
[41] S. Jeong, J. Park, D. Pathania, C.M. Castro, R. Weissleder, H. Lee, ACS Nano
2016, 10, 1802.
[42] S. Yadav, K. Boriachek, M.N. Islam, R. Lobb, A. Moller, M.M. Hill, M.S. Al
Hossain, N.T. Nguyen, M. J. A. Shiddiky, ChemElectroChem 2017, 4, 967.
[43] Y.G. Zhou, R.M. Mohamadi, M. Poudineh, L. Kermanshah, S. Ahmed, T.S.
Safaei, J. Stojcic, R.K. Nam, E.H. Sargent, S.O. Kelley, Small 2016, 12, 727.
[44] F. Wei, J. Yang, D.T.W. Wong, Biosens. Bioelectron. 2013, 44, 115.
[45] X. Doldan, P. Fagundez, A. Cayota, J. Laiz, J.P. Tosar, Anal. Chem. 2016, 88,
10466.
[46] A. Liga, A.D.B. Vliegenthart, W. Oosthuyzen, J.W. Dear, M. Kersaudy-Kerhoas,
Lab on a Chip 2015, 15, 2388.

70
[47] R.M. Johnstone, M. Adam, J.R. Hammond, L. Orr, C. Turbide, J. Biol. Chem.
1987, 262, 9412.
[48] E. van der Pol, A.N. Böing, P. Harrison, A. Sturk, R. Nieuwland, Pharmacol. Rev.
2012, 64, 676.
[49] G. Raposo, W. Stoorvogel, J. Cell Biol. 2013, 200, 373.
[50] C. Théry, L. Zitvogel, S. Amigorena, Nat. Rev. Immunol. 2002, 2, 569.
[51] S.J. Gould, G. Raposo, J. Extracell. Vesicles 2013, 2, 20389.
[52] W. Stoorvogel, M.J. Kleijmeer, H.J. Geuze, G. Raposo, Traffic 2002, 3, 321.
[53] M. Ostrowski, N.B. Carmo, et al., Nat. Cell Biol. 2010, 12, 19.
[54] M. Colombo, C. Moita, G. van Niel, J. Kowal, J. Vigneron, P. Benaroch, N.
Manel, L.F. Moita, C. Thery, G. Raposo, J. Cell Sci. 2013, 126, 5553.
[55] J. Huotari, A. Helenius, EMBO J. 2011, 30, 3481.
[56] W. Stoorvogel, G.J. Strous, H.J. Geuze, V. Oorschot, A.L. Schwartzt, Cell 1991,
65, 417.
[57] R.J. Simpson, H. Kalra, S. Mathivanan, J. Extracell. Vesicles 2012, 1, 18374.
[58] D. K. Kim, J. Lee, et al., Bioinformatics 2015, 31, 933.
[59] M.P. Zaborowski, L. Balaj, X.O. Breakefield, C.P. Lai, Bioscience 2015, 65, 783.
[60] R. J. Lobb, M. L. Hastie, E. L. Norris, R. van Amerongen, J. J. Gorman, A.
Möller, Proteomics 2017, 1600432.
[61] D. Duijvesz, K.E. Burnum-Johnson, et al., PLoS One 2013, 8, e82589.
[62] C.P. Horgan, S.R. Hanscom, E.E. Kelly, M.W. McCaffrey, PLoS One 2012, 7,
e32030.
[63] C. Théry, M. Ostrowski, E. Segura, Nat. Rev. Immunol. 2009, 9, 581.
[64] R.J. Simpson, S.S. Jensen, J.W.E. Lim, Proteomics 2008, 8, 4083.
[65] E. Hosseini-Beheshti, S. Pham, H. Adomat, N. Li, E.S. Tomlinson Guns, Mol.
Cell. Proteomics 2012, 11, 863.

71
[66] V. Luga, L. Zhang, A.M. Viloria-Petit, A.A. Ogunjimi, M.R. Inanlou, E. Chiu, M.
Buchanan, A.N. Hosein, M. Basik, J.L. Wrana, Cell 2012, 151, 1542.
[67] J.C. Gross, V. Chaudhary, K. Bartscherer, M. Boutros, Nat. Cell Biol. 2012, 14,
1036.
[68] C. Recchi, M.C. Seabra, Biochem. Soc. Trans. 2012, 40, 1398.
[69] S. Mathivanan, C.J. Fahner, G.E. Reid, R.J. Simpson, Nucleic Acids Res. 2012,
40, D1241
[70] M. Kesimer, M. Scull, B. Brighton, G. DeMaria, K. Burns, W. O’Neal, R.J.
Pickles, J.K. Sheehan, FASEB J. 2009, 23, 858.
[71] K. Ohshima, K. Inoue, A. Fujiwara, K. Hatakeyama, K. Kanto, Y. Watanabe, K.
Muramatsu, Y. Fukuda, S.I. Ogura, K. Yamaguchi, T. Mochizuki, PLoS One
2010, 5, e13247.
[72] I. Nazarenko, S. Rana, A. Baumann, J. McAlear, A. Hellwig, M. Trendelenburg,
G. Lochnit, K.T. Preissner, M. Zöller, Cancer Res. 2010, 70, 1668.
[73] M. Mittelbrunn, C. Gutiérrez-Vázquez, C. Villarroya-Beltri, S. González, F.
Sánchez-Cabo, M.Á. González, A. Bernad, F. Sánchez-Madrid, Nat. Commun.
2011, 2, 282.
[74] C. Villarroya-Beltri, C. Gutiérrez-Vázquez, et al., Nat. Commun. 2013, 4, 2980.
[75] K. Trajkovic, C. Hsu, S. Chiantia, L. Rajendran, D. Wenzel, F. Wieland, P.
Schwille, B. Brügger, M. Simons, Science 2008, 319, 1244.
[76] C. Subra, K. Laulagnier, B. Perret, M. Record, Biochimie 2007, 89, 205.
[77] R. Wubbolts, R.S. Leckie, P.T.M. Veenhuizen, G. Schwarzmann, W. Möbius, J.
Hoernschemeyer, J.W. Slot, H.J. Geuze, W. Stoorvogel, J. Biol. Chem. 2003, 278,
10963.
[78] K. Laulagnier, C. Motta, S. Hamdi, S. Roy, F. Fauvelle, J.-F. Pageaux, T.
Kobayashi, J.-P. Salles, B. Perret, C. Bonnerot, M. Record, Biochem. J. 2004,

72
380, 161.
[79] J. Skog, T. Würdinger, S. van Rijn, D.H. Meijer, L. Gainche, M. Sena-Esteves,
W.T. Curry, B.S. Carter, A.M. Krichevsky, X.O. Breakefield, Nat. Cell Biol.
2008, 10, 1470.
[80]

R. J. Lobb, L. G. Lima, A. Muller, Semin. Cell Dev. Biol. 2016, DOI
10.1016/j.semcdb.2017.01.004

[81] L. Rajendran, M. Honsho, T.R. Zahn, P. Keller, K.D. Geiger, P. Verkade, K.
Simons, Proc. Natl. Acad. Sci. 2006, 103, 11172.
[82] D.M. Pegtel, K. Cosmopoulos, et al., Proc. Natl. Acad. Sci. 2010, 107, 6328.
[83] C. Salomon, D. Guanzon, K. Scholz-Romero, S. Longo, P. Correa, S. E. Illanes,
G. E. Rice, J. Clin. Endocrinol. Metab. 2017, DOI 10.1210/jc.2017-00672.
[84] O. Elfeky, S. Longo, A. Lai, G. E. Rice, C. Salomon, Placenta 2017, 50, 60.
[85] C. Salomon, K. Scholz-Romero, S. Sarker, E. Sweeney, M. Kobayashi, P. Correa,
S. Longo, G. Duncombe, M. D. Mitchell, G. E. Rice, S. E. Illanes, Diabetes 2016,
65, 598
[86] E.I. Buzas, B. György, G. Nagy, A. Falus, S. Gay, Nat. Rev. Rheumatol. 2014, 10,
356.
[87] A. Lakkaraju, E. Rodriguez-Boulan, Trends Cell Biol. 2008, 18, 199.
[88] B. Février, G. Raposo, Curr. Opin. Cell Biol. 2004, 16, 15.
[89] G. Camussi, M.-C. Deregibus, S. Bruno, C. Grange, V. Fonsato, C. Tetta, Am. J.
Cancer Res. 2011, 1, 98.
[90] Y. Lee, S. El Andaloussi, M.J.A. Wood, Hum. Mol. Genet. 2012, 21, R125
[91] K. Al-Nedawi, B. Meehan, J. Micallef, V. Lhotak, L. May, A. Guha, J. Rak, Nat.
Cell Biol. 2008, 10, 619.
[92] Y. Zhang, X.-F. Wang, Nat. Cell Biol. 2015, 17, 709.
[93] N. Syn, L. Wang, G. Sethi, J.P. Thiery, B.C. Goh, Trends Pharmacol. Sci. 2016,

73
37, 606.
[94] B. Costa-Silva, N.M. Aiello, et al., Nat Cell Biol. 2015, 17, 816.
[95] S. W. Wen, J. Sceneay, L. G. Lima, et al., Cancer Res. 2016, 76, 6816
[96] R. J. Lobb, R. van Amerongen, A. Wiegmans, S. Ham, J. E. Larsen, A. Möller,
Int. J. Cancer 2017, 141, 614.
[97] P. Kucharzewska, H. C. Christianson, et al., Proc. Natl. Acad. Sci. U. S. A. 2013,
110, 7312.
[98] A. Clayton, J.P. Mitchell, J. Court, M.D. Mason, Z. Tabi, Cancer Res. 2007, 67,
7458.
[99] H. Peinado, H. Zhang, et al., Nat. Rev. Cancer 2017, 17, 302.
[100] R. Kalluri, J. Clin. Invest. 2016, 126, 1208.
[101] B. Psaila, D. Lyden, Nat. Rev. Cancer 2009, 9, 285.
[102] J. Sceneay, M. J. Smyth, A. Möller, Cancer Metastasis Rev. 2013, 32, 449.
[103] R.D. Wiley, S. Gummuluru, Proc. Natl. Acad. Sci. 2006, 103, 738.
[104] S. Sarker, K. Scholz-Romero, A. Perez, S.E. Illanes, M.D. Mitchell, G.E. Rice, C.
Salomon, J. Transl. Med. 2014, 12, 204.
[105] M.D. Mitchell, H.N. Peiris, M. Kobayashi, Y.Q. Koh, G. Duncombe, S.E. Illanes,
G.E. Rice, C. Salomon, Am. J. Obstet. Gynecol. 2015, 213, S173.
[106] C. Salomon, M.J. Torres, M. Kobayashi, K. Scholz-Romero, L. Sobrevia, A.
Dobierzewska, S.E. Illanes, M.D. Mitchell, G.E. Rice, PLoS One 2014, 9, e98667
[107] S. Adam, O. Elfeky, V. Kinhal, S. Dutta, A. Lai, N. Jayabalan, Z. Nuzhat, C.
Palma, G. E. Rice, C. Salomon, Placenta 2017, 54, 83.
[108] C. Salomon, M. Kobayashi, K. Ashman, L. Sobrevia, M. D. Mitchell, G. E. Rice,
PLoS One 2013, 8, DOI 10.1371/journal.pone.0079636
[109] G. E. Rice, K. Scholz-Romero, E. Sweeney, H. Peiris, M. Kobayashi, G.
Duncombe, M. D. Mitchell, C. Salomon, J. Clin. Endocrinol. Metab. 2015, 100,

74
E1280.
[110] G. Truong, D. Guanzon, et al., PLoS One 2017, 12, DOI
10.1371/journal.pone.0174514.
[111] Y. H. Soung, S. Ford, V. Zhang, J. Chung, Cancers (Basel). 2017, 9, 8
[112] A. K. Rupp, C. Rupp, S. Keller, J. C. Brase, R. Ehehalt, M. Fogel, G.
Moldenhauer, F. Marme, H. Sultmann, P. Altevogt, Gynecol. Oncol. 2011, 122,
437.
[113] S. Khan, H. F. Bennit, D. Turay, M. Perez, S. Mirshahidi, Y. Yuan, N. R. Wall,
BMC Cancer 2014, 14, 176.
[114] M. Szajnik, M. Derbis, et al., Gynecol. Obstet. (Sunnyvale, Calif.) 2013, Suppl 4,
3.
[115] S. a. Melo, L. B. Luecke, et al., Nature 2015, 523, 177.
[116] M. W. Welker, D. Reichert, S. Susser, C. Sarrazin, Y. Martinez, E. Herrmann, S.
Zeuzem, A. Piiper, B. Kronenberger, PLoS One 2012, 7, e30796
[117] M. W. Graner, O. Alzate, A. M. Dechkovskaia, J. D. Keene, J. H. Sampson, D. A.
Mitchell, D. D. Bigner, FASEB J 2009, 23, 1541.
[118] S. Saman, W. H. Kim, M. Raya, Y. Visnick, S. Miro, S. Saman, B. Jackson, A. C.
McKee, V. E. Alvarez, N. C. Y. Lee, G. F. Hall, J. Biol. Chem. 2012, 287, 3842.
[119] L. Alvarez-Erviti, Y. Seow, A. H. Schapira, C. Gardiner, I. L. Sargent, M. J. A.
Wood, J. M. Cooper, Neurobiol. Dis. 2011, 42, 360.
[120] J. Nilsson, J. Skog, A. Nordstrand, V. Baranov, L. Mincheva-Nilsson, X. O.
Breakefield, A. Widmark, Br. J. Cancer 2009, 100, 1603.
[121] D. M. Smalley, N. E. Sheman, K. Nelson, D. Theodorescu, J. Proteome Res.
2008, 7, 2088.
[122] S. Keller, A. K. K??nig, F. Marm??, S. Runz, S. Wolterink, D. Koensgen, A.
Mustea, J. Sehouli, P. Altevogt, Cancer Lett. 2009, 278, 73.

75
[123] M. N. Islam, M. K. Masud, M. H. Haque, M. S. Al Hossain, Y. Yamauchi, N.-T.
Nguyen, M. J. A. Shiddiky, Small Methods 2017, 1, 1700131.
[124] K. W. Witwer, Clin. Chem. 2015, 61, 56.
[125] B. A. Haider, A. S. Baras, M. N. McCall, J. A. Hertel, T. C. Cornish, M. K.
Halushka, PLoS One 2014, 9, e89565
[126] J. Lin, J. Li, B. Huang, J. Liu, X. Chen, X. Chen, Y. Xu, L. Huang, X. Wang, Sci.
World J. 2015, 2015, 1.
[127] G. Rabinowits, C. Gerçel-Taylor, J. M. Day, D. D. Taylor, G. H. Kloecker, Clin.
Lung Cancer 2009, 10, 42.
[128] J. C. Brase, M. Johannes, T. Schlomm, A. Haese, T. Steuber, T. Beissbarth, R.
Kuner, H. Sültmann, Int. J. Cancer 2011, 128, 608.
[129] P. S. Mitchell, R. K. Parkin, et al., Proc. Natl. Acad. Sci. U.S.A. 2008, 105, 10513.
[130] Y. Kuwabara, K. Ono, et al., Circ. Cardiovasc. Genet. 2011, 4, 446.
[131] B. Escudier, T. Dorval, et al., J. Transl. Med. 2005, 3, 10.
[132] M. A. Morse, J. Garst, et al., J. Transl. Med. 2005, 3, 9
[133] S. Dai, D. Wei, Z. Wu, X. Zhou, X. Wei, H. Huang, G. Li, Mol. Ther. 2008, 16,
782.
[134] L. Kordelas, V. Rebmann, A. Ludwig, S. Radtke, J. Ruesing, T. R. Doeppner, M.
Epple, P. A. Horn, D. W. Beelen, B. Giebel, Leukemia 2014, 28, 970.
[135] H. Wu, R. I. Mahato, Discov. Med. 2014, 17, 139.
[136] B. Zhang, Y. Yin, R. C. Lai, S. K. Lim, Front. Immunol. 2014, 5, 1
[137] H. Xin, Y. Li, Y. Cui, J. J. Yang, Z. G. Zhang, M. Chopp, J. Cereb. Blood Flow
Metab. 2013, 33, 1711.
[138] Y. Zhang, M. Chopp, Y. Meng, M. Katakowski, H. Xin, A. Mahmood, Y. Xiong,
J. Neurosurg. 2015, 122, 1.
[139] T. A. Shtam, R. A. Kovalev, E. Y. Varfolomeeva, E. M. Makarov, Y. V Kil, M. V

76
Filatov, Cell Commun Signal 2013, 11, 88.
[140] S. Rani, K. O’Brien, F. C. Kelleher, C. Corcoran, S. Germano, M. W. Radomski,
J. Crown, L. O’Driscoll, Methods Mol. Biol. 2011, 784, 181.
[141] C. Corcoran, A. M. Friel, M. J. Duffy, J. Crown, L. O’Driscoll, Clin. Chem. 2011,
57, 18.
[142] J. Silva, V. Garcia, et al., Genes. Chromosomes Cancer 2012, 51, 409.
[143] N. Kosaka, F. Takeshita, Y. Yoshioka, K. Hagiwara, T. Katsuda, M. Ono, T.
Ochiya, Adv. Drug Deliv. Rev. 2013, 65, 376.
[144] B. S. Hong, J.-H. Cho, H. Kim, E. J. Choi, S. Rho, J. Kim, J. H. Kim, D. S. Choi,
Y.-K. Kim, D. Hwang, Y. S. Gho, BMC Genomics 2009, 10, 556.
[145] T. Kogure, W. L. Lin, I. K. Yan, C. Braconi, T. Patel, Hepatology 2011, 54, 1237.
[146] N. P. Hessvik, S. Phuyal, A. Brech, K. Sandvig, A. Llorente, Biochim. Biophys.
Acta - Gene Regul. Mech. 2012, 1819, 1154.
[147] X. Xiao, S. Yu, S. Li, J. Wu, R. Ma, H. Cao, Y. Zhu, J. Feng, PLoS One 2014, 9,
e89534
[148] W. T. Arscott, A. T. Tandle, S. Zhao, J. E. Shabason, I. K. Gordon, C. D. Schlaff,
G. Zhang, P. J. Tofilon, K. A. Camphausen, Transl. Oncol. 2013, 6, 638.
[149] L. Pigati, S. C. S. Yaddanapudi, R. Iyengar, D. J. Kim, S. A. Hearn, D. Danforth,
M. L. Hastings, D. M. Duelli, PLoS One 2010, 5, e13515
[150] R. J. Bryant, T. Pawlowski, J. W. F. Catto, G. Marsden, R. L. Vessella, B. Rhees,
C. Kuslich, T. Visakorpi, F. C. Hamdy, Br. J. Cancer 2012, 106, 768.
[150] C. Kahlert, S. A. Melo, A. Protopopov, J. Tang, S. Seth, O. Koch, J. Zhang, J.
Weitz, L. Chin, A. Futreal, R. Kalluri, J. Biol. Chem. 2014, 289, 3869
[152] B. N. Hannafon, Y. D. Trigoso, C. L. Calloway, Y. D. Zhao, D. H. Lum, A. L.
Welm, Z. J. Zhao, K. E. Blick, W. C. Dooley, W. Q. Ding, Breast Cancer Res.
2016, 18, 90

77
[153] L. Manterola, E. Guruceaga, et al., Neuro. Oncol. 2014, 16, 520.
[154] H. Ogata-Kawata, M. Izumiya, et al., PLoS One 2014, 9, e92921
[155] W. Sohn, J. Kim, S. H. Kang, S. R. Yang, J.-Y. Cho, H. C. Cho, S. G. Shim, Y.H. Paik, Exp. Mol. Med. 2015, 47, e184.
[156] K.W. Witwer, E.I. Buzás, L.T. Bemis, A. Bora, C. Lässer, J. Lötvall, E.N. Nolte-’t
Hoen, M.G. Piper, S. Sivaraman, J. Skog, C. Théry, M.H. Wauben, F. Hochberg,
J. Extracell. Vesicles 2013, 2, 20360.
[157] C. Lässer, M. Eldh, J. Lötvall, J. Vis. Exp. 2012, 59, e3037.
[158] N. Zarovni, A. Corrado, P. Guazzi, D. Zocco, E. Lari, G. Radano, J. Muhhina, C.
Fondelli, J. Gavrilova, A. Chiesi, Methods 2015, 87, 46.
[159] K. W. Witwer, E. I. Buzás, et al., J. Extracell. vesicles 2013, 2, 1.
[160] A. Poliakov, M. Spilman, T. Dokland, C.L. Amling, J.A. Mobley, Prostate 2009,
69, 159.
[161] M.L. Alvarez, M. Khosroheidari, R. Kanchi Ravi, J.K. DiStefano, Kidney Int.
2012, 82, 1024.
[162] J.F. Quintana, B.L. Makepeace, et al., Parasit. Vectors 2015, 8, 58.
[163] A. Cheruvanky, H. Zhou, T. Pisitkun, J.B. Kopp, M.A. Knepper, P.S.T. Yuen,
R.A. Star, Am. J. Physiol. Renal Physiol. 2007, 292, F1657.
[164] R. Grant, E. Ansa-Addo, D. Stratton, S. Antwi-Baffour, S. Jorfi, S. Kholia, L.
Krige, S. Lange, J. Inal, J. Immunol. Methods 2011, 371, 143.
[164] E. V. Batrakova, M.S. Kim, J. Control. Release 2015, 219, 396.
[166] R.J. Simpson, J.W. Lim, R.L. Moritz, S. Mathivanan, Expert Rev. Proteomics
2009, 6, 267.
[167] C. Thery, M. Boussac, P. Veron, P. Ricciardi-Castagnoli, G. Raposo, J. Garin, S.
Amigorena, J. Immunol. 2001, 166, 7309.
[168] J. Conde-Vancells, E. Rodriguez-Suarez, N. Embade, D. Gil, R. Matthiesen, M.

78
Valle, F. Elortza, S.C. Lu, J.M. Mato, J.M. Falcon-Perez, J. Proteome Res. 2008,
7, 5157.
[169] K.R. Jakobsen, B.S. Paulsen, R. Baek, K. Varming, B.S. Sorensen, M.M.
Jørgensen, J. Extracell. Vesicles 2015, 4, 26659.
[170] K. W. Pedersen, B. Kierulf, I. Manger, M. P. Oksvold, M. Li, A. Vlassov, N.
Roos, A. Kullmann, A. Neurauter, Transl. Biomed. 2015, 6 (2), 18.
[171] M.P. Oksvold, A. Neurauter, K.W. Pedersen, Methods Mol. Biol. 2015, 1218, 465.
[172] K. Koga, K. Matsumoto, T. Akiyoshi, M. Kubo, N. Yamanaka, A. Tasaki, H.
Nakashima, M. Nakamura, S. Kuroki, M. Tanaka, M. Katano, Anticancer Res.
2005, 25, 3703
[173] Y. Wan, G. Cheng, et al., Nat. Biomed. Eng. 2017, 1, 0058.
[174] K.R. Yamamoto, B.M. Alberts, R. Benzinger, L. Lawhorne, G. Treiber, Virology
1970, 40, 734.
[175] A. Adams, J. Gen. Virol. 1973, 20, 391.
[176] G.D. Lewis, T.G. Metcalf, Appl. Environ. Microbiol. 1998, 54, 1983.
[177] R.E. Lane, D. Korbie, W. Anderson, R. Vaidyanathan, M.Trau, Sci. Rep. 2015, 5,
7639
[178] U. Erdbrugger, J. Lannigan, Cytometry 2016, 89, 123
[179] M.D. Lancé, Y.M.C. Henskens, P. Nelemans, H.S. Maurice, R. Van Oerle, H.M.
Spronk, M.A.E. Marcus, Platelets, 2013, 24, 275
[180] J. Satsangi, D.P Jewell, K. Welsh, M. Bunce, J.I. Bell, Lancet, 1994, 343, 1509
[181] C.A. Maguire, L. Balaj, et al., Mol. Ther. 2012, 20, 960.
[182] M.D. Shah, A.L. Bergeron, J.-F. Dong, J.A. López, Platelets 2008, 19, 365.
[183] S.H. van Ierssel, E.M. Van Craenenbroeck, V.M. Conraads, V.F. Van Tendeloo,
C.J. Vrints, P.G. Jorens, V.Y. Hoymans, Thromb. Res. 2010, 125, 332.
[184] J.M. Lewis, D.P. Heineck, M.J. Heller, Expert Rev. Mol. Diagn. 2015, 15, 1187.

79
[185] D. Feng, W.L. Zhao, Y.Y. Ye, X.C. Bai, R.Q. Liu, L.F. Chang, Q. Zhou, S.F. Sui,
Traffic 2010, 11, 675.
[186] A.E. Morelli, A.T. Larregina, et al., Blood 2004, 104, 3257.
[187] S. Khan, H.F. Bennit, D. Turay, M. Perez, S. Mirshahidi, Y. Yuan, N.R. Wall,
BMC Cancer 2014, 14, 176.
[188] Z.C. Hartman, J. Wei, et al., Vaccine 2011, 29, 9361.
[189] H.G. Lamparski, A. Metha-Damani, J.Y. Yao, S. Patel, D.H. Hsu, C. Ruegg, J.B.
Le Pecq, J. Immunol. Methods. 2002, 270, 211.
[190] J.N. Higginbotham, M. Demory Beckler, et al., Curr. Biol. 2011, 21, 779.
[191] J. Webber, R. Steadman, M.D. Mason, Z. Tabi, A. Clayton, Cancer Res. 2010, 70,
9621.
[192] B.K. Van Weemen, A.H.W.M. Schuurs, FEBS Lett. 1971, 15, 232.
[193] E. Engvall, P. Perlmann, Immunochemistry 1971, 8, 871.
[194] S. Robert, P. Poncelet, R. Lacroix, L. Arnaud, L. Giraudo, A. Hauchard, J.
Sampol, F. Dignat-George, J. Thromb. Haemost. 2009, 7, 190.
[195] U. Erdbrugger, J. Lannigan, Cytometry A 2016, 89, 123.
[196] H.K. Kim, K.S. Song, E.S. Lee, Y.J. Lee, Y.S. Park, K.R. Lee, S.N. Lee, Blood
Coagul. Fibrinolysis 2002,13, 393.
[197] M.H. Julius, T. Masuda, L.A. Herzenberg, Proc. Natl. Acad. Sci. 1972, 69, 1934.
[198] M.P. Hunter, N. Ismail, et al., PLoS One 2008, 3, e3694.
[199] J.I. Zwicker, R. Lacroix, F. Dignat-George, B.C. Furie, B. Furie, Methods Mol.
Biol. 2012, 788, 127.
[200] R. Lacroix, S. Robert, P. Poncelet, F. Dignat-George, O. Semin. Thromb. Hemost.
2010, 36, 807.
[201] C.Y. Soo, Y. Song, Y. Zheng, E.C. Campbell, A.C. Riches, F. Gunn-Moore, S.J.
Powis, Immunology 2012, 136, 192.

80
[202] R. Vogel, G. Willmott, D. Kozak, G.S. Roberts, W. Anderson, L. Groenewegen,
B. Glossop, A. Barnett, A. Turner, M. Trau, Anal. Chem. 2011, 83, 3499.
[203] R.J. Lobb, M. Becker, S.W. Wen, C.S.F. Wong, A.P. Wiegmans, A. Leimgruber,
A. Möller, J. Extracell. Vesicles 2015, 4, 2731.
[204] A.A.I. Sina, R. Vaidyanathan, S. Dey, L.G. Carrascosa, M. J. A. Shiddiky, M.
Trau, Sci. Rep. 2016, 6, 30460.
[205] M.N Islam, M.K. Masud, M.H. Haque, M.S.A. Hossain, Y. Yamauchi, N.-T.
Nguyen, M.J.A. Shiddiky, Small Methods 2017, 1, 1700131.
[206] J.J. Gooding, Electroanalysis 2002, 14, 1149.
[207] K.J. Odenthal, J.J. Gooding, Analyst 2007, 132, 603.
[208] L. Soleymani, Z. Fang, E.H. Sargent, S.O. Kelley, Nat. Nanotechnol. 2009, 4,
844.
[209] K.M. Koo, L.G. Carrascosa, M. J. A. Shiddiky, M. Trau, Anal. Chem. 2016, 88,
2000.
[210] M.H. Haque, V. Gopalan, S. Yadav, M.N. Islam, E. Eftekhari, Q. Li, L.G.
Carrascosa, N.T. Nguyen, A.K. Lam, M.J.A. Shiddiky, Biosens. Bioelectron.
2017, 87, 615.
[211] Q. Zhou, A. Rahimian, K. Son, D. S. Shin, T. Patel, A. Revzin, Methods 2016, 97,
88.
[212] K. Boriachek, M.N. Islam, V. Gopalan, A. K. Lam, N. T. Nguyen, M.J.A.
Shiddiky, Analyst 2017, 142, 2211.
[213] E.K. Sackmann, A.L. Fulton, D.J. Beebe, Nature 2014, 507, 181.
[214] Z. Zhao, Y. Yang, Y. Zeng, M. He, Lab on a Chip 2016, 16, 489.
[215] S. Fang, H.Tian, X. Li, D. Jin, X. Li, J. Kong, C. Yang, X. Yang, Y. Lu, Y. Luo,
B. Lin, W. Niu, T. Liu, PLoS One 2017, 12, e0175050.
[216] R. Vaidyanathan, M. Naghibosadat, S. Rauf, D. Korbie, L.G. Carrascosa, M.J.A.

81
Shiddiky, M. Trau, Anal. Chem. 2014, 86, 11125.
[217] H. Shao, J. Chung, K. Lee, L. Balaj, C. Min, B.S. Carter, F.H. Hochberg, X.O.
Breakefield, H. Lee, R. Weissleder, Nat. Commun. 2015, 6, 6999.
[218] R.T. Davies, J. Kim, S.C. Jang, E.-J. Choi, Y.S. Gho, J. Park, Lab on a Chip 2012,
12, 5202.
[219] Z. Wang, H. Wu, D. Fine, J. Schmulen, Y. Hu, B. Godin, J.X.J. Zhang, X. Liu,
Lab on a Chip 2013, 13, 2879.
[220] H. Shao, J. Chung, L. Balaj, A. Charest, D.D. Bigner, B.S. Carter, F.H. Hochberg,
X.O. Breakefield, R. Weissleder, H. Lee, Nat. Med. 2012, 18, 1835.
[221] P. Zhang, M. He, Y. Zeng, Lab Chip 2016, 16, 3033.

82

Chapter 3: An electrochemical method for the detection of
disease-specific exosomes
Exosomes are cell-derived vesicles secreted by both normal and cancerous cells into the
extracellular matrix and in blood circulation. Tumor-derived exosomes have attracted
increasing attention in noninvasive cancer diagnosis and prognosis. However, their
effective capture and specific detection pose significant technical challenges. Current
detection methods largely fail to quantify the tumor-derived exosomes present in the
total (bulk) exosome population derived from body fluids of cancer patients. In this
proof-of-concept study, we report an electrochemical detection method to directly
quantify the dis- ease-specific exosomes present in cell culture media. The assay has a
two-step design, where bulk exosome populations are initially captured by using a
generic antibody (i.e. tetraspanin biomarker, CD9). Subsequent detection of the cancerspecific exosomes within the captured exosomes was carried out by using a cancerspecific antibody, in this case, a human epidermal growth factor receptor 2 (HER-2)
antibody, allowing quantification of HER2-postive, breast-cancer-derived exosomes.
This approach exhibits excellent specificity for HER-2(+) BT-474 cell-derived
exosomes (detection limit, 4.7 × 105 exosomes µL-1) with a relative standard deviation
of < 4.9 % (n = 3). We suggest that this simple and inexpensive electrochemical method
could be an alternative for the quantification of exosome sub- populations in specific
disease settings for future clinical bioassays.
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3.1 Introduction
Exosomes are extracellular nanovesicles of 30–150 nm diameter containing proteins,
mRNA, and microRNAs (miRNAs) protected by a lipid bilayer. Over several years, it
has been shown that most body fluids (e.g. blood, urine, saliva) contain exosomes
excreted by multiple cell types including cancer cells, stem cells, immune cells, and
neurons.[1,2] Exosomes have been reported to mediate various physiological functions
such as cell-to-cell communication and immuno-stimulation, as well as pathological
processes including metastatic niche establishment in cancer.[2,3] Owing to their unique
composition, easy ac- cessibility, and capability of representing their parental cells,
exosomes draw much attention as promising biomarkers for tumor screening, diagnosis,
and prognosis.[4,5] For example, recent studies have shown that human epidermal growth
factor receptor2 (HER-2) positive exosome levels in the serum of breast cancer patients
are generally more abundant com- pared to healthy patients.[6,7] Therefore, isolation and
analysis of tumor-derived exosomes could significantly improve the capacity to
diagnose cancer, thereby improving outcomes.
As exosomes can be secreted from both healthy and tumor cells, samples collected from
cancer patients usually contain a mixture of normal- and tumor-derived exosomes.[8]
Over several years, considerable progress has been made in the development of methods
for the isolation and specific detection of exosomes in body fluids. Conventional
detection techniques such as western blotting and enzyme-linked immunosorbent assays
(ELISAs) require large amounts of sample and extensive technical steps for detection.[9–
11]

In recent years, several micro- fluidic bioassays for exosome analysis have also been

reported, which have the advantages of lower sample quantities, better control over
reagent delivery, faster analysis, and multiplexed detection of tumor-derived exosomes,
largely owing to reduced diffusion distance of the analyte to the transducer.[12–14]
Despite these advances in detection strategies, exosome analysis in clinical samples is
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still a significant challenge, owing to the lack of simple, sensitive, rapid, and low-cost
readout methods. Additionally, most of these methodologies are limited to specifically
quantifying tumor-derived exosomes in a bulk exosome mixture.
Electrochemical assays have been shown to offer excellent sensitivity and specificity to
biomolecule detection in complex biological matrices. The application of an advanced
electro- chemical assay for the multiplexed and high-throughput measurement of
exosomes was recently reported by Jeong et al.,[15] where a portable eight-channel
device has been used to detect exosomes in plasma samples. A practical advantage of
electrochemical detection is the potential to translate to cheap point-of-care assays by
using screen-printed electrodes, which have been shown to be ideal because of their low
cost, disposability, and design flexibility as compared to traditional electrode
materials.[16–19] However, exosome detection based on single-use disposable electrodes
has yet to be demonstrated. Therefore, we engaged the use of inexpensive single-use
extraavidin-modified screen-printed electrodes (E-SPE), which were fabricated onto a
ceramic substrate.
Herein, leveraging the advantages of screen-printed electro- des and electrochemical
readout, we report a cost-effective and simple proof-of-concept electrochemical
approach for detecting breast cancer cell-derived exosomes in bulk exosomes.
Exosomes were first extracted from cell-culture media and characterized by using
qNano measurements. An extraavidin- modified screen-printed electrode was then
functionalized with biotinylated tetraspanin biomarker (e.g. CD9) antibody. The
electrodes were challenged with exosomes derived from cell-culture media. The breastcancer-specific exosomes within these captured exosomes were then quantified by
sandwiching the exosomes between surface-bound CD9 and breast- cancer-specific
human epidermal growth factor receptor 2 (HER-2) antibodies. Differential pulse
voltammetry (DPV), in the presence of the [Fe(CN)6]4-/3- redox system, was used to
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monitor the faradaic currents generated in each step of the sensing layers. The addition
of subsequent antibody and exosome layers on the E-SPE surface blocks the [Fe(CN)6]4/3-

redox system from accessing the surface quite effectively, which results in a decrease

in DPV current response.[18,20] Therefore, the attenuation of current generated by the
[Fe(CN)6]4-/3- system after exosome binding should have a clear correlation
concentration of exosomes. Finally, the feasibility of the method to directly detect
exosomes in complex body fluid was tested by detecting spiked exosomes in serum
samples.

3.2 Experimental section
3.2.1 Reagents and materials
Unless otherwise stated, the reagents used for the experiments were of analytical grade
and purchased from Sigma Aldrich (Australia). Anti-CD9 antibody was purchased from
abcam (cat no. 140227), Anti-HER-2 antibody was from R & D systems (cat no.
AF1129). DNase/RNase-free distilled water (Invitrogen, Australia) was used to carry
out the experiments. Extraavidin-modified screen-printed carbon electrodes (DRP
110XTR) were purchased from Dropsens (Spain).

3.2.2 Cell culture and isolation of exosomes
Breast cancer cell lines BT-474 (HER-2 positive) and MDA-MB-231 (HER-2 negative)
were maintained in microvesicle-depleted serum- free media 171 (Gibco, UK)
supplemented with mammary epithelial supplement (Gibco, UK) with 1%
penicillin/streptomycin, and grown in 5% CO2 at 37 °C. The conditioned medium from
106 cells was collected after 60 h and centrifuged at 2000 × g for 30 min to eliminate
cell contamination (e.g. cells and debris). Exosomes were isolated by using total
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exosome isolation reagent (Life Technologies cat no #4478359) as per the
manufacturer’s instructions. Briefly, the supernatant was transferred to a new tube and
the isolation reagent was added to the tube in a 2:1 ratio. The samples were incubated
overnight at 4 °C and centrifuged at 10 000 × g for 1h to obtain exosome pellets.
Exosome pellets were then re-suspended in 50 mL phosphate-buffered saline (PBS; 10
mm, pH 7.0) and stored at -20 °C for further use.

3.2.3 Quantification of exosomes by using nanopore analysis
The isolated exosomes from BT-474 and MDA-MB 231 cells were quantified by using
tunable resistive pulse sensing (TRPS) (qNano, Izon Science Ltd), as previously
described.[21] Briefly, purified exosomes were diluted 1:2 with sterile PBS and analyzed
with a NP100 nanopore. The concentration and size distribution of exosomes were
calibrated by using 70 nm carboxylated polystyrene beads at a concentration of 1.5 ×
1011 particles mL-1.
3.2.4 Exosome detection by using DPV
All electrochemical measurements were performed on a CH650E potentiostat (CH
Instruments, USA) with the modified screen-printed electrode (i.e. extraavidin-, carbon, and silver-modified electro- des as working, counter, and reference electrodes,
respectively). DPV experiments were carried out in PBS solution containing 2.5 mm
[K3Fe(CN)6] and 2.5 mm [K4Fe(CN)6] electrolyte solution. DPV signals of E-SPE were
measured in electrolyte solution to get the baseline current. The signals were recorded
from -0.2 to 0.4 V with a pulse amplitude of 50 mV and a pulse width of 50 ms. The
electrodes were incubated with the biotinylated CD9 antibodies followed by the
exosome sample, and then with HER-2 antibodies (5 mL sample in each step). Finally,
the electrodes were washed three times with PBS prior to performing DPV
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measurements. The % current response change (%IRelative) was obtained by using
Equation (1):
%"#$%&'()$ =

"+&,$ − "./01,/$2
"3456

(1)

where IBare and IAbsorbed are current densities for the bare electrode and the electrode after
sample adsorption, respectively.

3.3 Results and discussions
Fig. 3.1 depicts the concept of the experimental procedure for the electrochemical
detection of disease-specific exosomes. Briefly, exosome samples extracted from cancer
cell lines were diluted in PBS. The E-SPE electrodes were first specifically cou- pled
with biotinylated anti-CD9 antibody by using biotin–avidin interactions. The tetraspanin
biomarker, CD9, is a generic exosomal membrane marker, which is widely expressed in
exo- somes released by almost all cell types (cancerous or normal).[22,23]
To isolate the total exosome population present in the sample, the CD9 antibody-coated
E-SPE electrodes were incubated with the extracted samples. The tumor-specific
exosomes from the total exosomes were distinguished by using tumor-specific surface
marker, HER-2 antibody.[24] In our method, all steps are monitored by using DPV in the
presence of the [Fe(CN)6]4-/3redox system. As shown in Fig.3.2A, the addition of
subsequent layers on the sensor surface acts as a barrier for the interfacial electrontransfer reaction of the [Fe(CN)6]4-/3 process, which results in a decrease in DPV
current response. These results indicate successful stepwise binding of biomolecules on
the sensor. The detection system based on current reduction is further characterized by
using faradic electrochemical impedance (F-EIS) measurements.

89

Fig.3.1. Schematic representation of the sandwich assay for the detection
ture media and spiked in
buffer or serum. Biotinylated CD9 antibodies were immobilized on extraavidin-modified
screen-printed carbon electrodes by using biotin-avidin coupling chemistry. The
subsequent addition of exo- somes (spiked in buffer or serum) on the electrode surface
was captured by
were detected by the HER-2 antibody.
In F-EIS, the build-up of sensing layers were followed by measuring the electrontransfer resistance (Ret) at the electrode surface. As shown in Fig.3.3, Ret increases with

Fig.3.3. Nyquist plots for extravidin-modified screen printed electrode (E-SPE, red),
and

modified

electrodes

for

detecting

E-SPE/anti-CD9

(blue),

E-SPE/anti-

CD9/exosome and E-SPE/anti-CD9/exosomes/anti-HER2 in PBS solution containing
2.5 mM [K3Fe(CN)6] and 2.5 mM [K4Fe(CN)6] electrolyte solution.
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increasing biomolecule layers, further indicating successful stepwise binding of
antibodies and exosomes on the sensor surface.
The level of DPV current response in our assay is dependent on the concentration of
biomolecules and their incubation (attachment) times. The attenuation of the DPV
current is dependent on the amount of the biomolecules (i.e. antibodies and exosomes)
attached on the E-SPE electrode. Therefore, optimization of the CD9 antibody
immobilization step was critical to achieve a detectable response for subsequent
exosome and HER-2 antibody attachment steps. This is because there is only a finite
amount of effective surface, and having the large amount of antibody could completely
block the [Fe(CN)6]4-/3 redox system from accessing the electrode surface (i.e. saturation
of the effective surface), leading to a situation where the extent of target exosomes
would make an indiscernible signal difference. To this end, we optimized the
concentration of CD9 and HER-2 antibodies (500–1 ng µL-1) and their incubation times
(20–60 min) and found that 1 ng mL-1 concentration and 20 min incubation time for
both antibody steps was optimal for 7.52 × 106 exosomes µL-1 with a 60 min binding
time (data not shown). To demonstrate the utility of the method in detecting exosomes
present in cell culture media, we extracted exosomes from HER-2(+) BT-474 and HER2(-) MDA-MB 231 breast cancer cell lines. Exosome concentration and size distribution
were measured by using qNano (Fig.3.4). Most of the particles were in a typical

Fig. 3.4. Exosome quantification by qNano particle analyzer. A) Exosome population derived
from HER-2(+) BT-474 breast cancer cell line. The total concentration of exosomes present in
the 1:50 diluted sample is 7.52 × 107 exosomes µL-1. B) Exosome population derived from
HER-2(-) MDA-MB-231 breast cancer cell line. The total concentration of exosomes present in
the 1:50 diluted sample is 1.36 × 107 exosomes µL-1.
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exosome size range of 30–150 nm.
The average exosome concentration of BT-474 and MDA-MB- 231 cell-derived
exosomes were 7.5 × 107 and 1.36 × 107 exosomes µL-1, respectively. Purified
exosomes were individually spiked into PBS to give a final exosome concentration of
7.52 × 106 exosomes µL-1. For electrochemical detection, 5 mL of diluted exosomes
were captured on the anti-CD9-functionalized electrodes. The captured exosomes were
further profiled by using HER-2 antibodies. As can be seen in Fig. 3.5B ii, with the
HER-2(+) BT-474 exosome sample, an approximately 60 % (%IRelative = 60 %)
reduction in relative current was observed in comparison to the bare electrode. This
value was approximately 21 % (Fig.3.5B iv) for the HER-2(-) MDA-MB 231 exosome
sample (see Fig.3.5B iii and 3.5B iv). Clearly, the HER-2 antibody incubation step did
not affect the DPV signal for the HER-2(-) MDA-MB 231 exosome sample. These
results indicate that our approach is highly suitable for HER-2-specific exosome
detection. When comparing inter-assay reproducibility, a relative standard deviation
(RSD) of < 4.9 % (n = 3) was found. This specific detection is the key for clinical
diagnostics where exosomes from specific tumor origins can be differentiated from
exosomes from either other tumor or non-tumorous tissues, and may be useful in
determining tumors involving multiple tissues or organs.
To validate the assay construction as well as to assess the risk of possible false-positive
DPV responses in our assay (i.e. the assay based on signal reduction is limited by the
false-positive response, owing to the nonspecific adsorption[18]), a series of control
experiments were conducted by using the following experimental conditions : 1) CD9
antibody was replaced with a non-specific antibody, anti-JK-1 (anti-JK-1 antibody is
specific to JK1 or FAM134B membrane protein, which is overexpressed in oesophageal
squamous cell carcinoma); 2) only CD9 antibody on the sensor surface; 3) sensor
fabricated without CD9 anti- body; and 4) without target exosome attachment steps.

92
When CD9 antibody was replaced with the anti-JK-1 step, a reduction of approximately
13 % in relative current (%IRelative = 13 %) was observed (Fig.3.5C i). This was
attributed to interactions be- tween biotinylated JK-1 antibody and the surface-bound
extra- avidin. A similar level of current reduction (about 15 %) was observed for only
the CD9 antibody attachment step (Fig.3.5C ii). In another control experiment, we
fabricated the sensor surface without the CD9 antibody attachment step.

Fig.3.5. A) Typical DPV signals showing each step for exosome [HER-2(+) BT-474] detection
by anti-CD9 and anti-HER-2 antibodies. B) Mean values for the relative current difference
(%IRelative) obtained for the detection of exosomes derived from BT-474 (i, ii) and MDA-MB231 (iii, iv) cell culture media by anti-CD9 antibody (i, iii) and subsequent detection was carried
out by the HER-2 antibody (ii, iv). C) Control experiments: mean values for the relative current
difference (%IRelative) obtained for i) exosomes quantification using the JK-1 antibody (HER-2
was replaced with JK-1); ii) attachment of only CD9 antibody on the extraavidin-modified
electrode; iii) nonspecific adsorption of exosomes and HER-2 antibody on extraavidin-modified
electrode, and iv) CD9- and HER-2-functionalized electrode (exosomes replaced with buffer).
Each data point represents the average of three separate trials (n = 3) and the error bar
represents a standard deviation of the measurments (%RSD) of < 10.0 %. The concentrations of
exosomes (BT-474 and MDA-MB-231 derived), anti-CD9, and anti-HER-2 were 7.52 × 106
exosomes µL-1, 1.0 ng µL-1, and 1.0 ng µL-1, respectively.
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As shown in Fig.3.5C, an 8 % reduction in relative current change was obtained, which
was attributed to nonspecific adsorption of exosomes and/or HER-2 antibodies onto the
extra- avidin-functionalized screen-printed electrodes. Notably, this change is
significantly lower than that obtained in the presence of CD9 antibody (60 % versus 8
%). It is also important to note that this level of nonspecific response is much lower than
that obtained in all conditions shown in Fig.3.5C, indicating that our assay protocol can
be useful for detecting exosomes derived from cell culture media.
To test for assay detection sensitivity, a serial dilution of BT- 474 exosomes from 1:125
to 1:8000 was performed in buffer, correlating to 3 × 107–4.7 × 105 exosomes µL-1.
These dilutions of exosomes were subjected to capture by the anti-CD9 anti- bodies and
subsequent detection by anti-HER-2 antibodies. We observed an increasing relative
DPV signal change (%IRelative) with higher starting concentration of target exosome
(Fig.3.6). This was attributed to the higher amount of the dis- ease-specific target being
isolated and subsequently adsorbed onto the electrode surface. The peak current

Fig.3.6. A) Cell-derived exosome concentration-dependent curve. Mean values of the
relative current difference (%IRelative) was obtained for HER-2(+) BT-474 cellderived exosomes spiked in buffer (1:125 to 1:8000 = 3.01 × 107 to 4.70 × 105
exosomes µL-1 ). Inset shows the linear calibration plots. The error bar represents a
standard deviation (%RSD) of < 5.0 % (n = 3) for three independent experiments. B)
Typical DPV signals for exosomes (black) with respect to the bare electrode (red).
Concentration of exosomes in the sample are i) 3.01 × 107 and ii) 4.70 × 105 exosomes
µL-1.

decreases (i.e. %IRelative
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increases) in response to an increase in the exosome

concentration (i.e. blocking the [Fe(CN)6]3/4 system from access- ing the electrode
surface). The %RSD of DPV measurements showed reproducibility of < 5% for sample
(n = 3). Our data suggest that our approach is sensitive enough to detect HER- 2(+)
exosomes from samples containing approximately 4.7 × 105 exosomes µL-1 (as
compared to the background signal shown in Fig.3.5C iv). This limit of detection
(LOD) is comparable to existing immuno-affinity-based methods that rely on
microfluidic-based isolation and/or plasmonic-based read- outs.[9,12]
Moreover, this detection limit is far better compared to ELISA, which measures 107
exosomes for reliable detection. As the average number of exosomes in a biological
sample ranges from 1 × 105 to 3 × 109 exosomes µL-1[25] and our detection system has
an LOD of approximately 105 exosomes µL-1, we could claim that this approach is
potentially suitable for detecting exosomes in biological samples. It is worthy to highlight the advantage of the enhanced simplicity of our assay as compared to other
assays.[9,12,26] Our assay used only 5 mL of sample and generated an electrochemical
signal within 2 h; whereas, for ELISA, it takes an average of 100 µL of sample and
commonly a longer time. Additionally, our detection methodology does not require any
tedious electrode surface functionalization and utilized cheap and disposable,
commercially available screen printed electrodes, which provided good assay
reproducibility.
Finally, to demonstrate the applicability of our assay and to detect the disease-specific
exosomes in biological samples, HER-2(+) BT-474 cell-derived exosomes were spiked
in normal human serum and detected by using this newly developed biosensor
assembly. For the control experiment, we spiked HER-2 (-) MDA-MB-231 cell-derived
exosomes in human serum. We also used exosome depleted serum to estimate the
background signal. The electrochemical signal generated from HER-2(+) exosome was

higher (%IRelative
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= 64 %) compared to the control (MDA-MB-231 exosomes), which

was 27 % (Fig.3.7). However, the signal for exosomes spiked in serum are higher
compared to those obtained in buffer-spiked experiments [%IRelative = 61 % for HER2(+) and 21 % for HER-2(-) exosomes]. The increase in the % IRelative for the spiked
serum is most probably caused by the presence of other serum proteins and
biomolecules present in serum non-specifically blocking the electrode surface. When
comparing inter-assay reproducibility, a RSD of < 4.0 % (n = 3) was observed. In
correlation with observed DPV values in Fig.3.7, DPV profiles exhibited a reduction in
peak current (%IRelative = 24 %) with neat serum alone.

Fig.3.7. Mean values for the relative current difference (%IRelative) of

data point represents the average of three separate trials (n = 3) and the
error bars represent a standard deviation of measurements (%RSD) of < 4.0 %.
The detection of disease-specific exosomes in a complex biological sample validates
our assay platform as a potential tool for use in clinical sample analysis.
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3.4 Conclusions
We have developed a simple method using extraavidin-modified screen-printed
electrodes for the sensitive detection of disease-specific exosomes. We have
demonstrated that our approach sensitively and specifically detects approximately 105
exosomes µL-1 from the spiked serum samples. The key advantages afforded by our
method are to detect tumor-derived exosomes from the total exosomes (in this case BT474-derived exosomes detected by the HER-2 antibody), easy fabrication, faster
analysis (i.e. the entire assay was completed within 2 h), and consumption of only 5 µL
of sample. Furthermore, DPV of screen-printed electrodes offers an inexpensive,
simple, and sensitive system that is amenable to further miniaturization and point-ofcare analysis. We envision that the approach is not just limited to HER-2-specific
exosome detection and that it can be extended in multiple directions to further advance
the technology for a diverse range of tumor types. In addition, the electrodes can be
readily microfabricated and combined for multiplex analysis.
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Chapter 4: Quantum dot-based sensitive detection of disease
specific exosome in serum
Tumor-derived exosomes have emerged as promising cancer biomarkers due to their
unique composition and functions. In this chapter, we report a stripping voltammetric
immunoassay for the electrochemical detection of disease-specific exosomes using
quantum dots as signal amplifiers. The assay involves three subsequent steps where bulk
exosome populations are initially magnetically captured on magnetic beads by a generic
tetraspanin antibody (e.g., CD9 or CD63) followed by the identification of diseasespecific exosomes using cancer-related. Here, we used CdSe quantum dot (CdSeQD)
functionalised-biotinylated HER-2 and FAM134B antibodies as breast and colon cancer
markers. After magnetic washing and purifi- cation steps, acid dissolution of CdSeQDs
and subsequent anodic stripping voltammetric quantification of Cd2+ were carried out
at the bare glassy carbon working electrode. This method enabled sensitive detec- tion
of 100 exosomes per µL with a relative standard deviation (%RSD) of <5.5% in cancer
cell lines and a small cohort of serum samples (n = 9) collected from patients with
colorectal adenocarcinoma. We believe that our approach could potentially represent an
eﬀective bioassay for the quantification of disease-specific exosomes in clinical
samples.

This chapter has been published as:
K. Boriachek, M. N. Islam, V. Gopalan, A. K. Lam, N. -T. Nguyen, M. J. A. Shiddiky,
Analyst, 2017, 142, 2211-2219.
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4.1 Introduction
Exosomes are extracellular nano-vesicles containing unique molecular composition
of proteins, messenger RNAs (mRNAs), and microRNAs (miRNAs).1,2 Due to their
availability in bio- logical fluids, high stability, capability of representing parent
cells and associated roles in critical physiological activities including transport of
oncoproteins and tumor-specific RNA molecules throughout the body, they are
considered as highly sensitive minimally-invasive biomarkers for cancer diagnosis
and prognosis.3–5 In recent years, several studies have con- firmed that exosomes
play roles in cancer pathogenesis via the establishment of metastatic niche, hypoxia,
epithelial-to- mesenchymal transition (EMT) and TGF-β and Wnt-β-catenin
signalling.6 Additionally, it has also been widely accepted that cancerous cells
secrete significantly higher number of exosomes compared to normal cells.7,8 For
example, the levels of human epidermal growth factor receptor 2 (HER-2) positive
exosomes were found to be higher in the serum of breast cancer patients compared
to healthy individuals.8 Thus, the isolation, quantification and further investigation
of tumor-derived exosomes have massive clinical significance towards the
improvement of diagnosis and personalized therapy of cancers. Over

the

past

several years, various methods, which are mostly confined to several widely used
laboratory based conventional techniques such as polymerase chain reaction (PCR),
western blotting, enzyme-linked immunosorbent assays (ELISAs) and mass
spectroscopy, have been extensively developed for the analysis of exosomes in
body fluids (i.e., blood, urine, saliva).9–12 These conventional methods have
excellent analytical performances, but are limited by the requirement of relatively
large volumes of exosome samples, long assay time and cumbersome technical
steps. Recently, several microfluidic based technologies for exosome analysis have
also been introduced.13–15 These methods avoid some of the drawbacks associated
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with conventional methods (e.g., they can analyse disease-specific exosomes in low
volumes of samples within few hours). They also have additional advantages of
multiplexing with automation capability. Despite these advances in exosome
detection approaches, the analysis of clinically rele- vant exosomes is still a
significant challenge, mainly due to the lack of simple, sensitive and inexpensive
assay platforms.16 Moreover, many of the existing methodologies largely fail to
specifically quantify tumor-derived exosomes from bulk exosomes. Thus,
developing a simple and sensitive method that can quickly distinguish tumor
derived exosomes from the total exosome population would be transformative in the
clinical research of exosomal biomarkers. It has been well established that
electrochemical assays are excellent candidates for the sensitive, specific,
multiplexed and portable analysis of disease biomarkers.17–19 Jeong et al. developed
a multiplexed electrochemical sensor where a portable eight-channel device was
used to analyse exosomes in plasma samples.20 Previously, our group has also
demonstrated the use of screen-printed electrodes for analysing clinically relevant
exosomes.21 More recently, several other electrochemical methods based on
aptamer and HRP mediated amplifications have also been developed.22,23 Although
the sensitivity of these methods is much better than that of the conventional
detection methods, they are not suitable for the detection of low concentrations of
clinically relevant exosomes present in very small volumes of samples. In many
electrochemical sensors, immunoreaction events are often detected using
nanomaterial-based signal amplification steps.24–26 In particular, the incorporation
of inorganic- colloid tracers such as quantum dots (QDs) as a signal transduction
label in combination with an anodic stripping voltammetric readout has widely been
reported to significantly enhance the sensitivity of immunoassays.27,28 To the best of
our knowledge, signal amplification using QDs in anodic strip- ping voltammetry
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for quantifying exosomes has not been reported yet. Herein, leveraging the
advantages of signal enhancement capability of QD based anodic stripping
voltammetric readout, we report a sensitive method for the direct detection of
clinically relevant exosomes. First, magnetic beads were functionalised with a
tetraspanin CD63 antibody, which were then dispersed into the extracted sample to
capture bulk exosome population. Then, breast and colon cancer-related exosomes
were quantified by the respective use of CdSeQD functionalised biotinylated HER2 and FAM134B antibodies. Nitric acid dissolution of the CdSeQDs gave rise to a
“burst” of Cd2+ metal ions which were detected via anodic stripping voltammetry.
The clinical applicability of the method was successfully tested in breast and colon
cancer cell lines and nine serum samples collected from patients with colorectal
adenocarcinoma with a sensitive detection limit of 100 exosomes per µL.

4.2 Experimental
4.2.1 Reagents and materials
Unless otherwise stated, the reagents used for the experiments were of analytical
grade and purchased from Thermo Fisher (Australia). CD9, CD63 and FAM134B
antibodies were purchased from Abcam and HER2 antibody from R&D Systems.
DNase/RNase-free distilled water (Invitrogen, Australia) was used for preparing all
aqueous solutions. Glassy carbon disk electrodes (GCE) were purchased from CH
Instruments (USA).
4.2.2 Cell culture and isolation of exosomes
HER2(+) breast cancer (BT-474) and FAM134B(+) colon cancer (SW-48) cell lines
were purchased from ATCC (USA). The cell lines were cultured in RPMI-1640 growth
medium (Life Technologies, Australia) supplemented with 10% exosome depleted
foetal bovine serum (Life Technologies, Australia) and 1% penicillin/streptomycin (Life
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Technologies, Australia) in a humidified incubator containing 5% CO2 at 37 °C. The
conditioned medium containing 106 cells was collected after 60 h and centrifuged at
2000 × g for 30 min to eliminate cell contamination (e.g., cells and debris). Exosomes
were isolated using the total exosome isolation reagent (Life Technologies, Australia) as
per the manufacturer’s instructions. Briefly, the supernatant was transferred to a new
tube and the isolation reagent was added to the tube in the ratio 2 : 1. The samples were
incubated overnight at 4 °C followed by centrifugation at 10 000 × g for 1 h to obtain
exosome pellets. Exosome pellets were then resuspended in 50 µL phosphate buﬀered
saline (PBS) (10 mM, pH 7.0) and stored at −20 °C.

4.2.3 Quantification of exosomes by nanopore analysis
The exosomes isolated from BT474 and SW-48 cells were quan- tified using tunable
resistive pulse sensing (TRPS) (qNano, Izon Science Ltd) following a previously
described protocol.29 Briefly, purified exosomes were diluted 1 : 2 with sterile PBS and
analysed using a NP100 nanopore. The concentration and size distribution of the
exosomes were calibrated using 70 nm carboxylated polystyrene beads at a
concentration of 1.5 × 1011 particles per mL. Most of the particles were in the typical
exosome size range of 30–150 nm. The average exosome con- centrations derived from
BT-474 and SW-48 cells were 1.5 × 107 exosomes per µL and 1 × 107 exosomes per µL
respectively. The desired sample dilutions were then prepared by spiking designated
volumes of the isolated exosomes in PBS (1.0 mM, pH 7.0).

4.2.4 Clinical samples
Serum samples from nine patients diagnosed with colorectal carcinoma (CRC) were
used for this study. The mean age of the patients (4 males; 5 females) was 72 years,
ranging from 60 to 85 years. All these patients were diagnosed with colorectal
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adenocarcinoma from diﬀerent pathological stages (stages I to IV). Exosomes were
isolated from the serum samples using the total exosome isolation reagent (Life
Technologies, Australia) as per the manufacturer’s instructions. Briefly, the samples
were centrifuged at 2000 × g for 30 min to remove cells and debris. The supernatant
was transferred to a new tube and the isolation reagent was added to the tube in the ratio
0.2 : 1.0. The samples were incubated for 30 min at 4 °C followed by centrifugation at
10 000 × g for 10 min to obtain exosome pellets. Exosome pellets were then resuspended in 100 µL PBS (10 mM, pH 7.0) and stored at −20 °C.

4.2.5 Biotinylation of FAM134B and HER-2 antibodies
FAM134B and HER-2 monoclonal antibodies were biotinylated using the biotin (Type
B) conjugation kit (Abcam) following the manufacturer’s guidelines. Briefly, 10 µL of a
modifier reagent was mixed with 100 µL of antibody (0.1 mg mL−1) and the mixture
was mixed gently. Then the antibody–modifier mixture was added directly into the
lyophilized biotin material and resuspended several times by pipetting. The complex
was then kept overnight in the dark at room temperature to allow the conjugation of
antibody with biotin. After this step, 10 µL of the quencher reagent was added to the
solution, mixed gently and then the conjugated antibody was used in the study.
Exosome capture and magnetic isolation First, 5 µL of streptavidin-labeled dynabeads
(Invitrogen, Australia) were washed with 2× binding and washing buﬀer (10 mM TrisHCl, pH 7.5; 1 mM EDTA; 2 M NaCl) and resus- pended in 5 µL of 2 × binding and
washing buﬀer. Next, an equal volume of 100 ng µL−1 biotinylated CD63 and CD9
anti- bodies were added and the resultant mixture was incubated in a mixer for 20 min at
room temperature to generate antibody- functionalised magnetic beads. The
functionalised magnetic beads were washed three times with 2× binding and washing
buﬀer and resuspended in 10 µL of PBS. For analysing exo- somes extracted from the
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cell lines, 10 µL of isolated exosomes of various concentrations were mixed with 10 µL
of CD9 or CD63-functionalised magnetic beads. The mixture was placed in a mixer for
20 min at room temperature to allow the anti- body to capture exosome targets. After
this step, the exosome- attached magnetic beads were isolated with a magnet, washed
three times with PBS buﬀer and resuspended in 15 µL of PBS. In another eppendorf
tube, 3 µL of streptavidin-modified CdSeQDs were incubated with 7 µL of 100 ng µL−1
biotinylated HER-2 or FAM134B antibody and placed on a mixer for 30 min at room
temperature, and the CdSeQDs were allowed to be functionalised with HER-2 or
FAM134B antibody. After the incubation, the antibody-attached CdSeQDs were
washed three times with PBS followed by the centrifugation at 5000 × g. The pelleted
particles were resuspended in 40 µL of PBS buﬀer. In the final step, magnetically
captured exosomes were mixed with antibody-attached CdSeQDs, incubated at room
temperature and washed three times with PBS.

4.2.6 Electrochemical detection
All electrochemical measurements were performed on a CH1040C potentiostat (CH
Instruments, USA) with the three- electrode system (glassy carbon working electrode,
Pt counter electrode and Ag/AgCl reference electrode). The electrolyte buﬀer for
square-wave anodic stripping voltammetry (SWASV) consisted of 0.1 M acetate buﬀer
solution (pH 4.6). For SWASV detection of CdSeQDs, exosome-attached
immunocomplexes were dissolved in 100 µL of 0.1 M HNO3 for 1.0 h to release Cd2+
ions. The volume of the final solution (Cd2+ ions contain- ing sample diluted in acetate
buﬀer) is 1.0 mL. The stripping process used a 1 min pre-treatment at +0.6 V and 1 min
accumulation at −1.4 V. The SWASV measurement was carried out after 5 s rest period
at an applied range of −1.4 to −0.4 V with a potential step of 4 mV, a frequency of 25
Hz, and an amplitude of 25 mV.
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4.2.7 Determination of the surface area of the electrodes
The eﬀective working area of GCE was determined30 via measuring the peak current
obtained as a function of scan rate under cyclic voltammetric conditions for the oneelectron reduction of K3[Fe(CN)6] [2.0 mM in water (0.5 M KCl)] by using the
Randles–Sevcik equation (eqn (1)):
9: = 2.69×10B ×C

D

E ×FG

H

E ×IJ

H

E

(1)

where ip is the peak current (A), n is the number of electrons transferred (Fe3+ → Fe2+, n
= 1), A is the eﬀective area of the electrode (cm2), D is the diﬀusion coeﬃcient of
[Fe(CN)6]3− (taken to be 7.60 × 10−5 cm2 s−1), C is the concentration (mol cm−3) and ν is
the scan rate (V s−1).

4.3 Results and discussion
Our assay for the direct electrochemical detection of clinically relevant exosomes is
schematically depicted in Fig.4.1. The assay was demonstrated for quantifying
exosomes extracted from both cancer cell lines and patients’ serum samples. Briefly,
exosomes were extracted from breast (BT474) and colon (SW-48) cancer cell lines and
serum samples collected from patients with colon cancer. Magnetic beads functionalised
with generic antibody CD63 or CD9 were then used to capture the total bulk exosome
population present in the samples. Cancer-related antibodies (e.g., HER-2 (breast
cancer) and FAM134B (colon cancer) functionalised with CdSeQDs) were used to
specifically recognise the tumor-specific exo- somes within the captured bulk exosome
population. Finally, QDs bound to the purified immunocomplex were dis- solved in
HNO3 and the resultant mixture was transferred to an electrochemical cell containing
electrolyte buﬀer for SWASV readout. The peak current associated with the stripping of
Cd2+ is directly proportional to the amount of cancer-specific exosomes.
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The assay developed here is comprised of several incubation steps i.e., incubation
during (i) functionalisation of magnetic beads with the tetraspanin antibody, (ii)
CdSeQD

functionalisation

with

cancer-specific

antibody,

(iii)

sandwich

immunocomplexes of exosomes with generic antibody-functiona- lised magnetic beads
and tumor-related antibody-functionalised CdSeQDs.

Among these steps, the incubation time required for immunoreaction of exosomes with
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generic antibody-functionalised magnetic beads and subsequent subpopulation with
tumor-related antibody-functionalised CdSeQDs is critical for obtaining optimal assay
performance. Therefore, we optimised the eﬀect of incubation times (i.e., incubation of
CD63 or CD9 antibodies with extracted exosomes and incubation of sub- populated
exosomes with HER-2 or FAM134B antibodies) on the current densities (µA cm−2) of
the electrochemical immunoassay at 20, 30 and 40 min. The saturation of the current
density was noted at the incubation time over 30 min for both the generic and tumorrelated antibody cases, and therefore this time was selected as the optimal time for the
antibody incubation in our assay (Table 4.1). As our aim was to test the clinical
applicability of our developed immunoassay in a laboratory set-up, ambient temperature
(23 ± 1.0 °C) was selected for all subsequent experiments.
To check the assay specificity, we performed several control experiments. In a positive
control experiment, exosomes (i.e., 1 × 106 exosomes per µL) derived from colon
cancer cell (SW-48) extracts were initially captured by CD63 antibody- functionalised
magnetic beads which were sub-populated by the CdSeQD-functionalised FAM134B
antibody.
Assay step

Time

Functionalization of generic antibody Cd9/CD63 with
streptavidin-coated MBs

30 min

Immunoreaction of exosomes with generic antibodyfunctionalized magnetic beads

30 min

Functionalization of cancer specific antibody
HER2/FAM134B with QDS

30 min

Subpopulation of exosomes with tumor-specific antiobodyfunctionalized CdSeQD

30 min

Dissolution of QDs with 0.1 M Nitric acid

30 min

Table 4.1. Optimization of experimental conditions.
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As shown in Fig.4.2 ((+) control bar), a significant voltammetric current was observed
for the colon cancer-specific exosomes within the bulk exosome populations present in
the SW-48 cell extracts. As a negative control, 1 × 106 exosomes per µL derived from
breast cancer cell lines (BT474) were also studied by the CdSeQD-functionalised
FAM134B antibody. Since FAM134B antibody is not specific to breast cancer
exosomes, we expected no voltammetric current response for breast cancer-specific
exosomes. However, we observed a very low voltammetric current response (see the (−)

Fig 4.2. SWASV current densities for (+) control: colon (A), breast (B, C) cancer-specific
exosomes are initially isolated using CD63- (A, B) and CD9- functionalized (C) magnetic
beads and then recognised by CdSeQD-functionalised FAM134B (A) and HER2 (B, C)
antibodies, (−) control: breast (A) and colon (B, C) cancer-specific exosomes are used as
negative targets in (+) control assays, (±) control: mixture of colon and breast (A, B, C)
cancer-specific exosomes are initially isolated using CD63- (A, B) and CD9functionalised (C) magnetic beads and then recognised by CdSeQD- functionalised
FAM134B (A) and HER2 (B, C) antibodies, and without CdSeQDs: (+) control assays
are conducted without the CdSeQD-functionalised FAM134B (A) and HER2 (B, C)
antibody recognition step. The final concentration of the colon and breast cancer-specific
exosomes in the sample is 1× 106 exosomes per µL. Error bars represent the standard
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control bar in Fig.4.2A) compared to that obtained for the positive control experiment.
As can be seen in Fig.4.2A (see the (±) control bar in Fig.4.2A), a slight increase in the
current response compared to the positive control was observed. This increase in the
response could be due to the nonspecific capturing of breast cancer derived exosomes
by the FAM134B antibodies. The low current response was due to the nonspecific
adsorption of the CdSeQD-functionalised FAM134B antibody on the sensor surface.
Notably, the level of nonspecific adsorption is significantly lower than that of the
positive control experiments (almost 86% reduction in current density). To check the
cross reactivity (i.e., interference) of our assay, we have analysed a mixture of BT474
breast and SW-48 cancer-specific exosomes, which were initially captured by CD63
antibody-functionalised magnetic beads, and finally recognised by CdSeQDfunctionalised FAM134B antibodies.

In another control experiment, we have

performed the experiment without performing the final CdSeQD-functiona lised
FAM134B antibody recognition step. As the voltammetric current depends on the
presence of the Cd2+ ions released from CdSeQDs, this control experiment should
provide no voltammetric response. As expected, we observed an almost negligible
voltammetric current response (see the left bar in Fig.4.2A).
In a second set of control experiments, we have performed another positive control
experiment using the exosomes (i.e., 1 × 106 exosomes per µL) derived from the BT474
breast cancer cell extracts. The exosomes in this sample were initially cap- tured by
CD63 antibody-functionalised magnetic beads, and finally recognised by CdSeQDfunctionalised HER2 antibodies. For the negative control experiment, exosomes derived
from the breast cancer cell extracts were replaced with those obtained from the colon
cancer SW-48 cell extracts. For checking cross reactivity (i.e., interference) in this
assay, breast cancer-specific exosomes were replaced with a mixture of breast and colon
cancer-specific exosomes. As can be seen in Fig.4.2B ((+), (−), and (±) control), a
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similar level of specificity in analysing HER2(+) exosomes was observed in comparison
with our earlier experiment using FAM134B(+) exosomes (Fig.4.2B versus 4.2A).
Furthermore, to confirm the exclusive isolation (and magnetic purification) and
specificity of our method, we have performed bulk exosome isolation experiments using
another widely used generic antibody CD9 which is expressed in exosomes secreted
from virtually all tissues.31,32 In these experiments, exosomes (i.e., 1 × 106 exosomes per
µL) derived from breast cancer cell (BT474) extracts were initially captured by CD9
antibody-functionalised magnetic beads which were further sub-populated by the
CdSeQD-functionalised HER2 antibody. The experiments with the wrong target (here
colon cancer-specific exosomes in the SW-48 cell extracts), mixture of targets (breast
cancer-specific exosomes were replaced with a mixture of breast and colon cancerspecific exosomes), and without a CdSeQD-functionalised HER2 antibody were also
performed as additional three control experiments. As can be seen in Fig.4.2B, a similar
level of detection performance was observed in comparison with our earlier experiments
using CD63 capture for breast cancer cell (BT474) extracts (Fig.4.2B versus Fig. 4.2C).
This indicates that the specificity and performance of our assay is consistent across
different vesicular markers with no potential bias and can be applied for exosome
analysis.
To test the assay sensitivity, a designated concentration of exosomes (102–107
exosomes per µL) of breast (BT-474) and colon cancer (SW-48) cell line samples was
prepared by serial dilution. As shown in Fig.4.3 the current densities were increased
with the increasing concentration of target exosome. As the amount of the surface
attached cancer-specific exosomes is proportional to the amount of CdSeQD-attached
cancer-related antibodies, the higher the amount of exosomes, the higher the amount of
Cd2+ released and thereby an enhanced stripping peak at the glassy carbon electrode.
The linear regression equation for analysing exosomes in BT474 cell lines was found to
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be y (µA cm ) = 9.06 (exosome concen- trations) + 18.8 with a correlation coeﬃcient
−2

(R2) of 0.98 whereas the equation for analysing exosomes present in SW48 cell lines
was y (µA cm−2) = 7.1 (exosome concentrations) + 12.6 with a correlation coeﬃcient
(R2) of 0.95. For BT-474 and SW-48 cell line-derived exosome targets, the linear
dynamic range was found to be 102–107 exosomes per µL. The relative standard
deviation (% RSD) of the measurements showed a good reproducibility of <5.5% for
three independent experi- ments. These data clearly suggest that our approach is
sensitive enough to detect target exosomes from samples containing approximately 100
exosomes per µL (i.e., LOD = 100 exosomes per µL). Our assay has achieved similar
(100 versus 200 exosomes per µL)23 or higher sensitivity compared to most of the
recently

reported

electrochemical,20–23,34

optical,35,36

microfluidics14,37,38

and

conventional39,40 methods (see Table 4.2). For example, the LOD of our method is
approximately 4500 (100 versus 4.5 × 105 exosomes per µL) and 300 times (100 versus
3 × 104 exosomes per µL) higher than the previously reported electrochemical
quantification of clinically relevant exosomes21 and integrated magneto-electrochemical
analyser20 respectively. This detection limit is also 10 times higher than the CD63-based
aptasensor for electrochemical detection of exosomes.22 Moreover, the reproducibility
of our method is also comparable to these methods.20–23 Importantly, our LOD is also 10
times higher than that of the nanoparticle tracking analysis (NTA) and qNano methods
(Table 4.2).34,35 It also oﬀers additional advan- tages over the conventional ELISA
approach which usually can measure 107 exosomes per µL and requires at least 100 µL
of sample whereas our approach requires only 10 µL of sample.33
To further demonstrate the applicability of our method in clinical samples, we extended
our assay to analyse serum samples derived from patients with colon cancer of diﬀerent
stages (Table 4.3). One non-cancerous healthy serum sample (HS) was used as a control
for the study.
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By comparing the level of current densities (SWASV peak currents/area) found in
serum samples (P1–P9) (Fig.4.4), we found that P7 (stage 4) and P8 (stage 4) resulted in
higher current densities (59 µA cm−2 and 95 µA cm−2 respectively) compared to that of
control (5 µA cm−2) and other patient samples. Notably, patient P7 showed relatively
low levels of exosomes when compared to that of the P8 sample. This outlier is not
unusual in molecular studies due to individual changes in tumour micro- environment
and ultrastructural/biochemical changes in the adjacent non-neoplastic mucosae. We
also observed that the current densities of P9 (stage I) (38 µA cm−2) is relatively lower
compared to that of other patients such as P5 (stage 3) and P6 (stage 3) samples with
current densities of 51 µA cm−2 and 50 µA cm−2 respectively. The results from the
cancer serum samples in comparison with the non-cancerous (healthy) serum sample
clearly suggest that our method is suitable for analysing exosomes in cancer samples
with the advancement of pathological stages of cancer.

Fig. 4.3. SWASV current densities for the designated concentration of exosomes isolated
from (A) BT474 breast and (B) SW-48 colon cancer cell lines. Error bars represent the
standard deviation of three independent experiments (%RSD = <5.5%, n = 3).
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Detection platform

Assay

Detection limit

Comparison

References

Electrochemistry

Voltammetric detection of breast

5 ×105 exosomes/µL

4500 times higher (100 versus 4.5 ×105 exosomes/µL)

21

300 times higher (100 versus 3 ×104 exosomes/µL)

20

1 ×103 exosomes/µL

10 times higher (100 versus 1 ×103 exosomes/µL)

22

200 exosomes/µL

Similar (100 versus 200 exosomes/µL)

23

190 exosomes/µL

Similar (100 versus 190 exosomes/µL)

34

5.2 ×105 exosomes/µL.

5200 times higher (100 versus 4.5 ×105 exosomes/µL)

35

cancer specific exosomes
Integrated magento-electrochemical 3 ×104 exosomes/µL
sensor (i-MEX)
Aptamer based electrochemical
biosensor
Electrochemical sandwich
immunosensor
Electrochemical impedance
spectroscopy
Optical

Colorimetric detection via mimic
peroxidase ability of of single-wall
carbon nanotubes
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Microfluidics

Nanohole plasmonic assay (SPR)

4 ×102 exosomes/µL.

4 times higher (100 versus 4×102 exosomes/µL)

36

Exosearch

7.5 ×102 exosomes/µL.

7.5 times higher (100 versus 4×102 exosomes/µL)

37

ac-EHD and colorimetric ELISA

2760/ µL.

27 times higher (100 versus 2760/ µL exosomes/µL)

14

Integrated microfluidics with

1 ×104 exosomes/µL

100 times higher (100 versus 1 ×104 exosomes/µL)

38

1 ×103 exosomes/µL

10 times higher (100 versus 1 ×103 exosomes/µL)

39

1 ×103 exosomes/µL

10 times higher (100 versus 1 ×103 exosomes/µL)

40

fluorescence readout
Nanoparticle

Nanosight (commercial product

tracking analysis

from Malvern)

(NTA)
qNano

Resistive pulse sensing

Table 4.2. Comparison of detection sensitivity with the current method
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Fig.4.4. SWASV current densities obtained for colon cancer-specific exosomes in
serum samples derived from patients with colon cancer and non-cancerous (healthy)
serum sample (HS). Error bars represent the standard deviation of three independent
experiments (%RSD = <5.5%, n = 3).
Our method oﬀers several unique advantages over the exist- ing exosome detection
methods.21–23,33 First, our method has achieved several hundred fold increased
sensitivity compared to current bio-aﬃnity based assays. This is particularly due to the
use of QDs as the intrinsic signal amplifying labels. Second, the use of magnetic
mixing, washing and isolation steps removes the non-specific target from the immunocomplex attributing to the increased sensitivity and capture eﬃciency. Third, unlike the
regular surface-based capture of target where antibodies are immobilized on the sensing
surface for the detection purpose, our magnetic isolation based approach oﬀers much
simpler conjugation chemistry between antibodies and exosomes resulting relatively
faster binding kinetics. As the antibody-bound nanoparticles are magnetic, the capture
of the target exosomes can be temporally and spatially separated from the
electrochemical measurement to alleviate biofouling issues.

Patient’s number

Sex

Age

118
Stage of cancer

P1

M

65

3

P2

F

69

2

P3

F

74

2

P4

F

85

2

P5

M

71

3

P6

F

69

3

P7

F

77

4

P8

M

78

4

P9

M

60

1

Table 4.3. Pathological information’s of patients

4.4 Conclusions
In conclusion, we have developed a simple method for the sen- sitive detection of
cancer-specific exosomes from complex clinical samples. To the best of our knowledge,
this study rep- resents the first demonstration of using QDs for the signal enhancement
in stripping voltammetry immunoassay of tumour specific exosomes. We believe that
our approach deli- vers two critical improvements to existing approaches (i) significant
enhancement in the sensitivity of the tumor-specific exosome detection with respect to
bulk exosome population and (ii) considerable reduction of biofouling issues which
increases the exosome capture eﬃciency. Our method obtained fairly good analytical
performance ((i.e., reproducibil- ity, %RSD = <5.5), detection limit (100 exosomes per
µL), dynamic range (102–107 exosomes per µL), etc.), which may attribute this assay
system for further detection of several other disease-specific exosomes. Additionally, by
using mul- tiple quantum dots, this method could be extended for the development of a
single assay platform for the simultaneous detection of multiple tumor-specific
exosomes. Therefore, we believe that with further improvements, this method could
find potential relevance towards the development of a simple diagnostic tool for
translational applications.
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Chapter 5: An amplification-free electrochemical detection of
exosomal miRNA-21 in serum samples
Recent evidence suggests that small non-coding RNAs or microRNA (miRNA)s
encapsulated in exosomes represent an important mechanism of communication
between the cells. Exosomal miRNAs play an important role in oncogenesis via
stimulating cell to cell communication and facilitating metastasis in cancers. Despite
progressive advances, current methods for exosomal miRNA detection most rely on
labor intensive sequencing approaches which are often prone to amplification bias and
require costly and bulky equipment. In this chapter, we report an electrochemical
approach for detection of cancer-derived exosomal miRNAs in human serum samples
by selectively isolating the target miRNA using magnetic beads pre-functionalized with
capture probes and then directly absorbing the targets onto the gold electrode surface.
The level of adsorbed miRNA is detected electrochemically in the presence of the
[Fe(CN)6]4-/3- redox system. This method enabled an excellent detection sensitivity of
1.0 pM with a relative standard deviation (%RSD) of <5.5% in cancer cells and serum
samples (n = 8) collected from patients with colorectal adenocarcinoma. We believe that
our approach could be useful for the quantification of exosomal miRNA in clinical
samples.

This chapter has been published as:
K. Boriachek, M. Umer, V. Gopalan, A. K. Lam, N. -T. Nguyen, M. J. A. Shiddiky,
Analyst, 2018
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5.1 Introduction
Exosomes are lipid bilayer encased extracellular vesicles ranging in size from 30-150
nm and are secreted by most cell types.1 Exosomes encapsulate a discrete set of
transferable functional biomolecules like proteins, lipids, and nucleic acids providing a
unique way of cell-cell communication, horizontal transfer of genetic information, and
modulation of recipient cell transcriptome.2,3,4 Thus, these nano-vesicles play vital
functions in many biological processes such as; T-cell activation and antigen
presentation, coagulation, inflammation, and angiogenesis.5 Tumor secreted exosomes
have been shown to be involved in cancer promoting and pro-metastatic functions
indicating their potential as targetable entities for development of novel cancer
therapies.6 Moreover, as exosomes can be found in almost all body fluids, they hold a
great potential as minimally invasive disease biomarkers especially for diagnosis,
prognosis, and therapy response evaluation in cancer patients.
MicroRNAs (miRNAs), a family of small non-coding RNA molecules (~22
nucleotides), act as critical post-transcriptional regulation of gene expressions in the
pathogenesis of many chronic diseases including cancer.7 MiRNA expression patterns
are found to be altered in almost all cancer types suggesting that monitoring the
expression of individual miRNAs may serve as reliable cancer biomarkers.8,9 For
instance, the high expression level of miRNA-21 is associated with poor therapeutic
outcome and low survival rate in patients diagnosed with colorectal carcinoma.10,11
Recent studies have shown that miRNAs also constitute a key component of exosomal
cargo and exosome delivered tumor miRNAs have been implicated in tumor
progression via modulation of microenvironment, angiogenesis, immune evasion, as
well as metastasis.12a Moreover, due to the outer lipid membrane of exosome, exosomal
miRNAs are generally protected from degradation by RNAase, therby offering a stable
source of miRNA in the peripheral blood. This inherent advantages give the high
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potentiality of exosomes for developing miRNA based liquid biopsy biomarkers.

12b,13,14

Over the past decades, plenty of approaches such as quantitative real-time PCR (qRTPCR), microarrays, Northern blotting, and massively parallel sequencing (MPS) have
been used for miRNA analysis.15,16 Each of these methods have their own advantages
and drawbacks. For instance, qRT-PCR provides an excellent sensitivity and flexibility
and is considered as a gold standard for miRNA analysis.17,18 Nevertheless,
amplification bias and artefacts are among the biggest pitfalls of qPCR based miRNA
quantification methods. Furthermore, being short-sized molecules, miRNAs require
poly(A) tailing to be detectable through routine PCR assays. However, the efficiency of
E. Coli poly(A) polymerase is strongly dependent on terminal nucleotide (A = G > C >
U) indicating the inherent bias of this approach towards certain sequences.19a Another
alternative way to avoid primer size match with miRNA is the use of specially designed
stem-loop reverse transcriptase primer that lengthens the target cDNA. Then a forward
PCR primer increases the length of the target sequence while the reverse primer
destabilizes stem loop structure. The assay functionality can further be enhanced using
specific hybridization between fluorogenic-labeled probes in TaqMan miRNA assay,
which generates a fluorescent signal. Although such a technology significantly reduces
background and false positives, the overall protocol is expensive due to the requirement
of multiple primers and probes.19b MPS is cost and labor intensive, requires substantial
bioinformatics support and is best suited for discovery of novel miRNAs.20 On the other
hand, microarray platforms are less specific when compared to qPCR or sequencing.
Other shortcomings of molecular biology based approaches that limit their application
for routine clinical analysis include; inability to quantify miRNAs in absolute terms and
reliance on expensive sophisticated instruments.16
Electrochemical biosensors represent promising candidates for the development of fast,
cost-effective, and amplification free miRNA detection platforms.21,22 Furthermore,
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multiplexing and miniaturization capabilities of these devices make them particularly
suitable for point-of-care applications. Consequently, a large number of electrochemical
miRNA detection methods have been devised so far.23,24 However, although highly
sensitive, these electrochemical genosensing platforms also have certain limitations. For
example, complicated fabrication processes are involved in the generation of
nanomaterials based devices, while high level of non-specific binding to the electrode
surface is observed in platforms in which miRNA capture probes are adsorbed directly
onto the electrode surface.25 Further, signal amplification strategies based on redox
reporters or chemical ligations sometimes lead to a loss of dynamic range, which may
be a particularly crucial consideration in clinical settings where a high degree of intersample variability in levels of target analyte/s is observed.26 Over the last several years,
a number of amplification-free approaches have been developed to overcome these
shortcomings.27-30 Recently, our group has developed an amplification free
electrochemical miRNA detection method. Exploiting a range of superior characteristics
that superparamagnetic gold-loaded nanoporous iron oxide nanomaterials offer, our
method achieved miRNA detection sensitivity down to 100 fM in complex biological
samples such as esophageal squamous-cell carcinoma tissue samples.31a Despite the
high level of sensitivity that was achieved in this report, sensor fabrication and particle
synthesis steps add to the complexity and cost of device manufacturing. Therefore, a
simple and inexpensive method for miRNA quantification is required which can
overcome these challenges and is at the same time able to achieve a clinically relevant
sensitivity. Furthermore, to the best of our knowledge, no method for electrochemical
detection of exosomal miRNAs has so far been reported.
Herein, we report an-amplification free assay for electrochemical detection of exosomal
miRNAs in complex biological samples. Our approach relies on the capture of target
miRNA by hybridization with biotinylated complimentary probes attached to
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commercially available streptavidin coated magnetic beads. Post-hybridization,
captured miRNA species were heat released from the hybrid and their level was
subsequently monitored by the direct adsorption onto SPE-Au via RNA-gold affinity
interaction followed by the differential pulse voltammetry (DPV) response in the
presence of [Fe(CN)6]4-/3- redox system. We selected miRNA-21 as a model biomarker
considering its well-known regulatory function in a variety of cancers and subsequently
demonstrated its detection in exosomes isolated from SKBR-3 (breast), HKESC-1
(esophageal) and SW-48 (colon) cancer cell lines.

We also tested the clinical

applicability of our assay in serum samples collected from patients with colorectal
adenocarcinoma.

5.2 Experimental
5.2.1 Reagents and materials
Unless otherwise stated, all the reagents and chemicals used in this study were of
analytical grade and purchased from Sigma Aldrich (Sydney, NSW, Australia).
DNase/RNase-free distilled water (Invitrogen, Australia) was used for preparing all
aqueous solutions. Gold screen printed electrodes Au-SPE (DRP-C250BT) were
purchased from Dropsens (Spain). Synthetic miRNA, capture probe and primers were
purchased from Integrated DNA Technologies (Coralville, IA, USA) and sequences are
shown in Table 5.1.
Oligo sample

Oligonucleotide sequences (5'--3′)

Synthetic miRNA-21*

UAGCUUAUCAGACUGAUGUUGA

Biotinylated miRNA-21 capture probe

TCAACATCAGTCTGATAAGCTA-Biotin

RT-qRCR Forward primer

CGGCGGTAGCTTATCAGACTGA

RT-qRCR Reverse primer

GTGCAGGGTCCGAGGT

* (miRBASE accession number: MIMAT0000076)
Table 5.1. Oligonucleotide sequences used in this study.
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5.2.2 Cell Culture, isolation of exosomes and exosomal RNA
Three cancer cell lines from breast (SKBR-3), colon (SW-48) and oesophageal
(HKESC-1) cancers were used. SKBR-3 and SW-80 were purchased from ATCC
(USA). HKESC-1 was from a patient with esophageal squamous cell carcinoma and
with the characterization published.27b SKBR-3 and SW-48 cell lines were cultured in
RPMI-1640 while minimum essential medium alpha (MEMα) growth medium was used
for HKESC-4 cells (Life Technologies, Australia). Cell culture media were
supplemented

with

10%

exosome

depleted

fetal

bovine

serum

and

1%

penicillin/streptomycin (Life Technologies, Australia). The cells were grown in 25 cm2
culture flask (Corning, Australia) and maintained in a humidified incubator containing
5% CO2 at 37ºC. The conditioned medium was collected after 60 h and centrifuged at
2000×g for 30 min to eliminate contaminants (e.g., cells and debris). Exosomes were
isolated using total exosome isolation reagent (Life Technologies, Australia) as per
manufacturer’s instructions. Briefly, the cell-free conditioned medium was transferred
to a new tube and mixed with the isolation reagent in 2:1 ratio. The samples were
incubated overnight at 4ºC followed by centrifugation at 10000×g for 1 h to obtain
exosome pellets. Exosome pellets were subsequently resuspended in 50 µL phosphate
buffered saline (PBS) (10 mM, pH 7.0) and stored at -20ºC until further analysis. RNA
was extracted from exosomes using total exosome RNA & protein isolation kit (Life
Technologies, Australia) as per manufacturer’s instructions.

5.2.3 Clinical samples
Serum samples from eight patients diagnosed with colorectal adenocarcinoma were
obtained from the patients underwent resection for the cancer. The study was conducted
after approval from the Griffith University Human Research Ethics Committee (GU Ref
No: MSC/17/10/HREC). Mean age of the patients (3 males; 5 females) was 72 years,
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ranging from 60-85 years. These patients diagnosed with colorectal adenocarcinomas
were of different pathological stages at the time of sugery (stage I to IV). Exosomes
were isolated from the serum samples using total exosome isolation reagent (Life
Technologies, Australia) as per manufacturer’s instructions. Briefly, the samples were
centrifuged at 2000×g for 30 mins to remove the sedimented cells and debris. The
supernatant was transferred to a new tube and mixed with the isolation reagent in the
ratio 0.2:1.0. The samples were incubated for 30 min at 4ºC followed by the
centrifugation at 10000×g for 10 min to obtain exosome pellets. Exosome pellets were
re-suspended in 100 µL PBS (10 mM, pH 7.0) and stored at -20ºC. RNA was extracted
from exosomes using total exosome RNA & protein isolation kit (Life Technologies,
Australia) as per manufacturer’s instructions.

5.3.4 Magnetic isolation of miRNA and adsorption on electrode surface
20 µL of streptavidin-labelled Dynabeads MyOne™ Streptavidin C1 (Invitrogen,
Australia) magnetic beads were washed with 2x binding and wash (B&W) buffer (10
mM Tris-HCl, pH 7.5; 1 mM EDTA; 2 M NaCl) and resuspended in 25 µL of 2X B&W
buffer. Next, 25 µL of 10 µM biotinylated capture probes was added, followed by
incubation on a thermomixer for 20 mins at room temperature to facilitate the
functionalization of magnetic beads with capture probes Afterwards, the functionalized
magnetic beads were washed three times and mixed in 10 µL of 5X saline sodium
citrate (SSC) buffer (pH 7.0).
For specific miRNA capture, 50 ng of extracted total RNA from cell lines and clinical
samples or various concentrations of synthetic miRNA- 21 sequences were adjusted up
to 10 µL with RNase-free water and then mixed with 10 µL of capture probesfunctionalized magnetic beads.
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The mixture was incubated on a thermomixer for 20 mins at room temperature to allow
the hybridization of capture probe and target, followed by magnetic separation of beads
with attached miRNA targets. Beads were washed twice before being resuspended in 9
µL of RNase-free water. Beads were subsequently heated at 95°C to release captured
miRNA targets, and the supernatant containing released miRNAs was separated
magnetically from the beads. Collected supernatant was diluted with 5X SSC buffer (pH
7.0) up to a final volume of 20 µL and appropriate sample volume was loaded directly
onto the working surface of an SPE-Au before being incubated for 20 min. The
electrodes were washed with 10 mM phosphate buffer (137 mM sodium chloride, 2 mM
potassium chloride, pH 7.4) before electrochemical readout.

5.2.5 Cryo-Transmission Electron Microscopy (Cryo-TEM)
For cryo-TEM, 4 µL of exosome preparations were directly adsorbed onto lacey carbon
grids (Quantifoil, Germany) and plunged into liquid ethane, using an FEI Vitrobot Mark
3 (FEI Company, The Netherlands). Grids were blotted at 100 % humidity at 4 °C for
about 3−4 s. Frozen/vitrified samples were imaged using a Tecnai T12 transmission
electron microscope (FEI Company) operating at an acceleration voltage of 120 kV.
Images were taken at 30000× magnification (approximate dose of 13.6 electrons/Å2)
using an FEI Eagle 4k CCD (FEI Company) and SerialEM image acquisition
software.32a

5.2.6 Electrochemical Detection
All electrochemical measurements were performed on a CH1040C potentiostat (CH
Instruments, USA) with the three-electrode system (gold working, platinum counter and
silver reference electrode) on each screen-printed gold electrode. Differential pulse
voltammetric (DPV) responses were recorded at -0.3 V to 0.5 V with a pulse amplitude
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of 50 mV and a pulse width of 50 ms in 10 mM PBS solution containing 2.5mM
[K3Fe(CN)6] and 2.5mM [K4Fe(CN)6] electrolyte solution. 5 µL of miRNA-captured
samples (diluted in the 5X SSC buffer) was adsorbed onto the SPE-Au surface. Cyclic
voltammetry responses were recorded at -0.2 to 0.6 V with a scan rate of 100 mV/s in
10 mM PBS solution containing 2.5mM [K3Fe(CN)6] and 2.5mM [K4Fe(CN)6]
electrolyte solution. The electrodes were washed three times with PBS prior to DPV
measurements. Relative DPV current changes (i.e., %IRelative, percent difference of the
DPV signals generated for captured mRNA (ISample) with respect to the baseline current
(IBaseline)) due to the adsorption of mRNA were then determined by using following
equation
%I&'()*+,' =

%I.)/'(+0' − %I2)34('
× 100
%I.)/'(+0'

(1)

where iBaseline and iSample are current changes for bare electrode and electrode after
sample adsorption respectively.

5.2.7 qRT-PCR validation
MiScript reverse transcription kit (Qiagen, Hilden, NRW, Germany) was used for the
conversion of cDNA from RNA following the protocols as previously noted.28 The
cDNA samples were aliquoted at 30 ng/µL and stored at -20ºC until further use for RTqPCR analysis. The expression level of miRNA-21 was quantified using RT-qPCR. The
reaction mixture was in a total volume of 10 µL comprising 5.0 µL of 2XSensiMix
SYBR No-ROX master mix (Bioline, London, UK), 1.0 µL each of 1.0 µmole/µL
primer, 1.0 µL of cDNA (30 ng/µL) and 2.0 µL of Nuclease-free water. Thermal
cycling was initiated with a first denaturation step at 95°C for 10 min followed by 40
cycles of 95°C for 15 s (denaturation), 55°C for 30 s (annealing), and 72°C for 30 s
(extension). The expression levels of miRNA-21 were normalized using the endogenous
reference gene, RNU6(Qiagen), which was amplified in the same run and following the
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same procedure described above. Assays were accomplished in triplicate to verify the
results and a non-template control was included in all the experiments. MiRNA-21
expression analysis was achieved as previously described.32b

5.3 Results and discussions
Our assay for electrochemical detection of exosomal miRNAs is schematically depicted
in Fig. 5.1. The assay involves following steps: (i) exosome extraction from cancer cell
lines and serum samples, (ii) isolation of exosomal miRNA, (iii) magnetic capture of
target miRNA-21, (iv) heat release of captured miRNA, (v) direct adsorption of
exosomal miRNA onto Au-SPE. Exosomes isolated from cancer cell lines/ serum
samples were initially characterized with cryo-transmission electron microscopy (TEM)
which confirmed the presence of double-walled lipid membrane layers in the vesicles
(Fig.5.2). Upon characterization, a pool of miRNAs was extracted from exosomes.
Target miRNA was captured by hybridization with biotinylated complementary probes
attached to streptavidin-coated magnetic beads through biotin-streptavidin interaction.
Captured miRNA targets were magnetically purified and released from the capture
probes through heating. Finally, the released miRNAs were adsorbed onto the bare gold
surface of screen-printed electrodes. The level of adsorbed miRNA was detected
electrochemically by measuring the interfacial electron transfer reaction of [Fe(CN)6]4/3-

redox system on the gold electrode surface. Previously, several electrochemistry-

based methods have been developed for nucleic acids detection.33,31b,24,34 Most of these
methods rely on hybridization of the target sequence with a surface bound receptor
probe and the use of the redox system (e.g., [Ru(NH3)6]3+/[Fe(CN)6]3-).35,36 Usually
[Fe(CN)6]3- redox system is coupled with [Ru(NH3)6]2+/3+ system to improve the assay
sensitivity. However it has also been shown that [Fe(CN)6]3 system alone can overcome
coulombic repulsion from negatively-charged RNA to access the electrode surface.37,38
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Fig.5.1. Schematic representation of the assay for the detection of exosomal miRNA-21 in
cancer serum samples. First, exosomal miRNAs have been isolated from serum samples,
which were collected from patients with colon cancer. Magnetic beads, pre-functionalized
with a capture probe have been used for a specific hybridization of target exosomal miRNAs.
Post-hybridization, the targets were magnetically purified and then heat realized from the
hybrid and their level was subsequently monitored by the direct adsorption onto SPE-Au via
RNA-gold affinity interaction followed by the differential pulse voltammetry (DPV) response
in the presence of [Fe(CN)6]4-/3- redox system.
Previously, Zhang and co-workers have shown that under the conditions where density
of DNA on the gold electrode surface is adequately low (partial blocking), ferricyanide
ions are able to overcome coulombic repulsion of negatively charged DNA and
approach the electrode surface for generating a detectable Faradaic current response.39
Faradaic current signal thus obtained is significantly lower in comparison with the
signal on a bare electrode and is proportional to the amount of adsorbed nucleotides.
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Recently, our group have shown that other nucleotides, including miRNA exploits the
same principle where the level of adsorbed miRNA correlates with the Faradaic signal
generated by the [Fe(CN)6]4-/3- system at the gold electrode.24,34,40

Fig.5.2. Cryo-TEM images of SW-48 cell derived exosomes confirming size and shape
of vesicles.
In order to achieve optimal analytical performance of the biosensor, as well as
maximize the signal/noise ratio, several parameters known to influence RNA-gold
adsorption kinetics, such as adsorption time and pH of the electrolyte solution were
carefully optimized. Optimization of incubation time is critical as longer incubation
times may lead to the saturation of electrode surface. We measured the change in
relative current at various time points (5, 10, 20, 25 and 30 min) after adsorption of 1.0
nM of synthetic miRNA-21 onto the electrode surface. Gradual increase in the relative
current change was observed with the increasing of incubation time. However, no
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significant change in current signal was seen after 20 mins of incubation, possibly
indicating the saturation of electrode surface. Thus, 20 min was chosen as optimum
incubation time with a maximum current response change of 60 % (data not shown).
Next, we estimated the effect of pH of electrolyte solution on the adsorption of target
miRNA using 5 different buffer pH (pH 3, 5, 7, 9, and 11). Among acidic, basic and
neutral pH range, a maximum current response change (%ir=50) was spotted at neutral
pH (pH 7.0). Increase of current response change level being was noticed with
increasing acidic pH up to pH 7 but thereafter decreased at even higher basic pH. These
results might be due to influence of miRNA stability (miRNA degradation) at the basic
pH and working electrode surface damage at lower pH. Moreover, these observations
indicate that pH of the buffer solution influence the competition between miRNA and
gold electrostatic forces. Thus, we selected pH 7.0 as an optimal pH for our bioassay.24
Additionally, as our assay relies on the electron transfer reaction of [Fe(CN)6]3-/4-, we
characterized our sensor via performing cyclic voltammetry (CV) of unmodified (bare)
and modified (subsequent absorption of target miRNA-21 on gold surface) SPE-Au. As
can be seen in the voltammogram (Fig.5.3), a well-defined cathodic and anodic peaks
for the [Fe(CN)6]3-system system were obtained at 95 mV and 185 mV (vs. Ag/AgCl) at
bare SPE-Au, where upon adsorption of miRNA onto the electrode surface, current was
reduced with less cathodic and anodic peak current and enhanced peak separation.
These CV responses could be explained by the fact that due to the coulombic repulsion
among the negatively charged [Fe(CN)6]3- with negatively charged

RNA strands,

[Fe(CN)6]3- molecules tend to repel out from the electrodes which hinders the electron
transfer process, thereby reducing the current response and increasing the peak
separation.
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Fig.5.3. Characterization of the gold screen printed electrodes Au-SPE (DRPC250BT).) Cyclic voltammogram (CV) obtained at unmodified (bare) and with target
miRNA-21 in the presence of PBS solution containing 2.5 mM [K3Fe(CN)6] and 2.5
mM [K4Fe(CN)6] electrolyte solution.
To evaluate the assay specificity, a set of control experiments under same conditions

Fig.5.4. Specificity of the assay. DPV current changes are corresponding to different
non-complementary miRNAs used as controls. Error bars represent the standard
deviation of three independent experiments (%RSD = <5.5%, n = 3).
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were performed. First, no-target/template (NoT) control experiment was carried out by
using PBS buffer instead of target miRNA sample. As expected, negligible current
response (%ir=4) was observed in the NoT control experiment. Further, the target
miRNA-21 sequence was replaced with an unrelated and non-complementary sequences
such as miRNA-107, miRNA-9-2, miRNA-338-3p (starting concentration 1nM) and the
resulting relative current response was compared with that obtained for same
concentration (1nM) of miRNA-21. As can be seen in Fig 5.4, %ir for noncomplementary miRNAs was only 9%, 6% and 6% respectively, which is
approximately 10-fold lower when compared to DPV response obtained for target
miRNA-21 with the same starting concentration. Notably, the DPV response obtained
from non-complementary targets were similar to the NoT control (%ir=6 vs %ir=4

Fig 5.5. Sensitivity of the assay. DPV current changes are corresponding to different
concentrations of miRNA-21. The inset shows the corresponding linear calibration plot.
Error bars represent the standard deviation of three independent experiments (%RSD =
<5.5%, n = 3).
respectively). These results demonstrated that our assay possess a good specificity for
the target miRNA-21. The sensitivity of the assay was determined by analyzing the
serially diluted synthetic miRNA-21 with designated concentration ranging from 1.0

138
pM to 10 nM. Increasing the amount of target miRNA-21 being adsorbed onto electrode
surface creates more coulombic repulsion of [Fe(CN)6]4-/3- during the interaction with
negatively charged miRNA. Consequently, it leads to lower Faradic current and higher
relative current response in comparison with bare electrode. Therefore, as can be seen
in Fig.5.5, an increment in relative DPV current change (%ir) was observed with
increasing concentration of target miRNA-21. Additionally, our assay showed good
reproducibility with <5.5% relative standard deviation (% RSD) of the measurements
for three independent experiments. The linear regression equation was estimated to be y
(% current response change, %ir) =15 (miRNA concentration) +1.4 (C) with a
correlation coefficient (R2) of 0.97. It has previously been shown that concentration
level of miRNA species in clinical samples ranges from 0.2 fM to 20 pM.41 Therefore
we believe that our assay with a LOD of 1pM could be an alternative tool for the
detection of exosomal miRNA from the clinically relevant analyte concentration.
To further demonstrate the applicability of our method in more complicated biological
systems, we applied our assay to total exosomal RNA isolated from cultured human cell
lines. High levels of miRNA-21 could be detected in exosomes obtained from all three
cancer cell lines (Fig.5.6). These findings are in good agreement with literature.42

Fig 5.6. DPV current changes corresponding to the different level of the exosomal
miRNA-21 present in breast (BT474), esophageal (HKESC1) and colon (SW-48)
cancer cell lines. Error bars represent the standard deviation of three independent
experiments (%RSD = <5.5%, n = 3).

139
Additionally, we analyzed miRNA-21 levels in eight serum samples derived from CRC
patients. One non-cancerous healthy serum sample (Healthy) was also included as a
control. As can be seen in Fig.5.7A, all eight cancerous samples showed about 40-80%
current response change as compared with a bare electrode which was significantly
higher compared to non-cancerous healthy sample. The obtained data indicated that
exosomal miRNA-21 are over expressed in all cancer samples.
Electrochemical detection data was further validated by qRT-PCR analysis. Using
specific primers, miRNA-21 expression was measured in cancerous samples as well as
healthy controls. miRNA expression level was performed as a fold change relative to a
housekeeping gene. As shown in Fig.5.7B qRT-PCR data is in good agreement with the
results obtained from our electrochemical detection platform demonstrating that our
assay is suitable for analyzing exosomal miRNA in cancer samples.

Fig 5.7. Clinical application of the assay. (A) DPV current changes are corresponding to
the different level of exosomal miRNA-21 derived from patients with colon cancer. (B)
Representative miRNA expression analysis data (fold change) of exosomal miRNA-21
present in samples from patients with colon cancer. Error bars represent the standard
deviation of three independent experiments.
Despite large number of biosensors that have been developed recently for
miRNA detection, clinical applicability of these platforms is downplayed by the fact
that they either require complex and tedious amplification processes, such as enzymatic
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polyadenylation or involve expensive biomaterials as well as time-consuming and
laborious procedures.24 Majority of these biosensors are constructed with multiple
complex fabrication steps where complicated chemistries underlying each recognition
and transduction layer of the sensor substantially complicate the assay design. For
example, an electrochemical platform for miRNA detection has recently been reported
by Li et al. where authors demonstrated 1 pM LOD, similar to our method. However
their approach requires modification of glassy carbon electrodes with multi-walled
carbon nanotubes (MWCNTs).43 This sensor fabrication step adds to the complexity and
cost of the procedure. Zhang and co-workers also reported an efficient miRNA
detection method using non-enzymatic amplification by the mismatched catalytic
hairpin assembly (CHA) and achieved an LOD of 1 pM.44 However, design flexibility
and connectivity of CHA amplifier circuits are relatively low.45 Furthermore, this
method used capture probes immobilized to the electrode surface.
In contrast, our assay offers several advantages. First, the use of exosomal miRNA
instead of naked cell-free circulating miRNA provides a high level of stability and
integrity to biological molecules. Thus, targeting exosomal miRNA may prove to be a
great advantage for the development of minimally invasive and reliable cancer
diagnostic and therapeutic approaches. Second, unlike many of the conventional
biosensors which are based on hybridization of target sequences to the surface bound
complementary receptor probes, our assay relies on the selective capture of target
miRNAs by magnetic bead- based intimate mixing, washing and purification steps.
Compared to the conventional way of capturing targets on two-dimensional electrode
surface, our three-dimensional diffusion of both RNA sequences and capture probes in a
microcentrifuge tube can thus drastically reduce the assay time, and avoid matrix effect
of complex biological samples allowing negligible non-specific interference. Third,
taking advantage of the gold- RNA affinity interaction, our assay employs the direct
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adsorption of captured target miRNA onto the electrode surface. This aids to avoid
tedious conjugation chemistries commonly involved in electrode surface modification
procedure. Moreover, by employing disposable and inexpensive screen-printed gold
electrodes (Au-SPE), our assay not only eliminates the use of electrochemical cells and
tedious cleaning steps associated with the conventional disk electrodes, it also offers a
major thrust towards decentralized miRNA analysis in point-of-care settings.

5.4 Conclusions
In conclusion, we have developed a simple, amplification-free method for
electrochemical detection of exosomal miRNA. Our method achieved a good analytical
performance ((i.e., reproducibility, % RSD = <5.5), sensitivity (LOD = 1 pM), dynamic
range (1 pM -100 nM)) in analyzing exosomal miRNA derived from various cancer cell
lines and a cohort of serum samples collected from colorectal adenocarcinoma patients.
The developed method offers several key advantages such as enhanced capture, reduced
assay time and matrix effect, as well as simplified and inexpensive device
manufacturing for point-of-care applications. This approach has potential implications
in cancer screening, predicting patient prognosis and therapeutic applications.
Moreover, through capture probe adaptation our method can be easily refashioned to
suit detection of a variety of exosomal biomarkers in diverse cancer types.
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Chapter 6: Avoiding pre-extraction step in exosome analysis:
A gold-loaded ferric oxide nanocubes based assay for
electrochemical and colorimetric detection of exosomes
Exosomes are nano-sized extracellular vesicles secreted from cells under both
physiological and pathological conditions. Recent evidences suggest that exosomes can
serve as a promising non-invasive cancer biomarker due to their abundance in various
body fluids. Current conventional techniques for exosome analysis are limited by the
requirement of pre-isolation steps of exosomes isolation, which involves the use of
expensive reagents, lengthy procedures, and sophisticated equipment. In this chapter,
we report a novel nanoparticle-based approach for the direct exosome isolation from
cell culture medium using gold-loaded nanoporous ferric oxide nanocubes followed by
the colorimetric identification and electrochemical quantification.

Our approach

enabled an excellent sensitivity for detection of BeWo (choriocarcinoma) cell-derived
exosomes (LoD = 103 exo/mL) with a relative standard deviation (%RSD) of < 5.5 %
for n=3. We believe that our highly sensitive, rapid and inexpensive assay could be
useful in detecting disease specific exosomes for clinical bioassays.
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6.1 Introduction
Exosomes are nanosized (30-150 nm) extracellular membrane vesicles of endocytic
origin which are secreted by most cells in culture.1 By carrying a unique set of DNAs,
RNAs, proteins and transmitting themselves from cell of origin to a recipient cell,
exosomes present the latest mode of cell-to-cell communication.2 Their availability in a
broad range of biological fluids such as blood, urine, and saliva, which makes exosomes
as a highly potential candidate for being a minimally invasive source of biomarker for a
variety of diseases.3 Exosomes are actively secreted by both healthy and cancerous cells
in vitro and recent studies indicate that higher levels of circulating exosomes are
associated with cancer or other disease pathology.4 Thus, accurate isolation and
detection of disease-specific exosomes has become a focus of interest for many
researchers.
Due to the low buoyant density and small size of exosomes, their isolation from
bodily fluids with subsequent detection is still challenging and effort-consuming.5,6
Current available technologies for exosome isolation, for example, differential
centrifugation and commercial isolation kits, usually require multiple preparation steps
including series of ultracentrifugation and incubation steps ranging from several hours
to overnight.7,8,9,10 Unlike centrifugation-based techniques, other exosome extraction
techniques such as ultrafiltration methods are much simpler and faster, and additionally
it does not require specialized and expensive equipment. Nevertheless, the use of filter
membranes often lead to loss of exosome population due to a trap of vesicles in the
filter’s pores.11 Recently, immunoaffinity isolation methods have been employed as an
efficient tool for isolating exosomes of a specific origin. However, the efficiency of the
method is mostly rely on antibody-exosome interaction; more attention should be given
for establishing specific and sensitive antibodies.12
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Over the past several decades, a plenty of methods have been used to detect exosomes
in biological fluids.12,13,14,15,16 In recent years, several electrochemistry-based sensors
have been developed for exosome detection. For instance, Doldan et al. developed an
electrochemical sandwich immunosensor for exosomes determination.17 They have
utilized α-CD9 antibody’s pre-coated gold electrodes for exosome capture with a further
HRP-conjugated

α-mouse

IgG

antibody.

Recently,

we

have

developed

an

electrochemical approach to quantify exosomes using quantum dot (QD)-functionalized
disease specific antibodies.18 Although these approaches are relatively sensitive,
however they are partially hampered by the requirements of expensive commercial kit
for exosome isolation, complex surface fabrication and necessity of target labelling for
signal generation and amplifications. Therefore, development of single-step isolation
and subsequent sensitive detection of exosomes is highly demanding.
With the advent of nanotechnology, engineered nanomaterials has gained enormous
interest in biomedical applications.19,20 Having superior electrical, optical and magnetic
properties, biocompatibility, and relative dimension to biomolecules; integration of
nanomaterilas in biosensing has greatly appealing.21 For instance, superparamagnetic
iron oxide (IO) nanomaterials have significantly been used in biosensing for magnetic
isolation of analyte from complex bio-matrix, immobilization of biomolecules and
signal generation for ultrasensitive detection. Additionally, it has been demonstrated
that IO-based nanoparticles (NPs) and composite materials possess an intrinsic
horseradish peroxidase (HRP)-mimicking activity toward the oxidation of common
chromogenic substances such as 3,3′,5,5′-tertamethylbenzidine (TMB which have
widely been utilized in biosensor application of many targets)22 More recently, we have
reported on a new class of gold-loaded ferric oxide nanocubes (hereafter refer to as AuNPFe2O3NC) that possess both electrocatalytic and peroxidase-like activities, providing
a cheaper alternative to the HRP enzyme.23,24 Additionally, due to the highly porous
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structure of the nanocubes, large amount of target biomolecules can be immobilized into
the nanocubes surface. These intrinsic properties of these NPs therefore, could be highly
potential for single step (direct) isolation of target exosome from complex cell culture
media as well as generating colorimetric and electrochemical signals for subsequent
exosome detection.
Herein we report a simple and robust colorimetric and electrochemical biosensor for the
direct exosome isolation and detection of exosomes using gold-loaded nanoporous
ferric

oxide

nanocubes.

In

this

approach,

we

initially

functionalized

the

superparamagnetic Au-NPFe2O3NC nanocubes with the CD-63 antibody and dispersed
into the cell culture media to capture the bulk exosome population. After magnetic
separation and purification, they were captured on the screen-printed extravidinmodified electrodes, pre-functionalized with placental alkaline phosphatase (PLAP)
antibodies. As Au-NPFe2O3NC nanocubes possess a peroxidase-like activity toward the
catalytic oxidation of TMB, in the presence of H2O2, a blue colour was generated
indicating the presence of exosomes in the immunocomplex. As TMB is
electrochemically active, the amperometric current generated by the TMB at bare
screen-printed gold electrode (SPE-Au) also quantifies the level of the target exosomes.
Our method achieved a high sensitivity down to 103 exosomes/mL and suitable for
direct isolation of exosome from the cell culture media.

6.2 Experimental section
6.2.1 Materials and instrumentations
Unless otherwise stated, the reagents and chemicals used for this study were of
analytical grade. CD63 and PLAP antibodies were purchased from Biolegend and
Abcam respectively. Bovine serum albumin (BSA) was used as a blocking agent and
purchased from Life Technologies (Australia). PBS solution (0.01M phosphate buffer,
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0.0027M potassium chloride and 0.137 M sodium chloride, pH 7.4 at 25 C) and TMB
o

were purchased from Sigma Life Science (Australia). Analytical grade H2O2, dimethyl
sulfoxide (DMSO), hydrochloric acid (HCl) were purchased from chem-supply
(Australia). Extravidin modified screen-printed carbon electrode (SPCE-XTR) (DRP110XTR) and screen-printed gold electrode (SPE-Au) (220BT) with three-electrode
system printed on a ceramic substrate were acquired from Dropsens (Spain). In the
three-electrode system of SPCE-XTR, working, counter and reference electrodes were
extravidin/carbon, carbon and silver-modified respectively, while SPE-Au was
comprised of gold working and auxiliary electrodes with Ag-modified reference
electrode. All chemical and reagent were used as received without additional
purification. Ultrapure DNase/RNase-free distilled water (Invitrogen, Australia) was
used throughout the experiments. All electrochemical measurements were carried out
with a CHI650 electrochemical workstation (CH instrument, USA). Au-NPFe2O3NC
nanocubes were sonicated with a controlled ultrasonic water bath (Soniclean, Australia)
before conducting the experiments. A DynaMag 2 magnetic separation rack from
Thermo Fisher Scientific (Australia) and microtube mixer from Eppendorf (Germany)
were also employed for magnetic washing and functionalization of nanocubes with
CD63 ab. All electrochemical measurements were carried out with a CHI650
electrochemical workstation (CH instrument, USA). Au-NPFe2O3NC nanocubes were
sonicated with a controlled ultrasonic water bath (Soniclean, Australia) before
conducting the experiments. A DynaMag 2 magnetic separation rack from Thermo
Fisher Scientific (Australia) and microtube mixer from Eppendorf (Germany) were also
employed for magnetic washing and functionalization of nanocubes with CD63 ab.
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6.2.2 Peroxidase-Mimetic Activity of Au−NPFe2O3NC
Unless otherwise stated, the peroxidase-like activity of Au−NPFe2O3NC was carried out
at room temperature using 5 µg of Au−NPFe2O3NC in 80 µL of reaction buffer [0.2 M
sodium acetate (NaAc), pH 3.5] in the presence of 800 µM freshly prepared TMB
(TMB dissolved in DMSO) and 700 mM H2O2. The formation of blue-colored solution
was monitored and measured in time scan mode at 652 using a spectrophotometer
(SpectraMax). The reaction was quenched by adding 2.0 µL of HCl. The end point of
the resultant yellow color product was measured using colorimetry (at 452 nm) and
chronoamperometry. The steady-state kinetic assays were carried out using standard
reaction condition (described above) by varying the concentration of H2O2 (0.01−1.1 M)
at a fixed concentration of TMB (800 µM) and vice versa for the varying the
concentration of TMB (0.01−1.0 mM) at 700 mM H2O2. The apparent kinetic
parameters were calculated by considering a typical enzyme catalytic reaction:

where E, S, ES, and P represent the enzyme, substrate, enzyme− substrate adduct, and
product, respectively. The Michaelis− Menten equation for the catalytic system is
expressed as follows:

V=

Vmax [ S ]
K m + [S ]

(2)

In this equation, V is the rate of substrate conversion to product, Vmax is the maximum
rate of conversion, which is attained when the active (catalytic) sites on the enzyme are
saturated with substrate, [S] is the substrate concentration, and Km is the MichaelisMenten constant (denotes the affinity of enzyme for the substrate), which is equivalent
to the substrate concentration at the conversion rate is half of Vmax. The rearrangement
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of Michaelis-Menten equation gives the Lineweaver–Burk equation, which was used to
determine enzyme kinetics terms Km and Vmax.

1 Km 1
1
=
+
V Vmax [S ] Vmax

(3)

6.2.3 Preparation of CD63/Au-NPFe2O3NC
CD63/Au-NPFe2O3NC was prepared following a published protocol with small
modifications.11 Briefly, 40 µL of nanocubes (1mg/mL) and 100 µL of PLAP antibody
(100ng/mL) antibody were mixed thoroughly for 2 min by pipetting. 4 µL of 0.5% PEG
was then added to the mixture and stirred in a microtube mixer for 30 min at room
temperature. To remove the excess (unbounded or loosely bounded) PLAP antibody, the
mixture was centrifuged at 13000×g RPM for 1 h. After the centrifugation, the liquid
was accurately discarded without touching the nanocatalysts on the bottom of the tube.
Subsequently, 50 µL PBS solution was then added to the residue and the sample was
placed on a magnetic separation rack and CD63/Au-NPFe2O3NC nanocatalysts was
magnetically separated. This washing was repeated for three times. The CD63/AuNPFe2O3NC nanocatalysts was finally resuspended in 50 µL PBS buffer containing 1.5
µL of 1% PEG. The conjugated nanocatalysts was stored at 4 oC for further experiment.

6.2.4 Direct exosome isolation with the subsequent detection
5.0 µL of freshly prepared CD63/Au-NPFe2O3NC was mixed with 100 µL of cell
culture medium (from BeWo cells) and incubated for 1h at room temperature allowing
exosomes to come to the nanocubes surface. After the magnetic washing, the
immunocomplex containing nanocubes with exosomes, was detected on the PLAPmodified SPCE XTR electrode. For the detection step, 5.0 µL (100 ng/mL) PLAP
antibody was incubated onto the electrode surface for 40 min. After the incubation, the
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electrode surface was washed with PBS three times followed by further incubation with
2% BSA solution (blocking agent) for 15 min. Finally, 50 µL of freshly prepared TMB
substrate solution (800 µM TMB, 700 mM H2O2 in 0.2 M NaAc buffer, pH-3.5) was
added and incubated for 30 min in dark. The color change was visually observed. For
quantitative measurements of the amount of oxidized TMB, 2.0 µL of stop solution (2.0
M HCl) was added and absorbance was recorded at 452 nm with the SpectraMax
spectrophotometer. For the electrochemical detection, 30 µL of the oxidized TMB
solution was pipetted onto another clean SPE-Au, and amperometric response (i-t) were
measured at 150 mV over 120 s. At least three replicates were measured for each
standard/sample. All measurements were performed at room temperature.

6.2.5 Determination of the surface area of the electrode
Cyclic voltammetry (CV) measurements were performed between -200 and 600 mV
unless stated otherwise. The effective areas of SPC-Au was determined by the
measurement of the peak current obtained as a function of scan rate under cyclic
voltammetric conditions for the one-electron reduction of [Fe(CN)6]3-/4- [2.5 mM in PBS
(0.5 M KCl)] and by using the Randles-Sevcik equation (1)25,
89 = 2.69×10> ×?

@

A ×BC

D

A ×EF

D

A

(1)

where, ip is the peak current (A), n is the number of electrons transferred (Fe3+ → Fe2+,
n = 1), A is the effective area of the electrode (cm2), D is the diffusion coefficient of
[Fe(CN)6]3- (taken to be 8.0 × 10-6 cm2s-1, C is the concentration (mol cm-3), ν is the
scan rate (Vs-1).
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6.3 Results and discussions

Fig.6.1. Schematic representation of the assay for direct exosome isolation and
detection from cell culture medium. Initially, Au-NPFe2O3NC were functionalised
with CD9 or CD63 antibody and then used for isolating bulk exosome populations
from BeWo (choriocarcinoma) cell culture media. After magnetic collection and
purification, exosomes-bound Au-NPFe2O3NCs were transferred to the surface of
the PLAP antibody-modified screen-printed electrode for disease-specific exosome
capture. The peroxidase-like activity of Au-NPFe2O3NC was then used to catalyse
the oxidation of 3,3′,5,5′- tertamethylbenzidine (TMB) in the presence of H2O2
indicating

the

presence

of

the

PLAP-specific

exosomes

in

the

Au-

NPFe2O3NC/CD9/exosomes/PLAP immunocomplexes.
Figure 6.1 schematically represents the steps involve in the assay. The assay can be
divided into two main steps. First, direct isolation of pool of exosomes from placental
choriocarcinoma cell (BeWo) culture media using in-house synthesized Au-Fe2O3NC.
For achieving this isolation, Au-NPFe2O3NC nanocubes were functionalized with the
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generic antibody CD63 followed by the dispersion into the cell culture medium. As the
CD63 is expressed on the surface of exosomes, CD63 antibody functionalized
nanocubes capture the total exosomes, thereby forming the nanocube-exosome
conjugate. The nanocube-exosome conjugate were then isolated and separated from
complex cell culture media using a permanent magnet. Second, an extravidin-modified
screen-printed carbon electrode was functionalized with biotinylated PLAP antibody
through well-established biotin-avidin interaction chemistry.
To avoid nonspecific adsorption of biomolecules, BSA was applied to block the
unreacted electrode sites. Finally, nanocube-exosome conjugate were applied onto the
PLAP modified SPCE XTR to specifically bind the PLAP specific exosomes. The
characterization of the sensor designs step has been tested using atomic force
microscopy (AFM) (Fig.6.2). The obtained data clearly show changes of the surface
morphology with the subsequent layer of biomolecules.

Fig. 6.2 Corresponding AFM 3D images of (A) extravidin-modified carbon electrode; (B)
SPCE-XTR/CD63/exosomes complex; (C) (B) SPCE-XTR/CD63/exosomes/ AuNPFe2O3NC conjugated complex.
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For generating target exosome specific signals, a freshly prepared TMB/H2O2
solution was added onto electrode surface.

Fig.6.3 Mean values of (A) current density and (B) absorbance for the negative and
positive control samples (insets in panels (A) and (B) are the corresponding photos for the
i−t curves and naked-eye evaluation, respectively)
To assess the peroxidase mimicking activity of nanocube, we have performed a set of
control experiments. In the positive test sample, nanucbes were incubated with the
freshly prepared TMB substrate solution, while negative control do not possess
nanocubes. Both samples were incubated in the dark for 10 minutes. We observed have
a clear blue-colored solution for the positive sample, while the negative sample was
colorless. As shown in Fig.3B, the absorbance value for the positive sample is
approximately 18 times higher than that of the negative control (0.95 versus 0.057).
After addition of acid solution, the blue-colored complex turned yellow, resulting in a
stable electroactive product. The amperometric quantification of the resultant solution
gave very similar trend like colorimetry. As can be seen in Fig. 6.3A, the amperometric
signals for positive and negative sample were 87.61 µA cm−2 and 5.02 µA cm−2
respectively. In order to achieve the optimal peroxidase-like activity, we optimized the
pH of buffer solution used for preparing TMB substrate solution and the amount of
nanocubes. Our results suggest that among the investigated pH values, the highest
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responses both in colorimetry and amperometric readouts has been obtained at pH 2.5
(Fig.6.4i and 6.4ii). However, as the iron could be leached from the nanocubes in the
solution pH <3,7 we selected pH 3.5 as the optimal pH for our further experiments. As
can be seen in Fig.6.4iii and 6.4iv, 5, 10, and 20 µg of nanocubes produced almost
similar responses both in colorimetry and amperometric readouts, and therefore we
chose 5 µg as the optimal nanocube amount for our further experiments.
To determine the steady-state kinetics of peroxidase mimetics, we have conducted the
experiment by varying the concentration of TMB (0.01-1.0 mM) and H2O2 (0.01 – 1.1
M) by keeping the concentration of H2O2 (700 mM) and TMB (800 µM) respectively.
The Km and Vmax were calculated using Lineweaver−Burk and Michaelis−Menten
equestions. As shown from the Fig.6.5, the Km value for TMB and H2O2 were found to

Fig.6.4 Optimization of the pH and nanocube concentration for the peroxidase-like
activity of Au-NPFe2O3NC nanocubes. Mean values of current density (i and iii) and
absorbance (ii, iv) at designated pH (i and ii) of NaAc buffer solution and amount of
nanocubes (iii and iv). The concentration of TMB and H2O2 were 800 µM and 700 mM
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be 0.0429 and 138.5 mM respectively, which is much higher than recently reported
nanoparticles (see in Table 6.1).

Vmax/10-8 M s-1

Catalyst

Substrate

Au-

TMB

0.0429

5.882

NPFe2O3NC

H2O2

138.5

4.770

HRP

TMB

0.434b

10

H2O2

3.70

8.71

TMB
H2O2

0.098

3.44
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9.78

TMB

0.147

4.11

Fe3O4

Fe3O4@Pt

ZnFe2O4

H2O2

702.6

71.36

TMB
H2O2

0.85

13.31

1.66

7.74

0.037

6.27

140.07

12.1

MNPs
Co3O4 NPs

Km / mM

TMB
H2O2

Temperature

References

25 °C

Our study

40 °C

22

40 °C

22

40 °C

26

40 °C

27

40 °C

28

Table 1. The comparison of the kinetic parameters of Au-NPFe2O3NC and reported
nanomaterials
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Fig.6.5 Analysis of the steady-state kinetics using Michaelis-Menten model (main
panel) and Lineweaver-Burk model (inset panel) for the Au-NPFe2O3NC nanocubes by
varying concentration of (i) H2O2 (0.01 to 1.1 M) and (ii) TMB (0.01 to 1.0 mM) with
fixed amount of (i) TMB (800 µM) and (ii) H2O2 (700 mM).

Fig.6.6 Mean responses of (A) current density and (B) absorbance obtained for the
assay with one positive (presence of disease-specific exosome in the cell culture
medium) with three negative control samples (no target represents PBS instead of
relevant cell culture medium; negative control represents the usage of non-PLAP
specific cell culture medium; and no abs represents no CD63/ Au-NPFe2O3NC. Insets,
corresponding photos for (A) i-t curves and (B) the naked eye evaluation.
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To check the assay specificity and functionality of our assay, we have conducted a set of
control experiments. In positive control experiments, CD63-functionalized Au-NPFe2O3
nanocubes were initially incubated in the cell culture medium collected from BeWo
cells culture, and then subsequently sub-populated by PLAP antibody immobilized onto
the extravidin-modified electrode. As shown in Fig.6.6A a significant amperometric
signal response (35 µA cm-2) was obtained for the placental choricarcinoma-derived
exosomes. In a negative control, the cell culture medium collected from culturing BeWo
cells have been replaced with the medium derived from MND (motor neuron disease)
cell line. Since PLAP is placental antibody and not specific to the motor neuron disease,
we obtained a significantly low amperometric response (2 versus 36 µA cm-2) in
comparison with the positive control.In another control experiments, no-target (NoT)
control experiment was performed by using PBS buffer instead of BeWo-derived cell
culture medium. As expected, a low current response (1.2 µA cm-2) was obtained for
no-target control experiment. Control experiment without CD63/ Au-NPFe2O3 NC
nanocatalysts resulted in a negligible amperometric response (1 µA cm-2).
Due to the absence of nanocatalysts in the system, TMB oxidation reaction did not
happen, therefore giving a negligible amperometric response. Interestingly, very similar
trends have been observed for colometric evaluation of the control studies. As shown in
Fig 6.6B, the positive sample gave an intense blue color, while the negative controls
remained colorless. A 25-times higher absorbance value was observed for the positive
sample in a comparison with the three negative controls.
To determine the assay sensitivity, a designated concentration of exosomes (103–107
exosomes per mL) of placental choricarcinoma (BeWo) cell line sample was prepared
by serial dilution. As recent studies in the field suggests that cancerous cells secrete
higher number of exosomes compare to the healthy cells and additionally the exosome
amount may be varied compare to the cancer stage, highly sensitive platforms are
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required. Prior the experiment, exosome have been extracted from cell lines using a
commercially available kit ‘Total Exosome Isolation Kit’ from Invitrogen. As shown in
Fig. 6.7 the current densities were increased with the increasing concentration of target
exosome. As higher amount of target exosome attributed to the higher amount of
nanocatalysts present in the system that subsequently increase the nanocatalystsmediated oxidation of TMB and results in the signal enhancement. The linear regression
equation was found y (µA cm-2) =7.765x - 2.225, with a correlation coefficient (R2) of
0.98. The similar trend has been observed in the colorimetric readout. As shown in
Fig.6.7 the absorbance value was increased linearly with increasing the exosome
concentration, and the linear regression equation was found to be y =0.094x + 0.002
with a correlation coefficient (R2) of 0.97. The relative standard deviation (% RSD) of
three independent measurements for both electrochemical and colorimetric readouts
showed a good reproducibility of < 6%, suggesting the good reproducibility of our
platform. Importantly, the developed biosensor achieved a high sensitivity and was able
to detect 100 exo/mL. This detection limit is better in comparison with the conventional
techniques such as ELISA (103 exo/mL versus 107exo/uL). Moreover, our approach is
significantly sensitive compare to previously reported electrochemical platforms for
exosome detection. Previously we published a sensitive QD-based electrochemical
approach for sensitive exosome detection in cancer serum sample, however the sensitive
of current assay is 10000 times higher (102 exo/µL versus 103 exo/mL) in comparison
with our previous assay.29 Additionally our assay is more sensitive compare to
conventional techniques such as NTA (nanoparticle tracking analysis) or qNano (103
exo/mL versus 100 exo/µL).
Finally, we challenged our assay for direct isolation of disease- specific exosome from
cell culture media and subsequent colorimetric and electrochemical detection. In this set
of experiments, Au-NPFe2O3 nanocubes, pre-functionalized with generic antibody CD-
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63, have been dispersed into the placental choriocarcinoma cell culture media followed
up by the further recognition and detection with placental antibody (PLAP). To achieve
optimal analytical performance of our method, incubation time was optimized. As
interaction between CD63/Au-NPFe2O3 nanocubes and exosomes in cell culture media
is one of the critical steps for efficient exosome capture in our assay design, we
performed our assay at various incubation time ( 20, 30, 45 min and 1, 4 h). Gradual
increase in the current response was observed with the increasing of incubation time in t
he range between 20 min and 4 h. However, we observed a slight difference in the
current response between 1 h and 4h (34 versus 39 µA cm-2). Thus, we selected 1h as an
optimal time in our assay for direct isolation of exosomes from cell culture media (Fig.
6.8).

Fig. 6.8 Optimization of the exosome capture step. (A) Current density and (B)
absorbance at designated incubation time. Error bars represent the standard deviation of
measurements (% RSD = < 5%, for n = 3).
We then performed a set of experiments to compare our novel assay for exosome
isolation and detection with the commercial exosomal kit ‘Total exosome isolation
reagent’ from Invitrogen. (Fig. 6.9). In first experiment, CD63-pre-functionalized AuNPFe2O3 nanocubes have been mixed with the cell culture medium and further detected
with placental antibody (PLAP). In next experiment, the exosomes have been extracted
from BeWo cell -derived cell culture medium using ‘Total exosome isolation reagent’
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from Invitrogen. After exosome isolation using the kit, Au-NPFe2O3 nanocubes, prefunctionalized with generic antibody CD-63, have been incubated with extracted
exosomes and next detected with the PLAP antibody. We obtained similar colorimetric
and amperometric responses for both experiments (33 versus 35 µA cm

-2

). In the

commercial kit based exosome isolation, a numbers of laborious and time consuming
steps involved, such as centrifugation, overnight incubation followed by further
centrifugation. The kit is itself expensive and required time-consuming steps, while our
nanocube based isolation and detection is required much less time and inexpensive
nanocubes. In comparison with other optical and electrochemical techniques, it’s shows
higher potentiality with high specificity and sensitivity. We envisage that our assay
could replace expensive kit based isolation, tedious and time consuming detection and
give an easy, inexpensive platform for exosome analysis in clinics.

6.4 Conclusions
In conclusion, we have developed a new electrochemical platform for a direct exosome
isolation and detection from complex cell culture medium using gold-loaded
nanoporous ferric oxide nanocubes. Our approach achieved a great analytical
performance and enabled to detect 103 exo/mL with a relative standard deviation (RSD)
of < 5.5 % (n=3). Due to the peroxidase-like activity of the nanocubes, we also adapted
the assay to the colorimetric readout with the similar analytical performance. Our assay
offers several unique advantages in comparison with the existing approaches (i) due to
the paramagnetic properties of the nanocubes, they provide an intimate mixing and
purification, which enhances the assay performance by reducing non-specific targets
from immunocomplex; (ii) due to the highly porous framework of the gold-loaded
nanocubes, higher amount of biomolecules can be immobilized onto the cubes surface;
(iii) as nanocubes possess both peroxidase-mimetics and electrocatalytic activities, they
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can be used as inexpensive alternative to the HRP enzyme in developing biosensing
platform with electrochemical and colorimetric readouts. We believe our approach a
high potential to be an alternative tool for cancer detection in clinical settings.
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Chapter 7
Conclusions
The overall focus of this PhD thesis was to develop a simple and inexpensive platform
for the detection of clinically relevant exosomes and exosomal biomarkers. The thesis
represents various electrochemical biosensing platforms enable to detect diseasespecific exosomes and exosomal miRNA in clinical samples with high sensitivity and
specificity. Chapter 1 provides background and highlights the motivation, main
objectives and goals for the research work. Chapter 2 represents an extensive and
critical literature review focusing on the significance, and potential role of exosomes as
biomarkers and therapeutics and providing an overview of the up-to-date developments
in exosome analysis techniques including conventional methods as well as
electrochemistry-based approaches. This chapter also describes the major biological and
technical challenges of existing techniques for exosome isolation and detection. Chapter
3 represents an electrochemical detection method for direct quantification of the
disease-specific exosomes present in cell culture media using extravidin-modified
commercially available screen-printed electrodes. Chapter 4 reports on the highly
sensitive, stripping voltametric immunoassay for the electrochemical detection of
disease-specific exosomes using quantum dots as signal amplifiers. Chapter 5 reports on
the electrochemical approach for detection of cancer-derived exosomal miRNAs in
human serum samples. Chapter 6 represents a novel nanoparticle-based approach for
direct exosome isolation using gold-loaded nanoporous ferric oxide nanocubes followed
by the electrochemical and colorimetric detection from cell culture medium.
In brief, the thesis describes the design and development of four novel biosensing
platforms for the rapid, simple and inexpensive analysis of disease-specific exosomes.
Taking into account recent proofs of high potentiality of exosomes as cancer
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biomarkers, initially leveraging the advantages of screen-printed electrodes and
electrochemical readout, we developed an expensive and simple proof-of-concept
electrochemical approach for detecting breast cancer cell-derived exosomes in bulk
exosomes population. This assay has a two-step design, where bulk exosome
populations are initially captured by using a generic antibody CD9, and then the
subsequent detection of the cancer-specific exosomes within the captured exosomes was
carried out by using a breast cancer-specific antibody HER2. The major advantage of
current assay is that all the conjugation steps are performed on a single extravidinmodified electrode, which makes the fabrication steps easy and consumes less sample
volume. Further we were targeting to address two main improvement for the next assay
development: increase the assay sensitive and specificity. In this regard, we developed a
platform for the electrochemical detection of disease-specific exosomes in serum
samples collected from patients with colorectal adenocarcinoma using quantum dots.
Due to the signal amplification capability of quantum dots we achieved a high
sensitivity of our assay and our approach is enable to detect 100 exosomes per µL. The
usage of magnetic beads for washing and isolation steps removes the non-specific target
from the immunocomplex and results in a higher assay specificity.
Apart from exosome themselves, exosomal miRNAs also have been shown an
enormous potential as candidate biomarkers. Exosomal packaging confers a remarkable
degree of nuclease resistance to miRNAs thus highlighting the utility of exosomes for
developing miRNA based liquid biopsy biomarkers for cancer detection and
management. Therefore, we developed an electrochemical approach for the detection of
cancer-derived exosomal miRNAs by selectively isolating the target miRNA using
magnetic beads pre-functionalized with the specific capture probes. The isolated targets
were then directly adsorbed onto a gold electrode surface for electrochemical
quantification. Unlike other methods, our approach does not require an enzymatic
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amplification and electrode modification steps, nevertheless provides a high sensitivity
of 1 pM.
As one of the major challenges in the exosome research is an easy and efficient
exosome isolation, the main goal of our final assay was to develop a method not only
for a sensitive detection, but which enable to isolate exosome from complex biological
fluids avoiding the kit-based pre-extraction steps. To achieve this goal novel
nanoporous Au—NPFe2O3NC nanocubes have been synthesized and characterised.
Exploiting the advantages of nanocubes such as supermagnetism, high surface loading
capability of the porous framework and high electrocatalytic and peroxidase-like
activity, we developed a rapid platform for exosome isolation with the subsequent
detection directly from cell culture medium. The approach compromise both
electrochemical (amperometric) and colorimetric (naked-eye) readout strategies and was
enable first to isolate the bulk exosome population and then specifically detect
choriocarcinoma-derived exosomes. The naked-eye evaluation of the exosome presence
holds huge potential for the development of a user-friendly and inexpensive bioassay in
resource-limited settings, where sophisticated scientific equipment is unavailable. The
use of Au—NPFe2O3NC nanocubes was an inexpensive alternative to the HRP enzyme,
which makes the assay relatively cost-effective.
Despite progressive advances in the field, due to the biological and technical challenges,
up to the date, none of the existing methods for exosome detection are a one-size-fits-all
model. One of the major challenges in the exosome detection is a lack of the methods,
which could discriminate between disease-derived exosomes and exosomes present in
the healthy individuals. Although recent studies suggest that cancerous cells secrete
higher number of exosomes in comparison with normal cells, nevertheless, due to
different factors such as age, gender, body mass index, and immunity, this amount can
be varied from person to person. Thus, more attention should be given on choosing an
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ideal matched control for heterogeneous samples considering all the factors.
Additionally, for translating the newly developed platform into the clinical settings, all
the methods should be analysed in a large cohort of patient samples for their robustness,
accuracy, and selectivity. Since cancer is a complex disease, for developing new
platforms for cancer-specific exosome detection, the importance should be given on
establishing sensitive biomarkers for efficient exosome capture. A group of biomarkers
would provide higher specificity and help to avoid risk of false positive responses. We
hope that, current effort toward the development of high-performance exosome
detection techniques will result in an ideal next-generation platform that can be
routinely used for exosome analysis for both research and clinical purposes.

