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Detection and isolation of circulating exosomes
and microvesicles for cancer monitoring and
diagnostics using micro-/nano-based devices
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In the last several years, nanoscale vesicles that originate from tumor cells and which can be found circulating

in the blood (i.e. exosomes and microvesicles) have been discovered to contain a wealth of proteomic and

genetic information to monitor cancer progression, metastasis, and drug efficacy. However, the use of exo-
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somes and microvesicles as biomarkers to improve patient care has been limited by their small size (30 nm-—
1 pm) and the extensive sample preparation required for their isolation and measurement. In this Critical Review,
we explore the emerging use of micro and nano-technology to isolate and detect exosomes and microvesicles
in clinical samples and the application of this technology to the monitoring and diagnosis of cancer.

Introduction

Cancer is often localized in difficult to access parts of the
body, such as in the brain, ovaries, or pancreas, making
measurements of molecular biomarkers on tumor -cells
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impractical for routine clinical monitoring or for disease diag-
nostics." In the last several years, nanoscale exosomes (30 nm-
100 nm) and microvesicles (100 nm to 1 pm), which originate
from tumor cells and can be found circulating in the blood,
have been discovered to contain a wealth of proteomic and
genetic information for disease diagnostics as well as the
monitoring of cancer progression, metastasis, and drug
efficacy.” Unfortunately, establishing the clinical utility of exo-
somes and microvesicles as biomarkers to improve patient
care has been limited by fundamental technical challenges
that stem from their small size and the extensive sample
preparation required prior to measurement. The scarcity of
tumor-derived exosomes and microvesicles relative to those
originating from healthy cells, their overlap in size with other
nanoscale objects (e.g. protein aggregates, cell debris) present
in clinical samples, and the short half-life of protein surface-
markers once removed from the body further complicate these
measurements.’

Platforms that use microscale structures (e.g. microfluidics),
where dimensions are designed to match those of cells, have
been used with great success to selectively and sensitively
sort*® and detect® ** cells. It is challenging, however, to trans-
late these approaches to the nanoscale sizes optimal for the
sorting and detection of microvesicles and exosomes, due to
the expense of nanolithography, the inherently low throughput
and susceptibility to clogging of nanoscale fluid channels, and
the unfavorably strong scaling of many of the forces used to
sort objects in microfluidics as they become nanoscale.

In this manuscript, we will review the current state of the
art in using micro and nano-devices to isolate and detect exo-
somes and microvesicles and we will share our vision for the
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future translational and clinical relevance of this rapidly
growing field.

What are exosomes? What are microvesicles? What’s the
difference?

Exosomes are 30-100 nm vesicles released during fusion of the
multivesicular endosomes (MVEs) with the plasma
membrane."?(Fig. 1a) These nanoscale membrane bound vesi-
cles carry specific surface markers that are representative of
their cells of origin, including surface proteins and nucleic
acids, such as micro RNA (miRNA), messenger RNA (mRNA),
and DNA.""" Due to their endosomal origins, exosomes tend
to be enriched for proteins related to transport and fusion
(e.g. flotillin, caveolin-1), tetraspanins (e.g. CD63, CD9, CD81),
heat shock proteins (e.g. Hsp90), and lipid-related
proteins.'®(Fig. 1b) To date, 4500 proteins have been
measured in exosomes, many of which have been found to
serve a role in intercellular communication.'® In addition to
proteins, exosomes have been found to contain a greater
amount of cholesterol, sphingomyelin, and hexosylceramides
and a lesser amount of phosphatidylethanolamine and phos-
phatidylcholine than found in the cellular membrane.*®

In addition to proteins and lipids, exosomes have also been
found to contain nucleic acids such as miRNA and mRNA,* as
well as double stranded DNA.'> Most of the RNAs found
within exosomes are 20-200 base-pairs in length, including
full-length miRNA and tRNA, and fragments of mRNA and
rRNA." Different RNA isolation methods have resulted in
inconsistent reports as to both the total quantity of exosomal
RNA and the relative quantity of RNA types, and as such a
detailed accounting of the nucleic acid cargo remains an open
question.*®

In contrast to exosomes, which originate from endosomes,
microvesicles are fragments of plasma membrane which range
in size from 100 nm to 1 pm.(Fig. 1a) The origins of microvesi-
cles are diverse and include budding of microvesicles directly
from the plasma membrane and blebbing of apoptotic bodies
during cell death.?® In the literature, there has been some con-
fusion over the definition of exosomes versus microvesicles,
and they have sometimes been used interchangeably.'® As it
stands, there are not satisfactory detection or isolation tech-
niques that discriminate microvesicles versus exosomes. There-
fore, it is currently not possible to accurately describe their
differences in cargo. Professor Suresh Mathivanan from the La
Trobe Institute for Molecular Science in Australia has created a
valuable online resource that catalogs the cargo of exosomes
and microvesicles from various origins, with the database
including lipids, proteins, and RNAs (http://www.exocarta.org).

Circulating exosomes and microvesicles as diagnostic
biomarkers

The sparse molecular markers that are shed from tumor cells
into peripheral circulation have great potential for routine
clinical monitoring of the molecular state of difficult to access
tumor sites.”' These markers, including soluble proteins, cell-
free DNA, circulating tumor cells (CTCs), and circulating

This journal is © The Royal Society of Chemistry 2015
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Fig. 1 a. The biogenesis of exosomes and microvesicles from cells. b. A schematic showing the contents of exosomes and microvesicles. c. A
cartoon showing where circulating exosomes and microvesicles can be found in non-invasively obtainable clinical samples.

Table 1 Comparison of soluble proteins, cell-free DNA, circulating
tumor cells (CTCs), and circulating exosomes and microvesicles for non-
invasive cancer monitoring

Occurence
Markers Size (7.5 mL blood) Cargo
Soluble proteins ~5 nm 100 fM (10" NA

molecules)
Cell free DNA 200 base 100 copies NA

pairs

Circulating 5-30 pm  0-1000+ cells Proteins nucleic
tumor cells acid
Exosomes/ 30 nm- 10° exosomes or Proteins and
microvesicles 1 pm microvesicles nucleic acid from

mother cell

microvesicles and exosomes (Table 1) have been shown to
contain valuable information on the molecular state of a
cancer.*>*?

Engineers have devised many ingenious strategies to isolate
and measure both rare CTCs"*>®*° and sparse soluble proteins
in blood.>**” However, fundamental limitations of these
detection modalities impede their clinical application. CTCs
are limited by their extremely sparse concentrations in blood
(0-1000 + CTC in 7.5 mL of blood), resulting in long run-
times, excessive consumption of valuable clinical samples, and
Poisson counting error.”® The detection of soluble protein
based biomarkers, such as prostate specific antigen (PSA)
in prostate cancer, has been limited by issues of specificity.
Because the biogenesis of soluble protein found in blood
cannot be determined, diagnostics based on protein detection
suffer from high false-positive rates.>*°

This journal is © The Royal Society of Chemistry 2015

Isolation of intact CTCs offers the promise of combining
phenotypic characterization with molecular analysis of
extracted nucleic acids. However, CTCs can be difficult to
detect using existing platforms, especially in the setting of
minimal residual disease or early-stage cancer.”’*> The FDA-
approved CellSearch device has had limited sensitivity in dis-
eases such as melanoma, pancreatic, and ovarian cancer,*"*?
even in the context of advanced or metastatic disease. In con-
trast, exosomes have been readily detectable in early- and late-
stage pancreatic cancer,>>* melanoma,*® glioblastoma,*® and
other cancers for which CTC isolation is currently difficult or
impossible.

Cell-free DNA (cfDNA), which consists of fragments of DNA
emitted into the bloodstream by dying cancer cells, has shown
great promise in recent years as an alternative biomarker to
soluble proteins or CTCs.*” There are somatic mutations only
present in tumor cell DNA, which provide a highly specific bio-
marker that can be specifically detected using quantitative
PCR or next-generation sequencing. It was recently demon-
strated by Luis Diaz’s group that these DNA fragments can be
used for diagnostics and drug-resistance screening.*® In con-
trast with CTCs, cfDNA is relatively easy to isolate and
sequence, and can be readily detected in patients with many
different types of cancer.’® However, there is evidence that
c¢fDNA may better reflect the nucleic acid complement of dying
or apoptotic cells®® rather than viable solid tumor cells
or CTCs.

Early studies on exosomes and microvesicles show them to
have great potential as an accessible biomarker for cancer
detection and monitoring.>****°™** Microvesicles and exo-
somes are remarkably stable in circulation and have been
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found in blood, urine, saliva, breast milk, semen, ascites fluid,
amniotic fluid, and cerebrospinal fluid.'® (Fig. 1c) Exosomes
offer many of the benefits of CTCs: they are discrete units, con-
taining multiple molecular markers that indicate their cellular
origin and provide a rich proteomic and genetic profile of
the cell. However, unlike CTCs, exosomes are present in the
circulation in quantities more similar to soluble proteins
(~10° mL™" compared to ~0-100 mL™" for CTCs).***

The clinical value of exosomes and microvesicles

The clinical value of tumor derived exosomes and microvesi-
cles can be considered either by themselves or in combination
with other “liquid biopsy” assays, including CTC, cfDNA, and
soluble proteins. In making this consideration, it is worth
noting that the relative importance of these liquid biopsies in
the clinic is a matter of ongoing debate.*"*

Exosomal contents, including nucleic acids and proteins,
are thought to be representative of the cell of origin, and thus
can be interrogated for the purposes of targeting therapy and
monitoring response to treatment. An important aspect of
personalized medicine is the detection of genetic variants that
can be treated with targeted therapeutic agents, either as
mono-therapy or together with chemotherapeutic agents. For
instance, driver mutations, such as BRAF V600E in melanoma,
EGFR L858R in lung cancer, and HER2 amplification in breast
cancer can all be treated with targeted pharmaceutical agents.
Recently, Thakur and colleagues reported the specific detec-
tion of the BRAF V600OE mutation in melanoma exosomes, and
the EGFR L858R and T790M mutations in lung cancer exo-
somes, while another group was able to detect gene amplifica-
tion in exosomal DNA.*” Taken together, these experiments
suggest the potential for the development of exosome-based
genotyping to guide therapy selection when CTCs or cfDNA are
undetectable.

The abundance of detectable exosomes, and their nucleic
acid payloads, may also be relevant for the early detection of
molecular resistance to targeted therapy. CTCs and cfDNA are
often undetectable for patients who have undergone multiple
rounds of therapy, and repeat surgical access to tumor is not
typically warranted nor well-tolerated by the patient.*® There-
fore, the expression of mutations such as EGFR T790M in non-
small cell lung cancer®® and ALK F1174L in neuroblastoma,
which confer resistance to their respective targeted therapies,
may go unnoticed. Importantly, such clinically relevant
exosome-based DNA analysis will also likely be possible using
biosamples besides whole blood. Tumor-derived exosomes
have been isolated from lung pleural effusions,>® ascites,”* and
bladder cancer urine,>® suggesting additional non-invasively
accessible sources of tumor exosomes to guide therapeutic
decision making.

Perhaps the most promising area for the clinical use of exo-
somes is for detection and monitoring of early stage disease.
It is thought that if cancers such as pancreatic and ovarian
could be detected before the advanced stage at which most
patients are initially diagnosed, that significant improvements
in the dismal survival rates of these diseases might be

Analyst

View Article Online

Analyst
achievable.>*® While current approaches for CTC isolation
and variant detection in cfDNA are fairly sensitive in patients
with advanced or metastatic disease, it is an open question in
the field as to whether current assays can achieve the sensi-
tivity necessary for early detection of or even screening for
cancer. In contrast, multiple investigators have recently
reported not only readily detectable tumor exosomes in early
stage pancreatic and other cancers, but also the presence
of protein markers associated with disease progression. In one
study of Stage I pancreatic ductal adenoma cancer (PDAC)
patients, higher levels of exosome-resident macrophage
migration inhibitory factor (MIF) were found to predict an
increased risk of the eventual development of liver meta-
stasis.*® Intriguingly, this group also showed in a PDAC mouse
model, that MIF blockade could prevent liver metastasis,
suggesting that tumor exosome contents may prove to be clini-
cally relevant for both prognosis as well as the development of
novel targeted therapies. Using mass spectrometry to assess
the protein cargo of early stage pancreatic cancer exosomes,
Melo and colleagues recently identified glypican-1 (GPC1) as
a cell surface marker highly expressed on tumor-derived
exosomes.>® By evaluating exosomes from the serum of cancer-
bearing mice and humans, they were able to show that
numbers of GPC1+ exosomes correlated with tumor burden
and survival. These results suggest that, just as CTC counts
and the allelic fraction of variants detected in cell-free DNA
have been shown to correlate with tumor volume, exosomes
can also function as a tumor volume surrogate for real-time
monitoring of response to therapy. Finally, and perhaps the
most exciting result reported by this team, was the finding that
measurement of GPC1+ exosomes could distinguish between
patients with a precursor form of pancreatic cancer, intra-
ductal papillary mucinous neoplasm (IPMN) and healthy
donors.*® Further development of these assays could, there-
fore, lead to highly sensitive screening tests to identify one of
the earliest, and most treatable forms, of one of the most
lethal cancers.

Isolation of exosomes and microvesicles

In this section, we discuss conventional isolation of exosomes
and microvesicles and new approaches that use micro- and
nano-based devices to improve performance. The advantages
and disadvantages of the isolation techniques that we high-
light are summarized in Table 2.

Background: conventional isolation techniques

Ultracentrifugation. Conventional exosome isolation tech-
niques separate exosomes and microvesicles based on their
size and buoyant density. In the most common separation
technique, differential centrifugation, exosomes and micro-
vesicles are isolated using a sequence of centrifugation steps.
In the first step, 1000g centrifugation is used to remove all
objects larger than exosomes and microvesicles, including
dead cells and cell debris with a diameter larger than 1 um.
Next, ultracentrifugation at > 100 000g is used to pellet exo-
somes from the remaining supernatant.”” Centrifugation is

This journal is © The Royal Society of Chemistry 2015
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Table 2 Comparison of isolation techniques for exosomes and microvesicles

Technology Recovery rate  Purity Sample volume Integrated detection =~ Dynamic size selection = Time
Ultracentrifugation® 5-25% Low Low - - 4-5h
Density-gradient®® 36-65% High Low - - 4-6 h
Ciliated nanowire-on-microvillar®  60% Not given ~ ~30 pl - - 10 min
Acoustic-based®* >80% Not given  0.4-0.7 Wlmin™" - + <30 min
Inertial lift force-based®® Not given >99% 70 pl min™" + - >4 h
Surface-modified®”**> %" 42-94% >85% 4-16 pl min~" - - <1h
Nanoshearing®” Not given Not given  Not given - - <3h

time consuming (>4 h), results in co-purification with non-
exosomal or microvesicle debris, has a low recovery yield and
low specificity, and requires expensive laboratory equipment
and highly trained technicians.’®°

Density-gradient separation. Density-gradient separation
offers an improvement in purity and recovery rate over differ-
ential centrifugation. In density-gradient separation, a sample
is spun in a tube that contains a density gradient of a viscous
material, such that objects separate based on their isopycnic
point.>” While this technique can achieve higher purity and
recovery rate than conventional differential centrifugation,®
it cannot separate exosomes from viruses or microvesicles due
to their similar buoyant density.”” The run times for density
gradient separation are similar to conventional ultracentrifuga-
tion, and requires the same ultracentrifugation equipment,
making it impractical for many clinical applications.*>’

Isolating exosomes using micro- and nano-systems

The micrometer-scale dimensions of microfluidics, and the
control over microscale objects it affords,®" have great poten-
tial to improve the isolation of exosomes and microvesicles.'®
In the last few years, new approaches have emerged to scale
microfluidic techniques to the nanoscale for their application
to microvesicles and exosomes. There are inherent challenges
to this scaling, such as the expense of nanoscale lithography,
the susceptibility of nanoscale channels to clogging, and the
unfavorably strong scaling of many forces on objects in micro-
fludics as they become nanoscale.”® These challenges have
generated many new creative approaches.
Nanowire-on-micropillar. One particularly creative example
of work in this field is by the Liu group at University of Texas.
This group has developed a ciliated nanowire-on-micropillar
structure to isolate exosomes, to achieve the nanoscale features
necessary to trap exosomes using only conventional micro-
fabrication techniques.®® Using silicon microfabrication,
electroplating, and electroless metal-assisted nanowire etching
techniques, they fabricated micropillars and etched porous
silicon nanowire into the sidewalls of these micropillars to
physically trap exosomes. They also demonstrated that the
trapped exosomes can be released by dissolving the nanowires
using PBS buffer. Because of the device’s microscale fluid
channel, a small sample volume (~100 pl) can be efficiently
processed. In addition, the high number of micropillars and
nanowire decreases the chance of clogging, as the clogging of

This journal is © The Royal Society of Chemistry 2015

any particular part of the device will not dramatically affect
overall device performance.

Acoustic sorting. Another promising method to sort exo-
somes and microvesicles in microfluidic devices is to use
applied fields (e.g. acoustic) to exert forces on the exosomes
and microvesicles, rather than nanofabricated physical
barriers. The advantage of these methods is that they do not
require nanolithography and are less susceptible to clogging,
because the force fields are reconfigurable. Recently, the Lee
and Weissleder group showed label-free purification of exo-
somes using an acoustic-based microfluidic device.®® Their
acoustic nanofilter separates exosomes from other biological
components based on their size. Particles in the applied acous-
tic field move toward the pressure nodes due to radiation
forces, with a force proportional to the particle’s volume.
Larger particles migrate faster across the microfluidic channel
than smaller particles, enabling differently sized objects to be
separated into different laminar flows. This device can achieve
>80% recovery of exosomes and >90% for larger microvesicles
from cell cultured media and the diameter of particles that it
isolates can be adjusted electronically by adjusting the acoustic
field or flow velocity.

Immunoaffinity-based isolation. In contrast to strategies
that isolate exosomes or microvesicles based on their size,
immunoaffinity-based approaches sort them instead by the
expression of specific proteins on their surface. This approach
has the advantage, compared to size-based purification, of
reduced co-purification with cell-debris and protein aggregates
as well as the ability to isolate specific subpopulations of
exosomes or microvesicles based on the expression of a
specific surface marker.’”’*>"®” One non-microfluidic example
of immunoaffinity-based sorting of is the use of conventional
magnetic activated cell sorting (MACS) columns.”® These
columns are designed to separate cells directly from biological
samples by taking advantage of strong magnetic forces
on magnetic nanoparticle (MNP) labeled cells and the lack
of magnetism of biological samples. The Taylor group
repurposed MACS to isolate exosomes from serum samples
from normal controls, patients with benign disease, and early
stage ovarian cancer.** In this technique, epithelial cell
adhesion molecule (EpCAM) expressing exosomes were
incubated with anti-EpCAM magnetic microbeads and trapped
using a conventional MACS Separator. After the unlabeled
material was passed through and discarded, the exosomes
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Table 3 Summary of exosome and microvesicle detection technologies

Technology Size range Specificity Run time
Nanoparticle tracking analysis 10 nm to 2 pm Size and immunoaffinity <1 hour
Dynamic light scattering”>”? 0.3 nm to 10 pm* Size <1 hour
Flow cytometry”> 300 nm and above Size and immunoaffinity >1 hour
Electron microscopy™’ 0.1 nm and above Size >1 hour
Holographic imaging”” 40 nm and above Size <1 hour
Nanopore®% 10 nm and above” Size <1 hour
Magnetic resonance’® NA Immunoaffinity <1 hour
Plasmonic®™° NA Immunoaffinty <1 hour

“ Size measurement accuracy is sensitive to particle size homogeneity. ” Dynamic range is a function of nanopore size.

were released and collected. Using the enriched exosomes,
they profiled exosomal miRNAs to see which ones were
elevated in exosomes compared to cells. The levels of tumor-
derived exosomes were found to increase with progression of
ovarian cancer.

By performing immunoaffinity-based isolation of exosomes
on a microfluidic chip, recovery rate can be improved and
smaller sample volumes can be processed.®’ The Toner group
presented an immunoaffinity-based microfluidic device that
rapidly and specifically isolates exosomes from cell cultured
media or serum samples. The surface of the microfludic
channel was modified to coat the surface with biotinylated
anti-CD63, a pan-exosome marker. Exosomes were captured
from serum by binding to the antibody. Since the isolation
takes place in a handheld microfluidic device, the technique
has potential for use as a point-of-care tool if coupled with a
downstream analysis technique.

The Trau group also developed a device to isolate exosomes
using immunoaffinity, with improved specificity using a novel
method.®” Coined nanoshearing, on this chip an electro-
hydrodynamic lateral fluid flow is generated within a few
nanometers of an electrode surface to remove non-specifically
bound exosomes from an immunocapture site. This
nanoshearing technique resulted in a 3 fold improvement in
specificity compared to conventional hydrodynamic flow and it
showed limit of detection of >2760 exosomes per upl. On
this chip, the captured exosomes were incubated with anti-
fluorescein HRP antibody and tetramethylbenzidine (TMB)
to induce colorimetric read-out. Therefore, the presence
of the targeted exosomes can be detected using only the
naked eye.

Another strategy that has been used to isolate exosomes
and microvesicles is to make use of the forces on particles
in microfluidic channels that naturally arise due to inertia.
The DiCarlo group demonstrated a device that uses the inertial
lift force to isolate exosomes from other biological particles.®®
The DiCarlo group fabricated a high aspect ratio micro-
channel, which creates an inertial lift force on traveling
particles that forces them to the channel centerline. In this
device, exosomes were captured onto 20 pm streptavidin
microbeads using immunocapture. The inertia forces the
20 pm beads to travel to the centerline while other

Analyst

debris, smaller than 20 um, are unaffected, enabling the beads
to be separated. Downstream of this sorting module, each
bead is detected by an integrated flow cytometer to quantify
the captured exosomes. The combination of isolation
and quantification gives this technique potential for practical
clinical use.

Detection of exosomes and microvesicles

In this section, we discuss conventional detection of exosomes
and microvesicles and new approaches that use micro- and
nano-based devices to improve performance. The advantages
and disadvantages of the detection techniques that we high-
light are summarized in Table 3.

Background: conventional detection techniques

Nanoparticle tracking analysis. Nanoparticle tracking allows
exosomes and microvesicles to be sized and counted by com-
bining light microscopy and software that analyzes the par-
ticles’ Brownian motion. The software tracks the motion of
exosomes and microvesicles while they diffuse through the
field-of-view, and calculates the diameter of the vesicle based
on its rate of Brownian motion. Although the exosomes and
microvesicles are smaller than the diffraction-limited resolu-
tion of the microscope, the particle’s size can be resolved by
analyzing its motion. The Brownian motion can be related to
particle size using the Stokes-Einstein relationship, which
requires knowledge of only the temperature and the viscosity
of the suspending fluid.®® Both light scattering and fluo-
rescence modes have been demonstrated,”® with scattering
used to measure size and fluorescence used to profile a
labeled molecular marker. Nanoparticle tracking analysis has
been used extensively to measure exosomes and microvesicles,
and has quickly become a gold standard in the field.”"*
Malvern produces a commercial nanoparticle tracking
product, branded the Nanosight, specified to measure par-
ticles in the size range of 10 nm-2 pm and concentrations
within the range of 10° to 10° particles per mL (Malvern).

Dynamic light scattering (DLS). In DLS, the diameter of
microvesicles and exosomes is determined by measuring the
dynamic changes in fluctuations from the scattering of coherent
light (i.e. from a laser) through a suspension of exosomes
and microvesicles.”>”® These changes arise from Brownian

This journal is © The Royal Society of Chemistry 2015
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motion, which causes the distance between the light scattering
vesicles to fluctuate. By quantifying the time-scale of the decay
of this auto-correlation, the rate of diffusion of the particles
and thereby the size of the particles, can be calculated.”?

DLS is a commonly used laboratory tool, which in addition
to microvesicles and exosomes, is used to characterize the size
and concentration of a variety of particles including nano-
particles, polymers, and proteins.”* For exosomes and micro-
vesicles, the DLS is specified to measure particles in the size
range of 0.3 nm to 10 pm (Malvern). The DLS’s accuracy can
be distorted by the presence of only a small number of large
particles (e.g. platelets), and as such DLS measurements on
exosomes require careful sample preparation.*>’* DLS is not
amenable to molecular labeling, and as such cannot be used
to profile molecular specific information about the exosomes
or microvesicles.

Flow cytometry. In flow cytometry, the workhorse technique
for high-throughput analysis of cells, each vesicle or exosome
passes individually through a laser spot and its emitted scat-
tered and fluorescent light is measured.”” Due to the 100x
smaller size of exosomes and microvesicles relative to cells, the
challenge in applying flow cytometry to exosomes and micro-
vesicles is the difficulty of recovering such weak signals. As such,
the disadvantage is that only particles larger than 300 nm can
be resolved.”” The advantage of flow cytometry is that it allows
individual exosomes to be resolved and it allows multiple
surface markers to be measured per exosome.”® Flow cytometry
machines now entering the market are pushing the detection
limit to 100 nm and beyond, (e.g. A50-Micro-PLUS, Apogee)
potentially expanding the utility of flow cytometers to analyze
exosomes.

Transmission electron microscope (TEM). Due to the dia-
meter of exosomes being less than optical wavelengths, they
cannot be resolved using conventional light microscope. Using
the short wavelength of electrons, TEM can resolve individual
exosomes.” Complementary to the techniques described
above, which can provide size, concentration, and analysis
of surface markers, TEM imaging allows the morphology and
heterogeneity of exosomes to be resolved. Extensive sample
processing is required including dehydration, fixation, and
metallization.

Micro and nano-based detection techniques

On-chip nano holographic imaging. The Ozcan group at
UCLA recently demonstrated a handheld platform that can
detect nanoscale objects in a mobile format that can be used
at the point of medical care.”” Holographic imaging has been
used previously for low-cost, cell-phone based high resolution
imaging of cells.”® In holographic imaging, no lenses, lasers
or other bulky optical components are required. On these plat-
forms, instead of a coherent light source (i.e. laser) as is used
in conventional holographic imaging, much less expensive
and bulky light sources with short coherent times (i.e. LED)
are used. The sample scatters and refracts the light from the
LED, creating interference patterns that generate a hologram
of each cell. This interference pattern expands to a size much

This journal is © The Royal Society of Chemistry 2015
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larger than the cell and can be readout with a CCD or CMOS
camera chip mounted below the sample. Based on the cap-
tured hologram, an image of the cell can be reconstructed.
Super-resolution techniques of hologram imaging have been
demonstrated, achieving resolution <1 pm.”°

Recently, the Ozcan group has demonstrated an updated
version of their holographic imaging system that achieves
nanoscale resolution appropriate for exosome and microvesicle
imaging.”” This system achieves nanoscale resolution by com-
bining on-chip holographic microscopy with the addition of
self-assembled nanolenses. An array of self-assembled nano-
lenses are constructed, which increase the scattering from the
particle and direct the scattered light toward the image sensor.
These lenses boost the signal of the particle’s holographic
image, enabling the detection of nanoparticles as small as
40 nm. On this chip, Ozcan’s group has demonstrated imaging
of synthetic nanoparticles and viruses. Compared to Nano-
particle Tracking Analysis (NTA), holographic imaging has
several key advantages. The most relevant advantage is that
holographic imaging can achieve similar results as NTA
(resolution of particles as small as 40 nm), but in a handheld
format that can be used in practical clinical settings. Addition-
ally, because holographic imaging does not depend on the
Brownian motion of the particles, it can measure objects
larger than possible using NTA, up to 1 mm that diffuse too
slowly for NTA to observe.

Nanopore ion occlusion based sensing. In resistive pulse
sensing (RPS), single nanoparticles are measured as they are
driven, one-be-one, through a nanopore.*® As the particle flows
through the pore, it creates a transient change in the ionic
current flow. The change in current is proportional to the size
of the particle, enabling quantitative particle sizing with
appropriate calibration. Tunable Resistive Pulse Sensing (tRPS)
is an adaptation of resistive pulse-sensing, in which the size of
the pore can be elastically stretched to the size of the particle
to improve sensitivity.®"

By measuring the duration, magnitude, and frequency of
nanopore occlusions, exosome and microvesicle diameter and
concentration can be determined for exosomes and microvesi-
cles as small as 90 nm.?° However, there is a tradeoff between
sensitivity to small exosomes and microvesicles and robust-
ness against clogging.®® There are a variety of strategies that
have been demonstrated in RPS that can enhance dynamic
range in exosome and microvesicle measurement. For
instance, the effective sample aperture can be reduced,
without risking clogging, by using a low conductivity sheath
flow.®>#* Additionally, by using two symmetric RPS channels
on a microfluidic chip connected to a differential amplifier,
nanopore occlusions as small as 1% could be resolved,
enabling larger RPS channels to measure smaller exosomes,
and thus extending dynamic range.®*%*

Nanopore ion occlusion sensing has several key advantages
compared to conventional techniques. Compared to tech-
niques, such as DLS that measure the ensemble average of
many exosomes and microvesicles, much smaller sample
volumes (~100x) can be interrogated. Additionally, far lower
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Fig. 2 Nanopore Cleland Group. a. Layout of the nanopore device. External voltage bias electrodes (H, L) and sensing electrode (S); embedded
nanometre-scale filters (F); fluid resistor (FR); nanoconstriction (NC); pressure-regulated fluidic ports (P1-P6). b. Zoomed in view of the nanoparticle
sensing components. Nanoparticles flow in the direction of the arrows, and change the electrical potential of the fluid adjacent to the nanoconstric-
tion, which are detected by the sensing electrode S. c. Circuit model of the nanopore device. d. V,: as a function of time as a single nanoparticle

traverses the nanopore.®®

concentrations of exosomes and microvesicles can be resolved,
with the ultimate limit of detection being a single exosome or
microvesicle. Compared to electron microscopy, which can
also resolve individual exosomes and microvesicles, nanopore
based measurements are much faster, less expensive, and
higher throughput.

In one recent work, conventional RPS was improved upon
by integrating a nanopore-occlusion based device into a micro-
fabricated chip-based format. (Fig. 2a) The Cleland group at
University of California at Santa Barbara developed a micro-
machine-based ion occlusion device, in which a fluidic voltage
divider (Fig. 2b and c) is used to optimize bandwidth and sen-
sitivity to achieve a throughput of 500 000 particles per second
(>10x improvement over conventional devices).*>*> Addition-
ally, the microfluidic design enables volumes as small as 1 uL
to be analyzed. On this chip, bacteriophage and nanoparticles
were detected, (Fig. 2d) demonstrating great potential for
application to exosomes and microvesicles. Compared to con-
ventional RPS or tRPS techniques, the Cleland lab’s chip, due
to its use of conventional fabrication techniques, has potential
to be economically fabricated for use as a clinical
diagnostic.?>%

Diagnostic magnetic resonance for exosome detection. The
Lee and Weissleder group at Massachusetts General Hospital
have developed a miniaturized nuclear magnetic resonance
based platform (UNMR) to sensitively measure exosomes.®®
UNMR has previously been used with great success for the
ultrasensitive measurements of rare cells,?” bacteria,®® soluble
proteins,® small molecules,® and nucleic acid.’® The adop-
tion of UNMR to the detection of exosomes was made challen-
ging due to the much smaller size of exosomes relative to cells,
resulting in far fewer surface markers that can be labeled. To
overcome this drop in signal, the Weissleder/Lee group deve-
loped a microfluidic platform that was integrated with the

Analyst

UNMR system to concentrate and purify exosomes prior to the
measurement, and thus boost the signal.*® On this chip, exo-
somes were first labeled with MNPs targeted to microvesicle
protein markers. These exosomes were then captured onto a
membrane filter where they were trapped based on their size,
and subsequently washed. On this filter, uNMR detection of
the surrounding H, molecules was performed, and the change
in the NMR dephasing time (T2 relaxation) due to the presence
of MNPs in the detection region, was used to profile the
exosomes.

The Weissleder and Lee technique had much higher sensi-
tivity than conventional detection (>100x nanoparticle tracking
analysis). To demonstrate its clinical utility, they used their
device to differentiate glioblastoma multiforme (GBM) exo-
somes from healthy host cell derived exosomes. On their chip,
they profiled the protein expression of these GBM derived exo-
somes and showed that they could detect tumor mutations,
which were clinically relevant to glioblastoma treatment
options.*® Following up on this work, the Weissleder and Lee
group demonstrated in a next-generation chip the monitoring
of drug-resistance in glioblastoma by analyzing the exosomal
RNA.”*

Plasmonic exosome detection. Surface Plasmon resonance
(SPR)-based nanosensors have gained a great deal of attention
in recent years for their ability to sensitively detect the binding
of exceedingly small numbers of molecules, down to as few as
1 molecule.’” Because the region of sensitivity of these nano-
hole arrays extends only a small distance above the SPR
surface ~200 nm, these sensors are extremely well suited for
%79 In a recent publi-
cation by the Weissleder/Lee group, they developed an SPR
based exosome sensor, which they called the nano-plasmonic
exosome (nPLEX).(Fig. 3a) The nPLEX consists of a series of
nanohole arrays, each nanohole array coated with affinity

exosome and microvesicle detection.

This journal is © The Royal Society of Chemistry 2015
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Fig. 3 Nanoplasmonic exosome detection. a. A scanning electron microscope (SEM) image of the periodic nanoholes in the nanoplasmonic sensor.
Each nano-pore has a diameter of 200 nm with a periodicity of 450 nm, and consists of 200 nm thick gold. The inset shows a zoomed-in
image. b. A photograph of the nanoplasmonic exosome sensor prototype. c. A schematic of changes in transmission spectra, illustrating nanoplas-
monic exosome detection. The nanopore surface is functionalized by a layer of polyethylene glycol (PEG). Antibody conjugation and specific
exosome binding were monitored by transmission spectral shifts as shown. (a.u.: arbitrary unit) d. SEM image shows exosome capture by functiona-

lized nanoplasmonic device.’®

ligands to capture a specific type of exosome.(Fig. 3d) Each
nanohole had a diameter of 200 nm and a periodicity of
450 nm. When an exosome would bind to one of the nanopore
arrays, it causes a spectral shift in the nanopore optical trans-
mittance. (Fig. 3c) By combining these nanopore arrays with a
miniaturized imaging setup (Fig. 3b), the Weisslder/Lee group
demonstrated that their chip can be scaled for massively
parallel measurements (10°> independent nanopore arrays),
with each nanopore array functionalized with a different
affinity ligand. To demonstrate the utility of nPLEX, samples
from ovarian cancer patients were measured and could be
readily differentiated from healthy controls. Each measure-
ment required a sample volume of only 0.3 pl.

Conclusions

Noninvasive diagnostics and monitoring of cancer continue to
make inroads into the clinic, resulting in increased personali-
zation of therapy, higher sensitive disease monitoring, and
less patient discomfort from invasive procedures. Tumor-
derived exosomes offer new clinical opportunities for mini-
mally invasive diagnostics and disease monitoring, which
complement existing circulating biomarkers. To further
advance the development of exosome-based clinical assays,
validation studies to establish the sensitivity, reproducibility,
and specificity of such tests need to be conducted in large
cohorts of patients and for multiple cancers of interest. More-

This journal is © The Royal Society of Chemistry 2015

over, it will be critical to the field to establish the relative sensi-
tivity and clinical utility of exosomes versus CTCs and cell-free
DNA, and use further testing of patient samples to match the
best type of test or tests to the clinical question being posed.
Finally, our understanding of the biology of tumor-derived exo-
somes has only scratched the surface. As discoveries continue
to be made as to the role of exosomes in promoting tumor
growth and metastatic seeding, this will undoubtedly drive the
development of new therapeutic strategies and more robust
and sensitive tests to aid clinical decision making.

While the recent work highlighted in this review shows the
promise of exosomes as a biomarker for cancer, the extensive
processing that is required to isolate and detect them have
limited their clinical use.® The use of micro- and nano-techno-
logies designed to overcome these technical challenges are
ongoing. By enabling rapid sample preparation and molecular
analyses from small sample volumes, these platforms can help
fully harness the clinical potential of these circulating bio-
markers in cancer and beyond.
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