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Abstract

Exosomes have recently emerged as highly promising cancer biomarkers because they are
abundant in biofluids, carry proteins and RNA reflecting their originating cells and are stable over
weeks. Beyond abundance and stability, detailed exosome analyses could be clinically useful for
diagnosing and profiling cancers. Despite their clinical potential, simple, reliable and sensitive
approaches for rapidly quantifying exosomes and their molecular information has been
challenging. Therefore, there is a clear need to develop next-generation sensing technologies for
exosome detection and analysis. In this critical review, we will describe three nanotechnology
sensing platforms developed for analysis of exosomal proteins and RNAs directly from clinical
specimens and discuss future development to facilitate their translation into routine clinical use.

Graphical abstract

[. Introduction

Along the roadmap to highly precise and personalized cancer therapy, a critical unmet need

is to develop reliable and specific modalities for early detection and real time treatment
monitoringl—3. Tissue biopsies remain the gold standard, but often fail to capture the
heterogeneity and temporal evolution of tumor? from invasiveness and limited-sampling.
Conventional imaging techniques could offer non-invasive alternatives, but they are costly
when serially used and insensitive to detect subtle invasion, micrometastases and early
stages of cancer formation®~’. Liquid biopsies, based on novel biomarkers in circulation
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(e.g. circulating tumor cells®, proteinsl®, DNA1112) promise to open a new horizon in
cancer management. Liquid biopsies are fast, minimally painful, and repeatable, yet can
produce rich molecular information about primary tumors and metastases.

Exosomes or extracellular vesicles (EV) present new opportunities for cancer diagnosis and
treatment monitoring®2. These cell-derived membrane-bound vesicles (50-200 nm in
diameter) are abundant in biological fluids (e.g. >10° vesicles per mL of blood) and carry
cell-specific cargos (lipids, proteins and genetic materials), which can be harnessed as a
minimally invasive means to probe the molecular status of tumors!4-17, Furthermore, the
number of tumor vesicles and their molecular profiles have correlated with tumor burden
and treatment efficacy1517,

Despite such clinical potential, routine and reliable analyses of exosomes remain
challenging due to their small sizes18. Current obstacles include: 1) lengthy and extensive
processing for EV isolation and 2) low sensitivity of conventional analytical methods (e.g.,
Western blotting, ELISA) that require large amount of samples (>500 puL per marker). Most
prior exosome studies thus focused on RNA analysis to harness the power of PCR
amplification. Conversely, exosome proteomic analyses through conventional approaches,
where no amplification safety net exists, have been facing technical hurdles. Several recent
studies have demonstrated exosomal protein screening using flow cytometry1®-21 but have
involved specialized high-end equipments to handle exosomes' small, but dispersed size22.
More recent studies have applied novel nanomaterials (e.g. graphene oxide23 nanorod
particles?4) or microfluidic analytical systems?>=27 to detect exosomes and identify their
protein contents. Development and advancement of such diverse, ultrasensitive detection
technologies could offer additional insight into understanding the heterogeneity and
production dynamics of exosomes and other EV subtypes.

From the translational research perspective, exosomes represent novel diagnostic biomarkers
poised for further exploitation. Furthermore, their integral roles in cell to cell
communication?829, creation of the pre-metastatic niche39, and high potential as drug
delivery carriers3! offer interdisciplinary opportunities to generate novel platforms that align
with patient preferences (e.g. liquid biopsies) and biorepository needs (e.g. precious
specimen amounts).

In this critical review, we will describe three new platforms developed for analysis of
exosomal proteins and RNAs directly from clinical specimens; factors that could facilitate
their translation into routine clinic use are also discussed.

Il. Nanoplasmonic sensing

Surface plasmon resonance (SPR) sensors have been widely used for detection of analytes as
well as characterization of molecular interactions between antibody-antigens, proteins and
small molecules32:33, These sensors detect local refractive index changes upon the binding
of target substances to a sensing surface. Because a secondary label for detection is not
required, rapid, label-free sensing with minimal sample processing can be achieved.
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SPR represents a new exosome detection technology for rapid label-free exosome
analyses534-37_ Notably, SPR sensors' high sensitivity for exosome detection is attributed to
close matching between their nanoscale sensing range and exosome size. This renders them
suitable for simple but sensitive exosome analysis. The recently developed nano-plasmonic
exosome (nPLEX) system demonstrated fully quantitative detection and proteomic profiling
of exosomes with sensitivities >100 times better than ELISA and Western Blotting1®. The
nPLEX affords high throughput (12 different protein markers within 30 min) exosome
profiling through multi-channel microfluidics to capture marker-specific exosomes with
antibodies immobilized in each channel.

Sensing Principle

The nPLEX employs metallic nanohole structures and operates in a collinear light
transmission mode while conventional SPR systems are based on total internal reflection
known as the Kretschmann configuration. The nanohole structures simplify the optical setup
and enable system miniaturization and scaling of sensing arrays in any given chip38-40,

The sensor comprises a periodic nanohole lattice patterned onto gold film and standard glass
slides (Fig. 1a). In the first prototype, 12 x 3 sensing arrays were integrated with
multichannel microfluidics; 12 different exosomal protein markers could be measured in
triplicate. To capture marker-specific exosomes, antibodies were grafted onto a polyethylene
glycol (PEG) polymer-coated sensing surface. Following target-specific exosome binding,
the nPLEX sensor displays spectral shifts proportional to the level of target marker. For
exosomes collected from ovarian cancer cell lines, the nPLEX correlated well with the gold
standard ELISA across various transmembrane exosome markers. The nPLEX showed a
detection threshold of 3,000 exosomes (670 attomolar) — about 100-fold more sensitive
than ELISA and 10,000-fold more sensitive than Western Blotting. Importantly, nPLEX
analyses showed good correlation between exosome protein profiles and their corresponding
cell lines, which underscored the use of exosomes as likely cellular surrogates.

Exosome Analysis in Human Clinical Samples

The nPLEX system supported the high potential of exosomes as cancer diagnostic and
treatment monitoring markers. For example, using exosomes collected from 30 patients with
abdominal fluid buildup (ascites), elevated levels of EpCAM and/or CD24 were noted on
exosomes from ovarian cancer ascites compared to exosomes from ascites due to advanced
liver disease (non-cancer). Using EpCAM and CD24 profiles, detection accuracy reached
97% for the 30 patient samples (Fig. 1b). Furthermore, levels of exosomal EpCAM, CD24
or both decreased among clinically responding patients, whereas levels of these markers
increased in patients not responding to standard chemotherapy. In a small subset (n= 8),
serial exosome analyses demonstrated the feasibility of frequent assessments of patient
status during treatment (Fig. 1c).

Next Generation of nPLEX

There are areas where the first generation nPLEX system can be further improved to
augment research and clinical applications. First, high throughput chip fabrication would be
important to meet the patient volume demands of clinical use. The serial writing method
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used in the first prototype could be too slow and expensive for such clinical needs.
Interference lithography reflects one way to fabricate periodic nanostructures in a wafer-
scale batch process*42. Combined with conventional semiconductor fabrication processes,
a large number of chips can be fabricated at decreased cost as production rates scale up1°43,
In addition, it will allow integrating a vast number of sensing arrays not unlike protein
microarray sensors. Second, the sensitivity of the system could be further improved to
enable single exosome analysis. While the current nPLEX system shows much better
sensitivity than other currently available methods, it is still limited to bulk analyses (i.e.
measuring averaged signals from certain exosome populations). Single exosome analysis
will open up new avenues in EV research to better understand exosome biology, their role in
cell-to-cell communications and tumor heterogeneity?9-30. Third, current nPLEX detection is
based on capturing whole exosomes on sensor surfaces using antibodies targeting markers
residing on EV membranes. Therefore, it currently lacks the capability to analyze proteins
and RNA markers present inside exosomes. Accessing proteins regardless of location as well
as RNA would expand the use of exosomes to serially probe dynamic pathway alterations in
response to targeted therapies.

lll. Electrochemical sensing

The use of new nanosensing technologies has not yet extended into clinical settings for
routine testing. For exosome analysis, it is due in part to the additional procedures and
equipment needed for exosome isolation and the technical complexities and high costs
associated with chip fabrication and analytical instruments. Electrochemical sensing
approaches that provide rapid assays and affordable readout systems could be an effective
detection modality. Electrochemical sensors operate by reacting with the target substance of
interest and producing an electrical signal proportional to the target material. Miniaturized
electrochemical sensors have been used for decades to routinely detect toxic gases and
chemicals as well as biomolecules. They can prove highly sensitive when combined with
certain enzyme reporters for signal amplification.

A recently developed integrated magnetic-electrochemical exosome (iMEX) platform is a
miniaturized analytical system that can rapidly isolate and detect exosomes in clinical
specimens*4. It combines magnetic isolation of exosomes with magnetic microbeads and
electrochemical sensing of exosomal proteins (Fig. 2a). The iIMEX can isolate cell-specific
exosomes directly from plasma samples, achieve high detection sensitivity, and be expanded
for parallel measurements. A handheld iIMEX system was able to detect exosomes at a
sensitivity of <10° vesicles using 10 pL of samples within 1 hour.

Sensing principle

The handheld iMEX system contains 8 independent sensing elements (Fig. 2b). Each sensor
is equipped with a potentiostat for instant signal readouts through metal electrodes (50 msec
per sensor). A magnet holder, placed underneath the electrode, concentrates magnetic beads
to the electrode surface for improved detection sensitivity. Compared to commercial
equipment, the iIMEX system showed comparable performance, but at much smaller size and
cost (<$50). For detection, exosomes are first captured onto immuno-magnetic beads coated
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with antibodies against CD63, a marker widely reportedly as enriched in exosomes.
Secondary antibodies with an oxidizing enzyme (horseradish peroxidase; HRP) are then
applied followed by mixture of beads with a 3,3",5,5" -tetramethylbenzidine (TMB) substrate
that generates electrical current in the presence of HRP.

Exosome protein analyses with human clinical samples

The IMEX assay isolates exosomes directly from plasma, and profiles them in a rapid, high-
throughput manner — key for successful integration into the clinical workflow. In the iIMEX
assay, clinical plasma samples were aliquoted without any purification, and each aliquot (10
uL per marker) was incubated with magnetic beads for exosome capture (15 min), followed
by magnetic washing. The bead-bound exosomes were consecutively labeled for target
markers (15 min) and HRP (15 min), and loaded onto the device. A single-time point
measurement of plasma samples from ovarian cancer and healthy controls showed elevated
express levels of EpCAM and CD24 in ovarian cancer patient exosomes (Fig. 2c), in
concordance with previous studies using nPLEX?2. In addition, serial exosome testing at two
time points (2 months apart) in ovarian cancer patients undergoing drug treatment showed
that exosomal expression levels of EpCAM and CD24 increased in non-responding patients
while both markers decreased in responding patients (Fig. 2d).

Future perspective

The low cost, portability and integrated assay for exosome isolation and detection render the
iMEX system highly poised for clinical exosome analyses. A unique feature of iMEX is the
integration of vesicle isolation and detection into a single platform. Both magnetic selection
and exosome enrichment simplify assay procedures and improve detection sensitivities. The
electrochemical sensing facilitates high-throughput screening and sensor miniaturization.
There are multiple directions to further advance the iMEX technology. First, assay
throughput can be improved by increasing the number of detection sites. The sensing
elements (electrodes) can be readily microfabricated into a large array format, and signals
(electrical currents) can be read out by compact electronics with high-speed multiplexing.
Second, detection sensitivity can be enhanced by increasing sensor surface areas and
optimizing enzymes used for signal amplification. Third, the target of interest can be
expanded to exosomal RNAs. Electrochemical sensing detects nucleic acids with high
sensitivity while obviating the need for PCR amplification. Multiplex sensing of exosomal
RNA and proteins should provide in-depth and complementary information to more
accurately access tumor status at a given time point.

IV. IMER (Immuno-Magnetic Exosome RNA) analysis

In addition to proteins, nucleic acids in exosomes are regarded as markers that highly reflect
the underlying disease. Recently, various studies indicate that exosomes contain non-coding
RNA:s (including miRNA) in addition to DNA.#6:47 Skog et al. found that serum exosomes
from glioblastoma (GBM) patients contain characteristic mMRNA mutants that could be used
to provide diagnostic information. #8. Moreover, many other studies have identified specific
exosomal miRNA markers for different cancer subtypes*®:50. The heterogeneous mixture
and contents of exosomes challenge their reliable and specific evaluation against the
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backdrop of diverse tumor genotype, phenotype, and physiologic responses to stimuli from
the local and external milieu.

To detect and analyze nucleic acids in exosomes, a microfluidic platform, immuno-magnetic
exosome RNA (iMER), has been developed and tested for on-chip enrichment, purification,
and analysis of exosomal RNA. The iIMER system integrates three features on the single
microfluidic chip: immunomagnetic tumor exosome enrichment, RNA purification, and real-
time RT-gPCR. The iMER platform can capture exosomes directly from 100 pL of serum
with >93% capture efficiency. A single chip achieves an integrated work flow, from EV
isolation to RNA analysis by qPCR, within two hours.1’

Working principle

The iIMER chip uses magnetic microbeads (3 pum in diameter) with anit-EGFR/EGFRvIII
coating (in the GBM example) to capture and enrich cancer-specific exosomes. Beads are
incubated with media or blood samples; only magnetic beads with specific exosomes are
isolated in the chip. The enriched and purified populations of exosomes are lysed in the chip
and introduced to a glass bead filter. Next, mRNAs in the exosomes can be absorbed onto a
glass bead via electrostatic interaction between the glass substrate and mRNAs. The isolated
MRNAs are then reverse transcribed, amplified, and measured by qPCR (Fig. 3a). The
platform uses torque-activated valves to control buffer flow and isolation at each step (Fig.
3b)L7.

Exosomal mRNA analysis for drug efficacy

Analyses of exosomes have examined their relationship with parental cell origin and their
potential application as cancer diagnostic markers. As described earlier, exosomal proteins
have been examined with micro/nano sensing platforms®4:4551 Here, iMER platform
leverages mRNA as predictive markers such as in drug resistance monitoring. Since
detection of exosomal proteins related to drug resistance poses technical challenges due to
their scant amount, the iMER platform uses mMRNA as the counterpart to proteins. In a pilot
clinical studyl’, the iMER platform showed that key exosomal mRNA markers potentially
predicted drug resistance. Specifically, the study compared the mRNA profiles of GBM-
derived exosomes against those of their cells of origin and followed dynamic sequential
changes on treatment initiation. The study identified key exosomal mMRNA markers (MGMT,
APNG) potentially predictive of Temozolimide resistance and showed the capacity of
exosomal RNA for probing the epigenetic status of primary tumors. The platform was also
applied to profile exosomes in blood from GBM patients and healthy controls.

Future perspective

The simple and miniaturized on-chip processing capacity of the iMER platform affords
various advantages including rapid sample analysis, minimal sample volume requirement
and high sensitivity. Moreover, the platform can be adopted to both predictive and diagnostic
applications. To expand its functionality and usage, some aspects of the system could be
further modified. First, mass produced and disposable cartridges will be desired. From the
cost perspective, microfluidic chips need to be manufactured using mass production
processes such as injection molding or roll-to-roll fabrication. Second, current fluidic
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network designs can be modified to small and array-type features for highly sensitive and
parallel measurements. Third, using cocktails of capturing antibodies could enable the
platform to detect heterogeneous and variable cancer subtypes. Furthermore, combining
iMER's mRNA detection modalities with exosomal protein detection can provide
comprehensive snapshots of tumor. Such potential advances will facilitate both clinical
applications and biological studies of exosomes.

Conclusions

Current analytical tools are often not amenable to comprehensive exosome profiling given
their requirements of extensive purification, large sample volumes, or different assay
schemes per detection targets. Besides the platforms reviewed here, many biosensors are
being developed to facilitate exosome preparation and analyses?427:37.52-55 (Taple 1). Such
technology development will help deepening our understanding of exosome biology as well
as assessing exosomes' clinical value.

Further driving the widespread adoption of exosome diagnostics into practice, however,
would require more than proof-of-concept systems; assay automation, minimal hands-on
processing and data analytics are some key components that should be integrated. For
clinical translation and commercialization, a host of other key issues should be addressed in
prototype systems. These include cost and protocols that align with clinical workflow. With
respects to cost, significant up keeping requirements or on-site servicing often clash with
budgetary realities. As such, developing robust, modular platforms that require little
maintenance and used by end users of various skillsets, could help justify purchasing.
Drastic interruptions to clinical workflow will incur end user frustration and reduced
productivity. Assays that require highly specific pre-analytical handling from unique
specimen collection Kits to sample processing, could also limit widespread clinical adoption.
Developing platforms in silos without attention to clinical or other practical realities, could
derail global efforts. For rigorous clinical studies, it is also important to establish the
standardization of sample collection protocol, statistical consideration for designing training
and validation sets, and randomized clinical trials in large patient cohorts. Practically, multi-
institutional or international efforts could accelerate clinical translation of new
nanotechnology.

It is thus encouraging to witness the convergence of clinical medicine, materials science,
engineering, biology, computer science, and biophysics among other disciplines in exosome
research; it surely will propel miniaturized exosome technologies into the clinical
mainstream.
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Figure 1. Nanoplasmonic exosome (nPL EX) platform
(a) A photograph of nPLEX chip integrated with a 12-channel microfluidic cell. (b) EpCAM

and CD24 levels in exosomes from clinical ascot samples were measured by nPLEX. The
elevated EpCAM and CD24 expression were measured in ovarian cancer patients (n = 20)
while the levels were negligible in non-cancer control patient (n = 10). (c) The ascites
exosome analysis shows that measuring temporal changes in exosomal expressions of
EpCAM and CD24 could distinguish treatment response of ovarian cancer patients after
chemotherapy. Reproduced with permission from Ref. 14.
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Figure 2. Integrated magnetic-electrochemical exosome (iM EX) platform

CD24 (norm.)

Page 11

Before

(a) Assay schematic. Exosomes are captured on magnetic beads and labeled with HRP
enzyme for electrochemical detection. Magnetic beads are coated with capture antibodies
(e.g., CD63 antibody). HRP, horseradish peroxidase; TMB, 3,3",5,5-tetramethylbenzidine.
(b) An iMEX detector is designed to simultaneously measure signals from eight electrodes.

A small cylindrical magnet is located below each electrode to concentrate

immunomagnetically captured exosomes. (c) The packaged iMEX device has a small form

factor (9 x 6 x 2 cm3). (d) Plasma samples from ovarian cancer patients (7= 11) and healthy
controls (7= 5) were analyzed by the IMEX assay. EpCAM and CD24 levels were higher in
cancer patients. (€) Plasma samples from four ovarian cancer patients were analyzed before

and after drug treatment. EpCAM and CD24 levels in responders were decreased
significantly. All measurements were in duplicate. All signals were normalized against
CD63 signal. Reproduced with permission from Ref. 44,
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Figure 3. Immuno-magentic exosome RNA (iMER) platform
(a) Schematic of IMER assay. Cancer exosomes are first isolated by immuno-mangetic

microbeads. After exosome lysis, exosomal RNA are captured on purified by a glass bead
filter and analyzed through quantitative on-chip PCR. (b) Photograph of the microfluidic
iMER prototype. Torque-activated valves were used to control the flow of solutions. (c)
iMER analysis showed that the levels of MGMT, APNG or both were elevated in exosomes
from resistant cell lines, whereas they were both low in sensitive ones. The exosomal
MGMT and APNG mRNA levels correlate with in vitro TMZ sensitivity. Reproduced with
permission from Ref. 17.
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