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Abstract

Extracellular vesicles (EVs), actively shed from a variety of neoplastic and host cells, are
abundant in blood, and carry molecular markers from parental cells. For these reasons, EVs

have gained much interest as biomarkers of disease. Among a number of different analytical
methods that have been developed, surface plasmon resonance (SPR) stands out as one of the
ideal techniques given its sensitivity, robustness, and ability to miniaturize. In this review, we
compare different SPR platforms for EV analysis, including conventional SPR, nanoplasmonic
sensors, surface-enhanced Raman spectroscopy, and plasmonic-enhanced fluorescence. We discuss
different surface chemistries used to capture targeted EVs and molecularly profile their proteins
and RNAs. We also highlight these plasmonic platforms’ clinical applications, including cancers,
neurodegenerative diseases, and cardiovascular diseases. Finally, we discuss the future perspective
of plasmonic sensing for EVs and their potentials for commercialization and clinical translation.
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“Extracellular vesicles” (EVs) is a catch-all term applied to various vesicles produced by
host and neoplastic cells. EVs consist of molecularly and physically defined structures,
including exosomes, microvesicles, apoptotic bodies, and ectosomes.! While these vesicles
are formed through biological processes, they have commonalities and can broadly serve

as diagnostics biomarkers. For example, one recent study found that both exosomes and
microvesicles carried similar diagnostic information.2 Today EV analysis has been used

for the diagnosis of cancers,3- cardiovascular,”:8 neurodegenerative,®10 and infectious
diseases'12 with hundreds of publications emerging.3 One attractive feature of EV
analysis is that the vesicles are generally abundant, very stable, and can be obtained from
any biofluid, particularly from blood. The current biggest challenge with EV analysis is the
realization that EV subtypes (e.g., exosomes, microvesicles) are molecularly heterogeneous.
For example, not all exosomes produced by normal cells contain the “ubiquitous” CD63,
CD9, or CD81 markers. Conversely, only a very small fraction of exosomes shed from
cancer cells will exhibit truly distinctive cancer markers that can be identified as such. For
these reasons, future analytical techniques are desired to have a single EV or near-single
EV resolution to detect rare subtypes. Bulk analysis (e.g., Western Blotting, enzyme-linked
immunosorbent assay/ELISA) could have limited specificity since many cancer markers are
also expressed by other tissues. Techniques that allow the analysis of individual vesicles

or a combination of markers on individual EVs are likely going to add significant clinical
value. Another challenge is what biomarker type to analyze: protein, miRNA, mRNA, and/or
others. Analyzing bulk EVs from a certain cell type will carry most of the transcriptome
from those cells (MRNA, miRNA, IncRNA, rRNA, tRNA, efc.); however, single EV analysis
also adds some challenges. Single EVs are limited in what it can carry due to their small
size. We know that a 100 nm retrovirus, in many ways, mimics an EV that can only
package around 10 kb RNA. With this packaging constrain, each EV is only able to carry
individual RNA transcriptsl4 and that mutant proteins are uncommon.215 [rrespective of
the approach and type of amplification methods used, next generations of biosensors that
leverage nanomaterials and microfluidic systems are needed.
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Surface plasmon resonance (SPR) sensors have been widely used for detecting analytes
and characterizing molecular interactions (e.g., antibody-antigens, proteins and small
molecules.18:17 These sensors detect local refractive index changes induced by binding

of target substances to a sensing surface, resulting in a shift of optical resonance. This
mechanism allows for the label-free detection of target molecules captured by ligands
immobilized on the sensor surface. Furthermore, SPR sensors have narrow sensing ranges
from 10 - 300 nm from the surface.18-20 The size of the majority EVs, such as exosomes
(50 - 200 nm), is well-covered by the evanescent field of surface plasmons (SPs), promoting
a harmonious marriage of plasmonic sensing and EV analysis. SPR sensing has several
advantages over radioactive and fluorescent labeling methods, namely (i) label-free and
real-time investigation, (ii) kinetics and affinity measurement and (ii) low cost and less
reagent use.21:22

In this article, we provide an overview of various SPR platforms and their latest
technological development, including the surface chemistry used for EV capture and
detection. Notably, we discuss how recent advances have bridged the gap from promising
engineering platforms to practical tools positioned for translational investigation. To this
end, we also present clinical applications of SPR platforms in EV analysis and discuss how
SPR could favorably impact breakthrough pre-clinical and translational medical research
and commercialization efforts.

OVERVIEW OF SPR PLATFORMS

SPR platforms here we discuss include conventional SPR, nanoplasmonic sensors,
surface-enhanced Raman scattering (SERS), and plasmonic-enhanced fluorescence (PEF).
Comparative summaries of various SPR platforms developed for EV detection are shown in
Figure 1 and Table 1.23-57 We compared the platforms in terms of sensitivity, throughput,
simplicity, and translational potential exclusively for EV detection. Sensitivity is defined

as the demonstrated limit of detection, ranging from >10° (Poor), 103 - 106 (Fair), 10 -

103 (Good), and single EV (Excellent). Throughput shows the demonstrated multiplexing
capability, ranging from a single target (Poor), ~10 (Fair), ~100 (Good), and >1,000 targets
(Excellent). Subsequently, simplicity is rated qualitatively based on the complexities of the
detection system and chip fabrication. The translational potential is rated qualitatively based
on demonstrated clinical validation and results with clinical samples.

The experimental setups of these plasmonic platforms are presented in Figure 2.
Conventional SPR sensors frequently employ attenuated total reflection coupler, also known
as Kretschmann-Raether configuration, whereby SPs are induced by impinging obliquely
incident light to a prism coated with a metallic film>8 (Figure 2a). The reflectance

SPR curve (reflectance vs. incident angle) has two distinctive characteristics: (i) The
resonance condition is satisfied at an incidence angle with minimum reflectivity; (ii)

the resonance angle shifts to a higher angle by the increase of refractive index (/.e.,
molecular binding). Conventional SPR measures changes in the SPR angle or intensity
upon target molecular binding to the sensor surface. Conventional SPR technology is one
of the most commonly used plasmonic biosensors and is employed in most commercially
available SPR systems (e.g., Biacore by GE Healthcare, BioNavis). For EV detection, the
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conventional SPR systems measure real-time binding kinetics, 7.e., equilibrium dissociation
constant and association/dissociation rates, to search for promising antibodies24:26:59.60 gnqd
aptamers23:61-63 for EVs, quantify EV’s size and concentrations,545 and detect cancer-
derived EVs.24:26.27

However, the conventional SPR platforms perform bulk measurements with the limit of
detection in the order of 108 - 107 EVs/mL.26:60 Metallic nanoparticles can be employed
to enhance SPR signals,2”-28 pushing the LOD down to 5 x 10% EVs/mL.2” They also
have limited throughput often defined by the number of microfluidic channels in the
system. To enable high-throughput, parallel sensing, SPR imaging platforms have been
adapted in which spectral shifts from multiple sensing arrays can be detected simultaneously
by monitoring intensity changes with a camera?®-31.66 (Figure 2b). With SPR imaging,
real-time binding kinetics of EVs in different sensing spots can be monitored, and high-
throughput analysis in a microarray format was demonstrated. However, the total internal
reflection system requires optical components such as a prism to couple an angled light
into the metallic film plane, imposing the requirement of precise optical alignment and
difficulties in miniaturization. Furthermore, the tuning of the sensing range is limited,
motivating the development of nanoplasmonic platforms.

Nanoplasmonic platforms that use metallic nanostructures and/or nanoparticles to generate
localized SPR have been introduced for EV sensing.32-42 In nanoplasmonic sensors, because
their sensing range is tunable to match with EVs’ sizes, a higher EV detection sensitivity
can be achieved by optimizing nanostructures and nanoparticles. Nanoplasmonic platforms
based on periodic nanoholes32:34 or photonic crystals3® have demonstrated LODs of < 3,000
exosomes, which is much improved from the conventional SPR platforms, using a simpler
optical configuration based on transmission, absorption, or scattering (Figure 2c). However,
the fabrication of nanostructures often involves state-of-the-art nanofabrication technologies
that increase the overall chip costs. Small variations in the nanostructure dimensions could
also affect the optical resonance conditions and detection sensitivity, which is critical to
achieving the excellent robustness and reproducibility for clinical translation.

Raman spectroscopy is a powerful technique used to determine molecular vibrational modes,
providing information on chemical structure fingerprints. Generally, a laser beam illuminates
a sample, and a monochromator detects inelastic photon scattering out of a sample (Figure
2d). Although Raman scattering signals from biological samples are very weak, it can be
significantly amplified by metallic nanostructures with an enhancement factor >109. Such

a technique, termed as surface-enhanced Raman spectroscopy (SERS), has demonstrated

a detection sensitivity down to single molecules. By measuring different types of purified
EVs, their distinctive SERS spectra can be used for cancer diagnosis and monitoring.43-48
However, SERS spectra are not as specific as ligand-based approaches in EV molecular
profiling. For better specificity, Raman reporters are often conjugated metallic nanoparticles
coated with affinity ligands (e.g., antibodies, aptamers) as detection probes.9:50.50-54 Raman
reporters could be superior for high-dimensional multiplexing compared to fluorescence
probes because of its narrower Raman signals and broad choices in Raman probes. These
features make SERS suitable for multiplexed analysis without spectral overlapping, a
common problem in fluorescence probes that limit its multiplexing capacity.
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A fluorescence-based assay is one of the most popular detection methods in EV biosensing.
Single EV fluorescence imaging is one of the promising techniques to understand the
heterogeneity in EVs because the molecular properties of individual EVs can be acquired
together with the number of EVs.215 Due to EVs’ small sizes below the diffraction limit,
however, sensitive and robust fluorescence EV detection remains challenging, especially for
multiplexed analysis and low-abundant marker detection. Weak fluorescence signals and
poor signal-to-noise ratios from EVs often require sophisticated, multi-step amplification
strategies to amplify fluorescence signals. It is well-known that plasmonic nanostructures
can significantly amplify fluorescence signals over 100-folds especially when a resonance
peak overlaps with fluorophore’s spectral profiles.67:68 Plasmon-enhanced fluorescence
detection in the visible and near-infrared ranges have been demonstrated for various
biosensing applications, targeting for DNAs, proteins, antibodies, cells, among others.59-74
Furthermore, plasmon-enhanced fluorescence platforms can be readily built on conventional
fluorescence microscope systems (Figure 2e). A recent work demonstrated that the plasmon-
enhanced fluorescence technique could be applied to EV detection with improved sensitivity
compared to conventional fluorescence imaging.>” However, plasmonic resonances usually
can only enhance fluorescence in the wavelengths that overlap with plasmonic resonances,
limiting the level of multiplexing in EV molecular profiling.

CONVENTIONAL SPR SENSORS

In conventional SPR sensors, capturing EVs on a metal surface increases an effective
refractive index, resulting in a shift of resonance angle. Early work focused on quantitative
analysis of EV sizes and concentrations with appropriate calibration processes.5465 While
EV sizes and concentrations are important parameters, these tasks can be done by other
approaches, such as dynamic light scattering and nanoparticle tracking analysis. Rather,
the ability of the SPR sensors in measuring real-time binding kinetics could enable the
quantification of the average amount of target proteins in EVs through multivalent binding
analysis.’® To further facilitate the use of the conventional SPR systems for EV sensing,
SPR approaches have been adapted to improve the detection sensitivity by using metallic
nanoparticles and achieve higher throughput v7a imaging and microscopy.

Nanoparticle-enhanced SPR detection

To improve the sensitivity of SPR sensors, signal amplification strategies using metallic
nanoparticles as additional labeling have been suggested.’5-78 Secondary labeling of
captured EVs with metallic nanoparticles achieved larger shifts in SPR angle or changes in
reflective intensity.”® Wang et a/. amplified SPR signals by 4-orders of magnitudes through
multiple amplification steps using two types of DNA-conjugated gold (Au) nanoparticle
(Figures 3a-c).2” EVs were captured with DNA-based anti-CD63 aptamers, followed by
consecutive injection of anti-CD63 aptamer/Tsg (5'-SH-T3p-3") and Azg (5'-SH-Agp-3")-
conjugated Au nanoparticles, which led to chains of AuNPs on the captured EVs. The SPR
signal was significantly amplified through the dual Au nanoparticle conjugation approach
(Figure 3d). Using this method, they achieved the LOD of 5 x 103 EVs/mL. Furthermore,
the sensor chip could be reused after regeneration with 0.1% SDS/10 mM NaOH solution,
maintaining the sensitivity for six cycles (Figure 3e). The same group recently introduced

ACS Nano. Author manuscript; available in PMC 2021 September 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chin et al.

Page 6

another nanoparticle-enhanced signal amplification strategy using polydopamine (PDA)-
functionalized Au nanoparticle.28 PDA allows the reduction of HAuCI,, forming small

Au nanoparticles on the surface of the PDA-functionalized Au nanoparticles. While the
approach with PDA-functionalized Au nanoparticles is simpler than the previous approach
based on DNA hybridization, the measured LOD of 5.6 x 10° EVs/mL was 100-times
lower. In overall, the nanoparticle-enhanced signal amplification strategy could improve the
detection sensitivity, but the additional steps increase the complexity of the assay, dimming
the label-free detection capability of the SPR sensors.

SPR imaging

SPR imaging was demonstrated by Rothenhduslar and Knoll in 1988, where a photodetector
was replaced with a camera to obtain a two-dimensional intensity map of refractive index
distribution.8® SPR imaging has the capability of parallel measurement.8! Multiple capture
ligands can be printed in an array for parallel detection by measuring intensity change

at each spot through simultaneous acquisition of SPR sensorgrams.82:83 The number of
sensing spots in a field-of-view of a camera defines the number of parallel measurements.
Microfluidics channels or a microarray printer are typically used to generate an array of
measurement spots with different ligands for high-throughput multiplexed detection with
economical use of reagents.

SPR imaging was applied to analyze exosomes from human hepatocellular carcinoma

cell lines (MHCC97L, MHCC97H) and mouse melanoma cell lines (B16-F1, B16-F10).56
Antibodies against well-known exosome markers (CD9, CD63, CD81), cancer markers
(CD41b, EpCAM, E-cadherin), and 1gG as negative control were printed on the Au surface
(Figure 4a). All channels were simultaneously measured after exosome incubation. In this
experiment, anti-CD41b and anti-CD9 channels showed the high signals (Figure 4b), which
means either there are more CD41b- or CD9-positive exosomes present or the levels of the
markers are higher than others in a given sample. Subsequently, the signal levels of CD9 and
CDA41b were measured after transfecting the cells with siRNA-Rab27a to knock down the
expression of Rab27a (a gene in the exosome secretion pathway). With the siRNA treatment,
CD9 and CDA41b signals were significantly reduced compared to a control group using
negative control siRNA (Figure 4c). They showed there is a positive correlation between
metastatic potential and EV secretion, implying that liquid biopsy-based on EV analysis can
be used for clinical testing on the detection of cancer metastasis. Although SPR imaging

has inherent multiplexing capability, the noise originated from the intensity fluctuation of

a light source results in 1-2 orders worse sensitivity than conventional SPR based on angle
interrogation.84

SPR microscopy

SPR imaging fundamentally suffers from poor image resolution due to micrometer scale SP
propagation length.8% Wang et a/. proposed a single particle imaging apparatus for influenza
virus detection where a high numerical objective was used for angled light illumination.86
Approaching a nanoparticle to an Au surface induces light scattering, and reflected light at
the Au surface interferes with the scattering light. The interference between scattering and
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reflected light produces V-shaped patterns in an image. The intensity variation quantifies the
approach of targeting nanoparticles.8’

More recently, an EV analysis system based on SPR microscopy (SPRM) was introduced for
the measurements of EV size, concentration, and binding affinity.31:88 EVs were captured

on an Au-coated glass substrate by electrostatic interaction between negatively charged EVs
and an amine-modified Au surface (Figure 4d). For size calibration, scattering patterns from
silica nanoparticles with size ranging from 30 nm to 1 pm were measured. The EV scattering
intensities were then transformed into EV sizes using a deep learning algorithm. They used
5,000 scattering images of silica nanoparticle as training sets in different imaging conditions.
The EV detection accuracy was 85%, and the size measurements of A549 cell-derived EVs
were well-matched with those measured by nanoparticle tracking analysis (Figure 4e-f).
SPRM is a hybrid concept between single-particle imaging and SPR sensing. It was possible
to measure specific antibody-EV binding at a concentration of 0.04 nM and in a quantized
integer value. They showed that EV capture by anti-CD63 antibody reaches equilibrium
within 10 minutes with a measured equilibrium dissociation constant of ~0.79 £ 0.12 nM.
SPR microscopy provides single EV resolution sensing, but its clinical potential is relatively
low due to the difficulty in parallel detection aroused from its small field-of-view and the
complexity in the experimental setup (e.g., high NA objective lens). However, its real-time
and multifunctional capabilities might be useful in research settings toward prospective
biophysical applications.

NANOPLASMONICS

To further enhance the SPR signal and detection sensitivity, various metallic nanostructures
and nanoprobes have been developed. Similar to conventional SPR sensors, EV binding to
nanostructures or nanoprobes increases the effective refractive index on the metal surface,
resulting in a resonance wavelength shift. Such shifts can be detected in light transmission,
absorption, or scattering using a photodetector, imaging sensor, or spectrometer.

Periodic nanoholes

One of the demonstrated nanoplasmonic platforms for exosome detection is the
nanoplasmonic exosome (NPLEX) technology (Figure 5a), which consisted of periodic
nanohole arrays as sensing elements.32:33.89 The nanohole structure greatly confines the
electromagnetic fields at the nanohole surface. It enhances the evanescence field within the
exosome size range, leading to improved detection sensitivity (Figure 5b).32 For instance,
the nanoholes had a 200 nm diameter with a 200-nm-thick Au film on a glass substrate

and a probing depth <200 nm that matches the typical size of exosomes. Exosome

binding to the nanohole surface led to a shift in the plasmonic resonance peak. The

nPLEX platform operates in a transmission mode whereby the wavelength shift can be
detected by a spectrometer or through intensity change using a complementary metal-oxide-
semiconductor (CMOS) imaging sensor (Figure 5c). The nPLEX array had 36 sensing units
for parallel and multiplexed detection of 12 potential exosomal markers in triplicate with a
sample volume of 0.3 puL per marker (Figure 5d). nPLEX demonstrated a fast assay time of
<30 min and a LOD of ~3,000 exosomes (670 aM). The sensitivity of the nPLEX platform
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was 100-fold higher than the chemiluminescence ELISA (Figure 5e), and the peak shift
signal can be further enhanced by 20% and 300% through secondary labeling of spherical

or star-shaped Au nanoparticles, respectively. In addition to exosome detection by targeting
transmembrane proteins, the nPLEX platform can be used for direct exosomal protein
detection (intravesicular and transmembrane proteins) from exosome lysates.33 Captured
exosomes can also be eluted from the nPLEX chip for down-stream analysis, such as mMRNA
profiling (Figure 5f). Using interference lithography, the nPLEX chip can be scaled up

for higher throughput in clinical applications. For instance, next-generation nPLEX chips
with 100 sensing spots were developed for high-throughput clinical diagnosis of pancreatic
malignancy through multi-marker EV analysis.8?

Another nanohole-based nanoplasmonic platform, termed amplified plasmonic exosome
(APEX) assay, was demonstrated using /n7 situ enzymatic amplification to grow insoluble
optical deposits over exosomes bound nanoholes®* (Figure 5g). The insoluble optical
deposits increase the effective refractive index on the Au surface, leading to a larger
wavelength shift of resonant peak (Figure 5h). To improve analytical stability for enzymatic
amplification, direct illumination on the exosome-bound Au nanoholes should be avoided.
Therefore, the APEX chip consists of periodic Au nanoholes that are suspended on a
patterned silicon nitride (SizN4) membrane. In contrast to the nPLEX chip’s Au-on-glass
design that supports front illumination (from Au side), such a double-layered nanostructure
facilitates back illumination (from SigNg4 side) to reduce temperature fluctuation (Figure 5i).
With the enzymatic amplification, the detection sensitivity was enhanced by ~400% with a
LOD of ~200 exosomes (Figure 5j-k) while maintaining good specificity (Figure 5I).

Zhu et al. have explored nanohole structures’ shape and depth to maximize the sensitivity.3®
Asymmetrical quasi-3D plasmonic nanoholes showed improved sensitivity from 483
nm/RIU to 946 nm/RIU compared to the symmetrical one and narrowed the spectral line
shape. This was because the asymmetrical structures further enhanced electromagnetic field
intensity near the corners and generated additional quadrupole plasmon mode. To further
increase the sensitivity, 3D plasmonic photonic crystal nanostructures were developed by
introducing additional Au nanodots onto the quasi-3D Au nanoholes, which created a Fabry-
Peérot cavity that couples with the plasmonic modes. The detection sensitivity was improved
to 1,376 nm/RIU with a LOD of ~100 exosomes.

Other Nanostructures

Other explored nanoplasmonic structures include nanoellipsoids,3’ nanoshells,38 ring-hole
interferometer,? among others. The simplest nanostructure was a self-assembled monolayer
of Au nanoislands formed by depositing a thin layer of Au film on a glass slide and
annealing at 550 °C.%0 Au nanoislands have an average diameter of 40 nm and are partially
embedded into the substrate for about 8 nm. EV capture on the nanoislands was detected

by measuring differential phases through a common-path spectral interferometric system via
a spectrometer. A LOD of 0.194 pg/ml was demonstrated.36 Larger Au nanoislands (~200
nm) can be made by shortening the annealing time to obtain a longer plasmonic penetration
depth for higher sensitivity.91 A similar nanoplasmonic platform was also demonstrated by
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forming silver (Ag) nanoislands on a polydimethylsiloxane substrate.%2 In this structure,
resonance peak shifts were measured in absorption spectra.

To further improve the sensitivity down to single exosome detection, a periodic 90-nm-
diameter quartz nanopillar array was fabricated. Au sensing tips were made on the elevated
nanopillars (height of ~497 nm) to reduce background noises from non-specific binding.3°
A CMOS camera was used to image 16 arrays of 20 x 20 nanopillars under a single field of
view while spectra were collected simultaneously using optical fiber and spectrophotometer.
Sharp temporal responses were observed by subsampling the image down to individual
nanopillars. The digital responses occurred stochastically both in time and space, detecting
single exosome binding on the nanopillars.

In addition to exosome detection, nanoplasmonic platforms can be easily modified to detect
exosomal miRNAs using complementary oligonucleotides (Figure 6). Asymmetrical Au
nanoprisms (Figure 6a) were chemically synthesized onto a silanized glass substrate and
functionalized with complementary single-stranded DNAs (ssDNAs).*2 Direct hybridization
between the sSDNAs and target exosomal miRNAs red-shifts a resonance peak. Exosomal
miRNA (miR-10b) over-expressed in pancreatic cancer cells was detected with a LOD

of 83 aM (Figure 6b), which is more than 106-fold lower than a fluorescence detection.
Using ssDNAs as a binding probe, specificity down to a single nucleotide can be achieved
(miR-10b vsmiR-10a) (Figure 6¢). However, the plasmonic signal can be interfered with a
high concentration of miR-10a, which forms partial hybridization with the SSDNA probe.

Nanoplasmonic platforms based on periodic nanoholes or nanostructures exploit localized,
enhanced SPR to improve the sensitivity in EV detection down to hundreds of EVs. It

is relatively difficult to achieve single EV sensitivity due to fabrication variations and
uncontrollable EV binding position on the nancholes. Along with introducing target-specific
surface modification, single EV sensitivity can be achieved using more sophisticated
nanostructures at the expense of more complex and non-standardized (/.¢e., slow and
expensive) nanofabrication processes.

Nanoprobes

Designing nanoprobes by using metallic nanoparticles is an alternative approach in
developing nanoplasmonic sensors. The nanoplasmon-enhanced scattering assay was
demonstrated using antibody-bound Au nanospheres and nanorods as nanoprobes.*! Anti-
CD81 antibody was conjugated on the silica surface as the capturing antibody of EVs.
Subsequently, anti-CD63 Au nanospheres (AuNSs) and anti-CD9 Au nanorods (AuNRS)
were added to form AuNS-EV-AuNR complexes, recognizing tumor-derived EVs. The
AuUNSs and AuNRs produce nanoplasmons that shift the scattering spectrum and can be
detected through dark-field imaging. The signal-amplification plasmonic coupling effect
of the dual-Au nanoparticles increases the platform’s sensitivity, leading to small volume
plasma consumption (1 pL with dilution) and low LOD (0.2 pg/mL), which is ~385-fold
lower than ELISA.

Colorimetric nanoplasmonic platforms use metallic nanoparticle aggregation or metallic
deposition on nanoparticles to induce large plasmonic resonance shifts that can be
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distinguished by naked eyes or absorption spectroscopy for quantification.3:94 Non-
covalent conjugation of aptamers on Au nanoparticles can prevent Au nanoparticles from
aggregation. When exosomes bind to aptamers, the non-specific, weaker binding between
aptamers and Au nanoparticles is broken. This causes aggregation of Au nanoparticles,
resulting in a blue-shift of the absorption peak. Different aptamers can be used to target
different exosomal surface proteins, and the intensity of Au nanoparticles aggregation
correlates with the abundance of target proteins.®3 To further amplify the signal and improve
the detection sensitivity of the colorimetric approach, enzyme-induced Ag deposition on

Au nanorods was suggested®* (Figure 6d). The multicolor detection of exosomes using
hybridization chain reaction to catalyze Ag deposition on AuNRs is presented in Figure 6e.
First, metallic beads coated with aptamers targeting CD63 were used to capture exosomes.
Then, cholesterol-labeled DNA probes were integrated into the lipid bilayer of exosomes via
hydrophobic interaction. Subsequently, two DNA hairpins labeled with alkaline phosphatase
were introduced. In the presence of exosomes, hybridization chain reactions occur, leading
to the enhanced alkaline phosphatase loading and boosting the ascorbic acid generation.

Ag ions were then reduced by ascorbic acid with Ag deposition on Au nanorods, blue-
shifting the longitudinal SPR peak (Figure 6f). Such reaction can be detected by naked

eyes (LOD: 9 x 103 exosomes/uL) or more precisely using spectroscopy (LOD: 1.6 x 102
exosomes/uL). Although plasmonic-based nanoprobes offer a potential alternative to widely
used fluorescence probes that are suffered from photobleaching, the limited multiplexing for
EV molecular profiling hinders the use of such metallic nanoprobes in clinical applications.

SURFACE-ENHANCED RAMAN SPECTROSCOPY (SERS)

SERS platform measures specific chemical bonds that exist in EVs. Typical chemical bonds
that can be detected from a Raman spectrum include proteins, lipids, phospholipid, C-C
twist proteins, amino acids, and nucleic acids.

SERS substrates

Various SERS substrates have been exploited for EV detection, including super-hydrophobic
surfaces decorated with silicon pillars,®® substrates with metallic nanoparticles,43:44:46.96.97
Ag coated compact disks,*® efc. In addition, a graphene layer overlaid onto periodic Au-
nanopyramids was demonstrated as a hybrid SERS platform.%8 The Au-nanopyramid surface
creates enhanced surface plasmonic fields, amplifying Raman signals. On the other hand,
the graphene layer provides a biocompatible surface that serves as a built-in gauge for
quantitative Raman analysis. A SERS substrate can also be designed using cheap materials
such as nata de coco (commercial coconut jelly).9 A bacterial cellulose membrane is
created from drying and pressurizing nata de coco. Subsequently, /n situ Ag nanoparticle
synthesis was performed to form an active SERS layer on the membrane.

A more sophisticated 3D SERS substrate was demonstrated, inspired by natural beehive
structures.*’ A titanium dioxide (TiO,) microporous inverse opal (MIO) structure was

first fabricated through a polystyrene opal template-based sol-gel method (Figure 7a).
Subsequently, a thin layer of Au film was thermally evaporated and coated onto the top

layer of the MIO structure. The pore size in MIO was designed to trap the 633-nm laser light
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(slow light effect) and enhance the Raman signals. The exosome Raman signals are further
enhanced by the Au layer. SERS signals of exosomes derived from normal and cancer
cells are distinctive. For example, the intensity of SERS peak at 1,087 cm™1 arises from
the P-O bond within the phosphoproteins is higher in cancer-derived exosomes than those
from healthy people (Figure 7b). Most studies measured the SERS spectra from different
populations and applied principal component analysis to identify the major patterns for
classification. However, most platforms relied on the non-specific binding of exosomes

on SERS substrates. For specificity, surface functionalization to capture target-specific
exosomes would be needed.

Similar to nanoplasmonic sensors, a highly uniform plasmonic Au nanopillar SERS
substrate was demonstrated to detect exosomal miRNAs.#8 When a solution is applied and
dried out, the plasmonic Au nanopillars lean towards each other due to capillary force. The
head-flocked Au nanopillars create plasmonic hot spots and generate high Raman scattering
signals, suitable for miRNA detection. A sandwich hybridization strategy is employed to
use locked nucleic acid (LNA) capture and detection probes. Hybridization occurred with
the presence of the target exosomal miRNAs, and Raman dye-labeled LNA probes (e.g.,
Cy3) were then added for further hybridization. Strong Cy3 SERS signals can be detected
with demonstrated LOD of 1 aM and specificity down to single-base mismatch (miR-21
s miR-21B). Various Raman dyes can be introduced on different LNA pairs to facilitate
parallel detection of multiple exosomal miRNAs, which is useful in clinical applications.

SERS probes

Localized SERS sensing can be achieved using SERS probes made of different

metallic nanoparticles, 100101 metallic nanoparticles with Raman reporters,9:50.53,54,102,103
multilayer metallic composite nanoparticles with Raman reporters,52194 efc. For multiplexed
exosome detection, bimetallic SERS nanotrepangs were designed with different Raman
reporters (2-Mpy, 4-ATP, NTP) and decorated with linker DNAs that were complementary to
the aptamers targeting exosomal membrane proteins (PSMA, HER2, and AFP).%1 Figure

7c¢ illustrates the detection scheme of bimetallic SERS nanotrepangs. Magnetic beads
modified with aptamers were first coupled with the bimetallic SERS nanotrepangs via

DNA hybridization. When target exosomes were added, the respective aptamers bound with
the exosomes and released the bimetallic SERS nanotrepangs (Figure 7d). As a result, the
attenuated SERS signal could be detected and correlated with exosome concentrations. The
observed LOD for respective exosomes (LNCaP, SKBR3, and HepG2) were 26, 72, and 35
exosomes per WL, respectively (Figure 7e).

For exosomal miRNAs detection, a duplex-specific nuclease (DSN)-assisted dual SERS
biosensor was developed.>® Ag-encapsulated magnetic beads were conjugated with
complementary DNA probes, whereby the end of the DNA probes were bound with SERS
tags. With the presence of the target miRNA-10b, hybridization with the complementary
DNA probes occurred. DSN enzyme subsequently catalyzed the cleavage of the DNA
probes, releasing the miRNAs and SERS tags from the magnetic bead complexes (attenuated
SERS signal). Released microRNAs can be recycled to hybridize with other DNA probes
and then declutter the DNA probes and SERS tags. With the usage of dual SERS tags and
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DSN-assisted recycling signal application, a LOD of 1 aM with single-base specificity could
be achieved in a single processing step.

SERS provides a potential method to study exosomes’ interaction with cells as SERS
presents superior spatial resolution and multiplexing capability. Chen et al. presented SERS-
active (Raman reporter modified Au nanoparticles) exosomes to investigate the pathway
involved in the internalization of exosomes in HeLa cells.12 Hydrogen tetrachloroaurate
(111 trihydrate (HAuCI4-3H20), 5,5’ -dithiobis-(2-nitrobenzoic acid) (DTNB) that shows a
peak at 1,333 cm~1 band was used as a Raman reporter. SERS images were captured and
created through the Raman intensity of the band using confocal Raman spectroscopy to
track exosomes’ internalization into Hel a cells. The demonstrated SERS platform could
potentially be applied in the development of exosome-based drug nanocarriers. With high
flexibility in designing hybrid structures and compositions, various applications ranging
from theranostics to photo-thermal therapy can also be explored.

In overall, SERS probes using Raman reporters enable multiplexing in EV molecular
profiling due to its narrower Raman signals and broad choices in Raman reporters.
Current efforts are focused on optimizing SERS probe synthesis for high uniformity

and reproducibility, and advancing instrumentations for higher sensitivity, portability, and
compactness.

PLASMON-ENHANCED FLUORESCENCE (PEF) DETECTION

PEF signal amplification on metal nanostructures has been conducted intensively in recent
decades.105:106 The interaction between localized electromagnetic field and fluorophores, if
they are sufficiently close but not in quenching region, can enhance fluorescence emission
intensity significantly, which can be up to more than 103 times in single-molecule levels.197

Meanwhile, fluorescence detection is one of the most common biosensing methods because
of its simplicity and versatility so that it can be potentially applied for high-throughput
clinical applications. Especially compared to conventional protein detection techniques, such
as western blotting and enzyme-linked immunosorbent assay (ELISA), fluorescence-based
protein detection has advantages that require small sample amounts, shorter assay time,

and fewer processing steps. However, fluorescence-based EV sensing has been challenging
especially for EV protein detection due to their small sizes and weak signals. As a tool

for transcending the limitation of current protein detection, PEF based protein detection

has been widely applied for various clinical applications, e.g., 7. gondii, cytomegalovirus,
rubella, type 1 diabetes and hypertensive heart disease.”0-108:109 Moreover, a PEF detection
platform was also developed to monitor the expression of cardiac troponin | and creatine
kinase-MB in serum for the prognosis of myocardial infarction, demonstrating a signal
enhancement of 130-fold for near-infrared fluorescence detection.’t

Recently, broadening the concept of PEF-based circulating tumor cell’2 and protein
detections, a PEF detection platform based on periodic nanoholes was reported for
multiplexed EV marker profiling.5” An Au chip with nanohole arrays achieved fluorescence
intensity enhancements by the factor of 23 and 9 from Cy3 and Cy5 streptavidin monolayer.
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The plasmonic resonance wavelength of nanohole structure (A = 667 nm) induces the
enhancement due to the large spectral overlap with a Cy5 channel (Aexcitation = 649

and Agmission = 666 nm). They further investigated the PEF effect from EVs captured

on glass and nPLEX chip using a DOPA-based bioadhesive layer. ~10 times more EVs
were detected on nPLEX, and the mean fluorescence intensity of nPLEX was 8.6 times
higher than glass. Most importantly, the single EV analysis technology allowed for
obtaining a much richer information set and discerning the heterogeneity for tumor marker
on individual vesicles. The PEF signal application is an elegant approach to improve

the detection sensitivity through intensity enhancement. However, as discussed before,
plasmonic resonances can only enhance fluorescence in the wavelengths that overlap with
plasmonic resonances, usually in the red and near-infrared regions, limiting the level of
multiplexing in EV molecular profiling. Arranging a rare marker in the PEF channel

or multi-modal multiplexing by combining PEF and SERS probes could be potentially
employed to expand the level of multiplexing. Additionally, as a general limitation of
fluorescence-based EV detection, a universal fluorescence labeling method with simple steps
is still under study.

SURFACE FUNCTIONALIZATION

Since metallic substrates/nanoparticles are mainly used in plasmonic platforms, a few
surface chemistry methods are commonly used to capture EVs, their proteins, and miRNAs,
as discussed below.

1 Non-specific binding: EVs can be physically adsorbed on the metallic substrates
nonspecifically.36:38:44-47.95.96,98.99 Thjs approach is mostly used to characterize
EVs using SERS, where the close proximity of target molecules to the
metallic surface is critical for sensitive detection. The metallic surface can
be functionalized with positively charged compounds, such as cysteamine, to
improve the capture efficiency of negatively charged EVs.%7

2. Immunocapture: Antibodies have been widely used to capture target EVs
and their transmembrane proteins with high specificity and sensitivity.
Antibodies can be conjugated on metallic substrates/nanoparticles through
physical adsorption.30:66.110 The most common approach, however, is using
thiol compounds (e.g., 11-mercaptoundecanoic acid, thiol-polyethylene glycol,
etc.) to form a carboxyl-terminated self-assembly monolayer (SAM), which
are then activated by N-(3-dimethylami-nopropyl)-N-ethylcarbodiimide (EDC)
- N-hydroxysuccinimide (NHS) reaction to covalently bind antibodies onto
the SAM.24.29.31,32,34,37,39,50,56,88,92 A\Jternatively, streptavidin or biotinylated
SAM can also be prepared, and antibody conjugation is achieved by biotin-
avidin chemistry.25:26.33,40,54,60,64,65,89,.111 Another approach used in commercial
Biacore chip (GE Healthcare) is carboxymethylated dextran deposition
through standard amine coupling.59:62:63 Although antibodies demonstrate high
specificity and sensitivity, they commonly suffer from high cost, limited shelf
life, temperature-sensitivity, and low chemical and pH resistance.
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3. Aptamers (peptides/single-stranded DNA/synthetic RNA): Aptamers (small
synthetic molecules that have binding affinity to specific targets) are selected
through /n vitro Systematic Evolution of Ligands by Exponential Enrichment
(SELEX) process. Aptamers are superior in terms of lower production cost,
higher chemical and temperature stabilities, and higher reproducibility.112 The
surface chemistries used to bind aptamer onto metallic surfaces/nanoparticles
include physical adsorption,27:28:49.93 thiolated peptides, 190 and avidin-biotin
chemistry.51.91.94.101 However, compared to antibodies, limited availability
for various target molecules and cross-reactivity might hinder their practical
applications.

4. Complementary oligonuclectides: Thiolated oligonucleotides are used to
functionalize metallic substrates/nanoparticles and capture EV miRNA
targets.*2:48 Alternatively, surface carboxylation can be used and then activated
by EDC for DNA conjugation.>® In addition, cholesterol-labeled DNA anchors
can be prepared to incorporate DNA into the EV membrane through hydrophobic
interaction.>3-101 Through such an approach, SERS probes can be bound onto
target EVs.

BRIDGING BENCH TO BEDSIDE

For every clinical profiling and diagnostic success story, there are invariably many failed
prior attempts, often cited as the “translational valley of death”.113 According to the
National Institute of Health, 80-90% of research projects failed to reach testing in humans,
and the rate is even worse for new drugs.114 Such concerns also apply to EV bioengineering
efforts, not from ineffective technologies, but insufficient synergies between hardware and
clinical realities. Scientific development of EV technologies can, at times, lend itself to

an over-reliance on the platforms, notably their limit of detection and precision under
controlled environmental and biological conditions. Yet translational challenges often extend
into reliable testing performance across diverse clinical specimen types of varying quality
(e.g., pre-analytical handling, degradation, matrix effects). EVs are found in all biofluids, but
the EV contents are vastly different depending on their origins. For example, urine contains
EVs mostly from the urogenital tract (kidney, bladder, prostate),11° and plasma/serum is the
preferred biofluid for systemic conditions.116 This makes it desirable to have a technology
that can analyze EVs from different types of biofluids, both from a matrix composition
perspective as well as from a volume perspective, since some biofluids may require a much
higher volume to be processed to achieve a sufficient number of specific EVs.117 The matrix
effects in biofluids such as plasma vsurine vs cerebrospinal fluid (CSF) are very different,
and reaction conditions that work for one biofluid may not be optimal for another.118 For
example, EV recovery rates in CSF are inferior to plasma/serum even with twenty times
higher starting volumes.118 Utilizing a technology that is flexible enough to accommodate
these variables and allow for optimization is desirable. Although there are thousands of
biomarkers proposed each year in peer-reviewed articles, unfortunately, only very few of
those end up as clinical biomarkers.119 There are many challenges on the way, but some
biomarkers fail when applied in the correct “intended use population” and some are not
robust enough when sample matrix variation effects are taken into consideration.
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Moreover, to better leverage EVs' dynamic and circulating nature, serial analyses become
paramount to increase performance. Serial sampling also makes it possible to utilize
biomarkers that cannot be used in tissues where serial sampling is not possible or practical.
Biomarkers with large heterogeneity in the population may not be useful for a single
time-point analysis, but an EV-based “liquid biopsy” that can be repeated allows for

each individual to create their own baseline, circumventing some of these problems,120

To this end, cumbersome and time demanding approaches pose significant hurdles to
adoption, particularly when not aligned with clinical workflows. The field’s increased
attention towards single EV analyses magnifies such challenges. Specifically, bioengineering
solutions are pressured to take advantage of the shift away from bulk EV readouts and
make the process easily available to clinical laboratories. Instead of increasing assay
complexity and turnaround times to meet such challenges, leaner and faster tactics are
encouraged where clinical labs can efficiently scale throughput to meet the demand of

the test with an automated or semi-automated workflow. The other type of testing that

is increasing in demand is the point-of-care setting where typically the test throughput is
lower, but the instrument is simple and can rapidly return the test result.12! SPR based
detection approaches fit really well for both types of testing, where detector chips can be
manufactured for parallel processing of many patient samples, but are yet cheap and simple
enough to produce single-patient chips that can be read quickly on a small instrument
footprint.

CLINICAL APPLICATIONS

Cancer

The following sections summarize and detail some clinical instances where SPR was used
for EV analysis.

Most studies to date have used SPR platforms as a proof-of-principle to detect cancers.
These studies include detecting multiple myeloma-derived exosomes using colloidal Au
nanoparticles with SPR biosensor chip,23 lung cancer diagnosis using exosomal epidermal
growth factor receptor (EGFR) and programmed death-ligand 1 (PD-L1) as biomarkers,2®
breast cancer molecular profiling using exosome-specific markers (CD9, CD63) and cancer-
specific marker (HER2),2426 high-throughput screening for non-small cell lung cancer
(NSCLC) in clinical specimens,3° ovarian cancer analysis,32 and pancreatic cancer.8®

Im et al. developed the nPLEX system based on transmission SPR through periodic
nanohole arrays (Figure 5).32 They showed that the levels of EpCAM and CD24 were
elevated in exosomes from ovarian cancer cells. Based on exosome analysis in ascites from
30 patients (non-cancer, /7= 10) and ovarian cancer (n = 20), they demonstrated 97%
detection accuracy. The group also presented a next-generation nPLEX system (Figure 8a)
to analyze pancreatic ductal adenocarcinoma (PDAC)-derived EVs in higher throughput.8°
They defined a PDACEV signature marker set comprising EGFR, EpCAM, MUC1, GPC1,
and WNT?2 that showed an overall accuracy of 84% with 86% sensitivity and 81%
specificity in differentiating PDAC from pancreatitis, benign, and control patient groups
(Figure 8b). The PDACEV signature was highly elevated in PDAC-derived EVs (Figure
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8c), whereas total EV concentrations (Figure 8d) and a single marker of GPC1 (Figure 8e)
demonstrated a low detection power.

Another nanoplasmonic platform used for cancer diagnosis is based on plasmonic-enhanced
laser desorption/ionization mass spectrometry (LDI-MS).38:122-124 pjasmonic-enhanced
LDI-MS offers rapid (in seconds) detection of metabolic fingerprints with low sample
volume, which potentially could be used to investigate disease prognosis2® such as
medulloblastoma diagnosis and radiotherapy evaluation.126 Sun et a/. demonstrated the in
vitro profiling of small molecules in exosomes on the metabolic level, showing its potential
in early lung cancer diagnosis.38 Alternatively, breast cancer-derived exosome detection was
performed using colorimetric nanoplasmonic platform,?* simplifying the system required for
detection.

SERS platforms identified distinctive Raman spectrum signatures and applied principal
component analysis for cancer diagnosis, such as early pancreatic cancer diagnosis,*3
exosomal phosphoprotein detection in cancer-derived exosomes,*’ liver cancer diagnosis,>3
etc. Molecular profiling of circulating miRNAs in serum or plasma has emerged as a
potential diagnostic and prognostic option in cancer.12” Pang et a/. demonstrated dual-SERS
nanoprobes for pancreatic cancer-specific exosomal miRNA detection (Figure 8f-g).5® They
could successfully quantify miR-10b in exosome and residual plasma of blood samples
(Figure 8h) from patients of PDAC (7= 5), chronic pancreatitis (CP, 7=5), and normal
controls (NC, n=5).

Various SERS nanoprobes, coupled with different Raman reporters, were also developed
to label specific subgroups of exosomes for cancer diagnosis. It was demonstrated that
aptamers for PSMA, HER2, and AFP have affinities to exosomes from prostate cancer,
breast cancer, and hepatocellular carcinoma, respectively.®! Antibodies were also used to
detect pancreatic cancer-derived exosomes®? and breast cancer-derived exosomes.103

Tracking patient treatment responses and drug resistance in real-time by using biomarkers in
EVs is a promising way to improve cancer therapeutics. Wang et a/. introduced a multiplex
EV phenotype analyzer chip for direct EV phenotyping in plasma, allowing multiplex
biomarker detection by simultaneously labeling target EVs with AuNPs conjugated with
target-specific antibodies and Raman reporters.>* They suggested four biomarkers -
melanoma chondroitin sulfate proteoglycan (MCSP), melanoma cell adhesion molecule
(MCAM), low affinity nerve growth factor receptor (LNGFR), and receptor tyrosine protein
kinase (ErbB3), which are correlated with melanoma treatment or progression.128 By
evaluating the profiles of these proteins, they detected cancer-specific EV phenotypes from
plasma sample of melanoma patients (n7=11) and healthy people (7= 12) as well as changes
of plasma EV phenotypes during treatment in melanoma patients (/7= 8) undergoing
molecular targeted therapies, offering potentials to guide personalized cancer therapy.

Neurodegenerative disease

Since exosomes have the capability to cross the blood-brain barrier, molecular profiling
of central nervous system (CNS)-derived exosomes in blood could potentially discover
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important biomarkers of neurodegeneration such as Alzheimer’s disease (AD) and
Parkinson’s disease.

SPR imaging was employed to simultaneously detect and characterize CNS-derived
exosomes in patient plasma?® (Figure 9a). Purified exosomes were captured on the SPR
substrate using capture antibodies: anti-CD9 (generic marker), anti-PLP1 (oligodendrocyte
marker), anti-CD171, and anti-ephrinB (neuronal markers) (Figure 9b). Captured exosomes
were then characterized with antibodies targeting CD81 (generic marker) and GM1
(ganglioside marker). The results showed that the abundance of CD81 in different
subpopulations of exosomes are inhomogeneous. Although CD81 is considered a generic
exosomal marker, CD171-positive exosomes contained a larger amount of CD81 (Figure
9c¢). This shows that molecular profiling of different subpopulations of exosomes is
important due to their heterogeneity in molecular levels, which might be useful for disease
diagnosis. Similarly, GM1 was high in CD171 and PLP-1 positive exosomes, reflecting
their neuronal and oligodendrocyte origin. The presence of GM1 has been associated with
various neurodegenerative diseases.12%130 For instance, gangliosides accelerate a-synuclein
aggregation in neurons, causing the spread of Parkinson’s disease.131

AD, in particular, is severe dementia associated with a progressive loss of memory and
cognitive functions. Current AD diagnosis through neuropsychological assessments is
subjective, and most cases are detected in the late-stage. Although different molecular
assays are being developed for early-stage detection, these approaches are either invasive
or expensive.132.133 Blood analysis is an ideal candidate, but pathological AD molecules
(e.g., amyloid B, AB) are in low concentrations in blood that are difficult to be detected
by conventional approaches such as ELISA. On the other hand, exosomes in the blood not
only carry pathological AD proteins, but their markers are also enriched in human brain
amyloid plaques. Therefore, plasma exosome analysis could potentially characterize AD
non-invasively for early-stage diagnosis.

Amplified plasmonic exosome (APEX) was presented recently to analyze exosomes in blood
samples (Figure 5f).34 The periodic nanohole array was first functionalized with antibodies
against exosomal membrane proteins (AB42, APP, a-syn, CHL1, IRS-1, NCAM, Tau). The
APEX platform was used to measure unbound AB42 and exosome-bound AB42 from blood
samples of AD patients (Figure 9d). Exosome-bound AB42 in native plasma was enriched
using AB42 antibodies, and the relative amount of CD63 was measured. Total circulating
AP42 was measured using both AB42 antibodies for enrichment and detection. Finally,
unbound Ap42 was measured by first removing large particles (>50 nm, filtration) in the
plasma and then detecting unbound Ap42 using the APEX platform.

A total of 84 patients was recruited for the study: 17 patients with AD; 18 patients with

mild cognitive impairment, 16 healthy control with no cognitive impairment, 9 controls with
vascular dementia, 12 controls with vascular mild cognitive impairment and 12 controls
with acute stroke. Brain amyloid plaque load was determined using PET brain images.

The concentration of exosome-bound AB42 had the best correlation to PET imaging (R2
=0.9002, Figure 9e), suggesting that exosomes are strongly associated with prefibrillar
AB42 aggregates that can readily form fibrils. Interestingly, the results showed a stronger
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correlation to the brain plaque load in the cingulate region (early AD-affected region). In
terms of specificity, the concentration of exosome-bound Ap42 could differentiate patients
with AD and mild cognitive impairment (P< 0.01), as well as with other controls (P <
0.0001, Student’s £test).

The APEX platform provides sensitive blood-based measurements of circulating exosomes
directly from native plasma samples with multiplexing capabilities. In addition to CD63
for exosome identification, additional markers could be used as well to identify other
subpopulations for combinatorial analysis to determine various stages of AD and provide
guidance in disease-modifying therapies.

Cardiovascular disease

Others

In the US, 647,000 people die from cardiovascular diseases every year, equating to 25%

of total death in the US.134 While several well-advanced biomarkers exist, detecting

and monitoring different cardiovascular diseases through EV analysis have some niche
applications. For example, in one study, it was shown that the detection of EVs positive

for ICAM-1 could be a prognostic indicator of coronary heart disease.>® In this study,
Human umbilical vein endothelial cells (HUVECs) were used as an /n vitro model of patient
vascular endothelial cells. To mimic EVs derived coronary heart disease patients, HUVECs
were stimulated with TNF-a, which induces an inflammatory stress response. Anti-ICAM-1
was selected as a diagnostic marker due to better binding affinity and discrimination ability
between unstimulated and TNF-a-stimulated EVs. In SPR analysis with patient-derived
EVs, The ICAM-1 levels in the coronary heart disease patient samples (/7= 10) were
significantly higher than that of healthy control (7= 6, p=0.007). Moreover, the level of
ICAM-1-positive EV was not changed after the TNF-a stimulation in the patient cohort (p=
0.86), but much more EVs were detected after TNF-a. stimulation in the healthy cohort (o=
0.07).

Besides clinical applications reviewed above, EVs are also potentially important biomarkers
in other diseases. In the study of pathogen infection, it is discovered that viruses are
transmitted v7a vesicles as populations of viral particles and this type of transmission
enhances their infection efficiency.13%.136 For instance, exosomes in the plasma of hepatitis
B patients were shown to contain nucleic acids and proteins of hepatitis B virus.137 It was
found that exosomes could shuttle hepatitis B viruses into uninfected cells as efficiently

as free-virus infection, serving as important regulators of hepatitis B virus transmission.
Recently, Elrashdy et al. proposed that one of the potential mechanisms for the relapse of
the COVID-19 infection could be a cellular transport pathway associated with the release of
the SARS-CoV-2-loaded EVs, whereby such the “Trojan horse” strategy represents possible
explanation for the re-appearance of the viral RNA in the recovered COVID-19 patients.138
On the other hand, miRNA profiling of bovine-milk derived exosomes could identify
potential biomarkers for early mastitis detection due to bacterial infection.139 In addition,
EVs were found to be promising biomarkers for diabetes,14 kidney injury, renal diseases, 141
and traumatic brain injury.142 EV characterization and molecular profiling using plasmonic
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platforms can be further explored in various areas of clinical diagnosis, theranostics, and
monitoring.

FUTURE PERSPECTIVE

In this review, we have shown that SPR represents a number of different technologies to
sensitively analyze EVs. The research and clinical implications are detailed as such methods
would allow us to better understand the role of EVs in health and disease. However, at the
same time, there are ample opportunities to further develop plasmonic sensing approaches.
The current research and clinical needs are summarized below:

1

Single EV analysis. Most of plasmonic sensing platforms, although superior

to conventional methods, still requires a certain number of EVs, measuring

bulk properties from an ensemble of vesicles. Analyzing single EVs could
reveal distinctive molecular profiles of cell-specific EVs, which will further
promote clinical use of these vesicles and allow us to construct a comprehensive
EV atlas per different biological parameters (e.g., cellular origin, cell state).

For instance, in cancer, single EV analysis could be extremely valuable in
studying EV biogenesis, tumor heterogeneity, rare tumor subtypes, phenotypic
changes occurring during therapy, and normal host EV variations that occur
concomitantly with tumoral changes.21® Several plasmonic platforms have
demonstrated proof-of-concept for single EV analysis,31:3%57 showing that
plasmonic technology has high potential in developing clinical systems for single
EV analysis.

Multiplex measurementsto improve specificity. Multiplex measurements are
critical for EV subpopulation characterization or multiple parameters analysis to
improve the specificity in disease diagnosis. For example, Yang et al. showed
that the specificity of identifying PDAC increased from 52% (using a single
biomarker GPC1) to 81% by using a panel of 5 biomarkers.8? SPR imaging

and periodic nanoholes have demonstrated high multiplexing capability and are
suitable to investigate complex clinical problems. Multiple capture antibodies/
aptamers can be patterned using a microspotter or microfluidic technology,
while multiplexed profiling analysis can be performed with the help of machine-
learning classification.

Better signal amplification strategiesfor raretargets and markers. Since
mutant nucleic acids and proteins are rare in EV, better amplification

strategies are needed to increase the sensitivity of the plasmonic response

and detect such rare targets and markers using plasmonic technology.

Signal amplification strategies in plasmonics include surface design with
nanostructures,*2:48 sandwich assays with detection probes,*8:5253 chemical
deposition/reduction processes,28:3455 and plasmon-enhanced fluorescence
detection.5” Other amplification strategies can be explored to further improve

the sensitivity of the plasmonic platforms targeting rare RNAs or mutant proteins
in EVs.
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4. Commercialization of technologies. Although there are hundreds of papers on
SPR, up to now, plasmonic technology has yet to be commercialized clinically.
Commercial SPR systems, such as Biacore, are still primarily used in research
to measure real-time binding kinetics and search for promising biomarkers.
Much effort is needed in designing a robust plasmonic system that can be
used in clinical settings. Exosome Diagnostics, Inc. is currently spearheading
such an effort, developing cost-effective sensor chips and automated signal
readers. Commercial SPR products will be one of the most promising /n vitro
diagnostic instruments and contribute to the world’s second-largest sales market
and production base.143

5. Identification of clinically relevant biomarkers. Hundreds of EV biomarkers
have been identified, but, unfortunately, less than a handful have proven
clinically useful for disease diagnosis and monitoring. This is evident by the fact
that the research effort is still focused on platform development and improving
sensitivity, LOD, measurement precision, and robustness. In recent years, more
researchers have been focusing on identifying clinically useful biomarkers using
plasmonic platforms.32:3489 More translational research is needed to facilitate
the adaptation of plasmonic technology in clinical applications. In that effort,
it is also critical that the establishment of a biomarker signature is done in the
real intended use population instead of more generic studies where patients and
controls are chosen due to availability rather than clinically appropriate samples
taken at the time-point where it is intended to be used.

6. Prospective clinical trials. With the successful identification of clinically useful
biomarkers and a well-defined clinical decision that the biomarker is trying
to solve, prospective clinical trials using plasmonic technology for disease
diagnosis and monitoring are essential. These clinical trials have to be well
controlled with the collaborative effort of clinical investigators and research
staffs such that the deployment of plasmonic technology in real clinical settings
can be achieved efficiently. The intended use population needs to be well defined
for the clinical question, and the population need to have the right distribution of
patients reflecting the real-world scenario since this is where many biomarkers
fail.

In conclusion, SPR is a very promising technique for EV detection, proteomics, and
miRNA profiling with great clinical translation potentials. While this review focused on

the application of plasmonic platforms on EV detection and analysis, it is important to

note that plasmonic platforms are targeting nano-sized particles. Biological particles that
fall in the same size range of EVs can also be detected and characterized by plasmonic
platforms, such as lysosomes, viruses, and bacteria.124 For instance, plasmonic technologies
were demonstrated to detect SARS-CoV-2 virus using nanoplasmonic Au nanoprobe or
nanoisland substrate, down to pM sensitivity,144-146 demonstrating the use of plasmonic
sensors in other nano-sized biological entities and expanding their uses in a broad range of
biomedical applications.
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VOCABULARY
Extracellular vesicles
Micro- and nano-sized particles that are released naturally by cells and carry molecules such
as proteins, nucleic acids, lipids, efc., originated from the cells.
Surface plasmon resonance
A physical phenomenon whereby free photons on metal surfaces are converted into localized
charge-density oscillations (known as surface plasmons) under the stimulation of light.
Nanoplasmonics
The physical phenomenon of surface plasmon resonance occurs on metal surfaces with
nanostructures or nanoprobes.
Surface-enhanced Raman spectroscopy
A physical technique used to enhance the Raman scattering using rough metal surfaces or
nanostructures.
Plasmonic-enhanced fluorescence
A physical technique used to enhance the fluorescence intensity of fluorophores through
plasmonic coupling interactions.
Clinical trandational research
Research that transfers laboratory discoveries to clinical studies, accelerating the adoption of
new technologies or techniques in hospital settings.
Diagnostics
Techniques and approaches used to identify illnesses, symptoms and diseases.
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Figure 1. Comparison of SPR platforms.
a Conventional SPR. b Nanoplasmonics. ¢ SERS and PEF. System performances are based

on demonstrated platforms for EV detection, as summarized in Table 1. Definition of
sensitivity indicator: Poor (>10%), Fair (~10%), Good (~103), Excellent (single exosome).
Definition of throughput (demonstrated multiplexing capability) indicator: Poor (single),
Fair (~10), Good (~100), Excellent (>1000 arrays). Simplicity is rated qualitatively based on
the complexities in the detection system and chip fabrication. Translational potential is rated
qualitatively based on demonstrated clinical validation and results with clinical samples.
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Figure 2. Representative equipment setups of different plasmonic platforms.
a Conventional SPR system using a photodetector to monitor a change in the intensity

or resonance angle. b SPR imaging and microscopy using a camera to monitor intensity
change in image. ¢ Nanoplasmonic systems using optical transmission configuration to
monitor intensity or wavelength change in absorption or scattering spectrum. d SERS system
using monochromatic light for excitation and spectrometer to measure a Raman spectrum.

e Plasmonic-enhanced fluorescence system using typical fluorescence microscopy for single
EV fluorescence imaging.
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Figure 3. Nanoparticle enhanced SPR platforms.
a Dual Au nanoparticle-assisted signal amplification for exosome detection. b SPR spectra

of (1) aptamer modified Au film; (2) target exosomes; (3) reaction with T3g AuNPs; (4)
reaction with Azg AuNPs; (5) regeneration. ¢ SPR response of dual AuNP-assisted SPR
sensor. d The relationship between A6 and exosomes concentrations by using different
sensing strategies: direct measurement, single AuNP amplified SPR aptasensor, and dual
AuNP amplified SPR aptasensor. e Reproducibility investigation of the SPR biosensor.
Reprinted with permission from ref. 27. Copyright 2019 Elsevier.
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Figure 4. SPR imaging and microscopy.
a SPR imaging in combination with antibody microarray to capture and detect exosomes. b

SPRi sensorgrams showing binding of exosomes to various antibodies. ¢ Exosome secretion
was suppressed by siRNA-Rab27a (siRNA-NC as a negative control). Reprinted with
permission from ref. 66. Copyright 2014 American Chemical Society. d EVs detection

with SPR microscopy with a high NA objective. A deep learning algorithm was developed
for automatic SPRM image analysis. e-f Size measurement of EVs with SPRM (e)

and nanoparticle tracking analysis (f). Mean values were located at 234 and 237 nm,
respectively. Reprinted with permission from ref. 31. Copyright 2020 American Chemical
Society.
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Figure 5. Nanoplasmonics using periodic nanoholes.
a A scanning electron micrograph of the periodic nanoholes in the nPLEX sensor. b Finite-

difference time-domain (FDTD) simulation shows the enhanced electromagnetic fields
tightly confined near a periodic nanohole surface. ¢ A representative schematic of changes
in transmission spectra showing exosome detection with nPLEX, and scanning electron
microscopy shows exosome captured by functionalized nPLEX. d Prototype with 12 x 3
detection spots. The nanohole arrays in the shaded area were integrated with microfluidics.
e Comparison of the detection sensitivity of nPLEX and ELISA. f mRNA analysis of
exosomes eluted from CaOV3 cells. Following nPLEX protein measurements, captured
exosomes were released from the chip and subsequently analyzed for mMRNA contents.
Reprinted with permission from ref. 32. Copyright 2014 Springer Nature. g APEX assay for
exosome profiling through an /n situ enzymatic amplification. h Schematic of changes in the
transmission spectra with APEX amplification. i FDTD simulations with back illumination.
j Step-by-step APEX transmission spectral changes. The deposit formation led to ~400%
signal enhancement. k Comparison of the detection sensitivities of APEX, ELISA, and
western blotting. | specificity of APEX assays for measuring target proteins. Reprinted with
permission from ref. 34. Copyright 2019 Springer Nature. Creative Common CC-BY.
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Figure 6. Nanoplasmonics using nanoprisms and nanoprobes.
a Schematic representation of Au nanoprisms for miR-10b detection. b Comparison of

miR-10b (red bars) and miR-10a (blue bars) concentration-dependent plasmonic responses.
¢ Schematic representation illustrates electron-transport through duplex DNA hybridization
with miR-10b and miR-10a. Reprinted with permission from ref. 42. Copyright 2015
American Chemical Society. d Schematic illustration of multicolor visual detection of
exosomes based on HCR and enzyme-catalyzed metallization of Au NRs. e-f Color variation
(e) and UV-vis absorption spectra (f) of Au NRs in response to different concentrations of
exosomes from 0 to 9 x 103 particles/mL. Reprinted with permission from ref. 94. Copyright
2019 American Chemical Society.
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Figure 7. SERS platform.
a Detection process and design inspiration of the Au-coated TiO, MIO SERS substrate.

b SERS spectra of exosomes separated from plasma of different cancer patients and

normal individuals. SERS intensity at 1,087 cm™ is used for analysis. Reprinted with
permission from ref. 47. Copyright 2020 American Chemical Society. ¢ Multiplex exosome
detection using SERS nanoprobes. Multiplexed capture probes were constructed by the
co-modification of three types of aptamer DNAs. Followed by the recognition between
aptamers and target exosomes, the SERS probes are released, and SERS signals are
attenuated. d SEM images of the hybridized complexes of SERS probes—magnetic bead, and
exosome-magnetic bead. e SERS spectra of the complexes obtained in the presence of single
(left) and multiple (right) exosomes. Reprinted with permission from ref. 51. Copyright
2020 Royal Society of Chemistry.
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Figure 8. EV molecular profiling for cancer diagnosis.
a Multiparametric plasma EV profiling using periodic nanoholes for the diagnosis of

pancreatic malignancy. Scanning electron micrographs show the periodically arranged
nanopore array and EVs captured on the surface. b Heatmap analysis of EV markers.

The PDACEV signature is defined as a combined marker panel of EGFR, EFCAM, MUC1,
GPC1, and WNT?2. ¢ The established PDACEgy signature signals, d EV concentrations,
and esingle GPC1 signal as measured for plasma EVs collected from 22 PDAC patients,
8 with pancreatitis, 5 with benign cystic tumors, and 8 age-matched controls. Reprinted
with permission from ref. 89. Copyright 2017 American Association for the Advancement
of Science. f Tracking extracellular vesicle phenotypes for melanoma monitoring. EVs
from melanoma cells are captured, and SERS nanotags are attached. The characterization
of EV phenotypes is performed by SERS mapping (MCSP-MBA, red; MCAM-TFMBA,
blue; ErbB3-DTNB, green; LNGFR-MPY, yellow). g Representative false-color SERS
spectral images and h corresponding average SERS spectra from patient and normal
samples. i Monitoring EV phenotypic evolution of patients 16 and 17 during targeted
therapies. Patient 16 was treated with dabrafenib. Stable disease (SD) on day 143 and
developed progressive disease (PD) after cessation of treatment (day 263) were shown.
Patient 17 received the combination treatment of dabrafenib and trametinib. SD on day
120 and PD at the third visit (day 339) were shown. Reprinted with permission from

ref. 54. Copyright 2020 The Authors, some rights reserved; exclusive licensee American
Association for the Advancement of Science. Distributed under a Creative Commons
Attribution NonCommercial License 4.0 (CC BY-NC) http://creativecommons.org/licenses/
by-nc/4.0/.
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Figure 9. Subtyping of brain-derived exosomesreflecting brain diseases.
a Detection and characterization of different brain-derived subpopulations of plasma

exosomes by SPR imaging. b Sensorgram of exosome detection on the SPRi chip with
spots of different antibodies. ¢ SPRi intensities related to the injections of anti-CD81 and
anti-GML1 in sequence for exosomes derived from blood plasma of five healthy subjects.
Reprinted with permission from ref. 29. Copyright 2018 American Chemical Society. d
A proteins, the main component of amyloid plaques found in AD brain pathology, are
released into the extracellular space. Through their surface glycoproteins and glycolipids,
exosomes can associate with the released AP proteins. e Subtyping of circulating exosome-
bound amyloid p using nanoplasmonics with periodic nanoholes. Correlations of different
populations of circulating AB42 with global average PET brain imaging. When correlated to
the global imaging data of brain amyloid plaque, the exosome-bound AB42 measurements
demonstrated the best correlation. Reprinted with permission from ref. 34. Copyright 2019
Springer Nature. Creative Common CC-BY.
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