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ABSTRACT: Exosomes are abundantly secreted by most cells that carry
membrane and cytosolic factors that can reflect the physiologic state of
their source cells and thus have strong potential to serve as biomarkers for
early diagnosis, disease staging, and treatment monitoring. However,
traditional diagnostic or prognostic applications that might use exosomes
are hindered by the lack of rapid and sensitive assays that can exploit their
biological information. An array of assay approaches have been developed
to address this deficit, including those that integrate immunoassays with
nanoplasmonic sensors to measure changes in optical refractive indexes in response to the binding of low concentrations of their
targeted molecules. These sensors take advantage of enhanced and tunable interactions between the electron clouds of
nanoplasmonic particles and structures and incident electromagnetic radiation to enable isolation-free and ultrasensitive
quantification of disease-associated exosome biomarkers present in complex biological samples. These unique advantages make
nanoplasmonic sensing one of the most competitive approaches available for clinical applications and point-of-care tests that evaluate
exosome-based biomarkers. This review will briefly summarize the origin and clinical utility of exosomes and the limitations of
current isolation and analysis approaches before reviewing the specific advantages and limitations of nanoplasmonic sensing devices
and indicating what additional developments are necessary to allow the translation of these approaches into clinical applications.
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■ EXOSOMES AS BIOLOGICAL TREASURE

Exosomes are small (30−150 nm) membrane-bound extrac-
ellular vesicles (EVs) secreted by all cell types by evolutionarily
conserved constitutive and inducible mechanisms.1,2 Following
their secretion, exosomes accumulate in an array of biological
fluids (e.g., blood, urine, saliva, breast milk, cerebrospinal fluid,
and tears). Exosome secretion was initially considered as a
means for cells to discard unwanted material.3 However,
subsequent studies found that the composition of exosomes
could differ from that of their parent cells because of selective
enrichment effects, which could differ by cell type and other
parameters; that exosomes could exhibit enhanced uptake by
specific cell types depending upon their cell of origin; and that
exosome uptake could alter the phenotype of their recipient
cells.4 Exosomes were also found to differ from other EVs in
that they contained selectively packaged material from most
cellular compartments and membranes, in part due to their
endosomal origin, and to capture a wealth of biological
information that is not present in other EV types or
membranous particles. This includes information underlying
both physiological mechanisms (e.g., intercellular communica-
tion5 and regulation of the immune response and morpho-
genesis6,7) and pathological processes (e.g., cancer,8 viral and
bacterial infection,9 and neurodegenerative diseases10) that
may be partially regulated by the transfer of exosome cargoes

that exert effector functions. Taken together, these features
have led to exosomes being considered an excellent source of
potential biomarkers.
Mechanisms governing exosome biogenesis are covered in

other reviews, but broadly speaking, the secretion and uptake
dynamics of exosomes are largely regulated by their membrane
proteins, whereas their biological functions depend upon both
their surface and internal composition, and all of these are
controlled by mechanisms and stimuli that are active during
their biogenesis to control their composition.11,12 Briefly,
exosome biogenesis begins with inward budding of the plasma
membrane to form early endosomes that incorporate plasma
membrane proteins,13,14 which can then undergo inward
budding events that result in the accumulation of intraluminal
vesicles (ILVs) to produce multivesicular bodies (MVBs).15,16

These MVBs can fuse with lysosomes, resulting in the
degradation of their contents,17 or utilize soluble N-ethyl-
maleimide-sensitive factor attachment protein receptors

Special Issue: Biospecies Sensors

Received: January 29, 2021
Accepted: July 20, 2021

Reviewwww.acsabm.org

© XXXX The Authors. Published by
American Chemical Society

A
https://doi.org/10.1021/acsabm.1c00113

ACS Appl. Bio Mater. XXXX, XXX, XXX−XXX

D
ow

nl
oa

de
d 

vi
a 

18
0.

24
9.

15
2.

25
1 

on
 A

ug
us

t 1
0,

 2
02

1 
at

 0
2:

50
:4

8 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Pouya+Amrollahi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wenshu+Zheng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chandler+Monk"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chen-Zhong+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tony+Ye+Hu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsabm.1c00113&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.1c00113?ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.1c00113?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.1c00113?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.1c00113?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/aabmcb/current?ref=pdf
https://pubs.acs.org/toc/aabmcb/current?ref=pdf
www.acsabm.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsabm.1c00113?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.acsabm.org?ref=pdf
https://www.acsabm.org?ref=pdf
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://acsopenscience.org/open-access/licensing-options/


(SNAREs) to fuse with the plasma membrane18−20 and release
their ILV contents into the extracellular space as exosomes.
Cells encapsulate a diverse repertoire of cytosolic and
membrane proteins, lipids, and genetic information (double-
stranded DNA and various RNA types) into exosomes during
their biogenesis.21 Exosomes, therefore, represent a rich source
of biomarkers that may allow greater insight into disease
progression, and which can be readily obtained through
minimally invasive liquid biopsy procedures, including stand-
ard peripheral blood draws (Figure 1).

■ EXOSOMES AS POTENTIAL DIAGNOSTIC
BIOMARKERS

Exosomes in Cancer. Cancer diagnosis is often delayed
because of nonspecific symptoms and the lack of cost-effective
diagnostic approaches or specific biomarkers.22 Cancer-derived
exosomes have the potential to address this situation because
they can exhibit novel or altered expression of cancer-
associated factors, including oncoproteins, growth factors,
immunomodulatory molecules, RNAs, and genomic DNA
fragments containing cancer-associated mutant alleles.23,24

Furthermore, both cell-intrinsic conditions (e.g., overexpres-
sion of endosomal sorting complex required for transport
(ESCRT) complex components,25 activation of oncogenic
signaling pathways,26 and elevated cytosolic DNA concen-
trations27) and microenvironmental conditions (e.g., hypo-
xia28) can promote the enhanced exosome secretion by tumors
and therefore increase their utility as biomarkers. Cancer-
derived exosomes also play major roles in cell-to-cell
communication to regulate tumorigenesis and metastasis.
They can alter the tumorigenesis by promoting cancer
invasiveness by affecting tumor−stroma interactions, suppress-
ing the immune response,29 and stimulating tumor angio-
genesis.30 Cancer-derived exosomes can increase directional
cell movement and migration speed,31 degrade the extracellular
matrix,32 and enhance tumor growth by stimulating the
differentiation of myofibroblastic cells,33 and thus specific
factors associated with these exosomes have the potential to
function as biomarkers for more invasive and aggressive cancer

stages. Cancer-derived exosomes released into the circulation
can also interact with distant cells to promote their adjacent
tissues to adopt traits that lead to the formation of
premetastatic niches that promote metastasis,34,35 and the
tissue specificity of this targeting can be regulated by exosome
membrane proteins,36 whereas the transfer of their RNA
species to such sites can also increase the aggressiveness of
distant tumors.37 Exosomes can thus serve as biomarkers for
metastatic cancer, as well as means to identify anatomical sites
most likely to host premetastatic niches to improve tumor
surveillance. For example, melanoma-derived exosomes have
been shown to increase pro-metastatic behavior by educating
bone marrow progenitor cells to develop premetastatic
niches,38 whereas exosomes expressing epidermal growth
factor receptor (EGFR) have been reported to educate liver
tissue to host premetastatic niches for gastric cancer
metastases.39 In breast cancer studies, it has been shown that
miRNAs and miRNA maturation proteins are packaged in
cancer-derived exosomes that migrate to distant organs where
they can increase vascular leakiness,40 alter glucose metabolism
to enhance tumor growth,41 increase resistance to chemo
therapy,42 and promote the malignant transformation of
nonmalignant cells by altering their transcriptomes.43 RNA
species carried by exosomes can exert effector functions upon
their uptake by recipient cells,44 and have been shown to
promote chemo-resistance in triple-negative breast cancer45

and pancreatic cancer,46 as well as increasing chemo-
sensitivity.47,48 From a diagnostic/prognostic point-of-view,
rapid and ultrasensitive detection of protein and mRNA/
miRNAs signatures in cancer-derived exosomes can enhance
cancer diagnosis and staging and improve the evaluation of
tumor responses to a course of treatment.49−52

Exosomes in Neurodegenerative Diseases. Conven-
tional techniques for the diagnosis of neurodegenerative
diseases primarily rely on positron-emission tomography
(PET) imaging studies or require an invasive procedure to
obtain cerebrospinal fluid for molecular analyses. Although
exosomes secreted by neurons, astrocytes, and microglia can
move from the site of their release and cross the blood−brain

Figure 1. Exosome biogenesis and translational applications. (Left) Early endosomes can mature into multivesicular bodies (MVBs) and either fuse
with lysosomes and be degraded or migrate to the cell membrane where their intraluminal vesicles (ILVs) can be secreted as exosomes. (Right)
Exosomes carry a wealth of material from their cells of origin (e.g., membrane and cytosolic proteins, DNA, and RNA) that can be analyzed via
various applications to evaluate the phenotype of these cells. The amount of information carried by exosomes makes them a promising source of
candidate biomarkers for translational applications for personalized disease diagnosis, prognostic evaluations, and treatment monitoring.
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barrier53−55 to enter and accumulate in the cerebrospinal
fluid,56 as well as the circulation, and thus have potential utility
in the development of minimally invasive assays that can
distinguish specific neurological disorders. Exosomes released
by neural tissue can carry neuron-specific markers, including
transmembrane proteins,56 and are reported to regulate
intercellular communication in the central nervous system to
support myelination, plasticity, and antigen presentation.57 It
thus predicted that such exosomes could serve as a source of
viable biomarkers for multiple neurodegenerative conditions,
including, Alzheimer’s58 and Parkinson’s59 disease and prion-
based diseases,60 as long as the integrity of their surface
proteins and cargoes is preserved during their isolation.
Indeed, exosomes purified from the central nervous system
and brain tissue are reported to contain dysregulated
miRNAs61 and disease-associated proteins and peptides58,62,63

linked to neurodegenerative diseases. This includes markers
such as tau and amyloid-β (Aβ) that are associated with
Alzheimer’s disease; Syntenin 1, α-synuclein, and amyotrophic
lateral sclerosis (α-synuclein) associated with Parkinson’s
disease; and huntingtin that is associated with Huntington’s
disease.64−66 Neuronal tissue exosome cargo changes have
been investigated in some diseases,67 although the mechanisms
responsible for such changes are not known. The relative
scarcity of these biomarker-rich exosomes and the invasive
cerebrospinal fluid collection procedure limits their clinical
utility when analyzed by current analysis approaches.10 Novel
assay approaches are needed to address these two issues.
Exosomes in Infectious Disease. Cells infected with viral

and microbial pathogens release exosomes containing factors
expressed by these pathogens, which may include immuno-
modulatory factors, into their microenvironment.68 Some viral
assembly and exosome biogenesis pathways share several
components, including ESCRT subcomplexes and tetraspa-
nins, but the knowledge about the mechanisms that govern
sorting pathogen-derived components into exosomes is
fragmentary. HIV is one of the most widely studied pathogens
with regard to its interactions with the exosome secretion
machinery. The HIV membrane protein Gag and the HIV
virulence factor Nef have been detected on the surface of
exosomes secreted by HIV-infected cells, whereas the HIV
trans-activation response element RNA has been detected in
the exosome cargoes of these cells.69−71 Similarly, exosomes

secreted by Epstein−Barr virus (EBV)-infected cells express
EBV latent membrane protein 1, which has immunosuppres-
sive functions. These exosomes also contain numerous EBV-
derived miRNAs that can alter the transcriptome of their
recipient cells and therefore alter their phenotypes.72

Some intracellular pathogens employ their own machinery
to incorporate pathogen-derived components into exosomes
(HIV),73 regulate the ESCRT pathway to promote their
survival by altering endosome trafficking and antigen
presentation (Mycobacterium tuberculosis),74 or can upregulate
stress-associated factors (70 kDa heat shock protein) to
stimulate exosome production by their host cells (Mycobacte-
rium avium and Mycobacterium smegmatis).75 However,
exosomes produced by dendritic cells infected with intra-
cellular parasites, such as Toxoplasma gondii and Eimeria spp.,
have been shown to stimulate protective immune responses
against these species.76,77 Several studies have also evaluated
the potential of exosome biomarkers in the diagnosis,
prognosis, and evaluation of treatment response for chronic
diseases,78−83 including inflammatory84 and cardiovascular
diseases85 and liver pathologies.86

Exosomes derived from infected, diseased, or damaged cells
therefore appear to have strong potential value as candidates
for diagnostic and therapeutic response markers. Figure 2
depicts the diverse range of pathological conditions that have
exosome signatures and could be addressed by ultrasensitive
exosome assays that detect these biomarkers in clinical samples
to improve the diagnosis and treatment evaluation of
individuals with these pathologies.

■ EXOSOMES DETECTION AND ISOLATION
Lack of unique, exosome-specific markers hinders specific
detection of exosomes in complex biological samples, so that
isolation steps are often required to allow exosome analyses
using both basic and clinical research applications. As
summarized in Table 1, most exosome purification methods
involve trade-offs between speed, expense, and labor and
produce exosome fractions with method-specific differences in
exosome yield, purity, and integrity. Common methods are
based on differential centrifugation, filtration/size exclusion,
and immunoprecipitation approaches, each of which has its
own drawbacks. For example, isolation methods based on size
exclusion (e.g., volume-excluding polymers precipitation, size

Figure 2. Exosomes and disease progression. Cancerous, infected, or damaged cells can secrete exosomes that carry factors (e.g., mutant alleles or
cancer-associated factors, viral genomic material or proteins, or factors associated with tissue injury conditions such as neurodegenerative diseases)
that can be transferred to adjacent and distant cells to alter the local microenvironment or affect distant tissues and organs.
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exclusion chromatography, and microfluidic sorting), tend to
produce exosome fractions that are contaminated with small
microvesicles of similar size to exosomes, protein aggregates,
lipid droplets, lipoproteins, and other plasma membrane-
derived vesicles.87 Differential ultracentrifugation, the gold-
standard technique for exosome isolation, not only suffers from
these drawbacks but also is highly operator dependent and
compromises the morphological integrity of the isolated
exosomes as it subjects them to high shear forces. Further, a
recent study that employed an asymmetric flow field-flow
fractionation approach to isolate vesicles by their relative
density and hydrodynamic properties has identified two
exosome subpopulations with distinct morphologies and sizes
and a new “exomere” category of nonmembranous nano-
vesicles88 that can cosegregate to complicate the isolation of
pure exosome samples. Segregation of these particles, however,
relies on a labor-intensive workflow that requires large samples,

expensive equipment, and skilled labor, so that discrimination
and independence of these exosome subpopulations are not
feasible for clinical applications without substantial methodo-
logical improvement.
As a function of their biogenesis, exosomes tend to be

enriched in the tetraspanin proteins CD9, CD63, and, CD81,
and the ESCRT-associated components TSG101 and Alix.11

Immunoaffinity precipitation methods using these specific
proteins can isolate exosomes without exerting the same degree
of physical stress to produce less damaged exosome isolates.
However, such methods also tend to produce lower yields and
lack specificity, as exosome expression of these markers can
demonstrate cell-specific variations and the ESCRT machinery
is also involved in microvesicle biogenesis, limiting the utility
of these proteins as exosome-specific markers.89

Because of the relatively low yield, exosome isolation
approaches tend to require large starting sample volumes and
are subject to significant variation in their yield and purity.
Enzyme-linked immunosorbent assays (ELISAs), which are
widely used to quantify the expression of exosome surface
biomarkers, do not have high sensitivity and usually require
preisolated EV samples to detect biomarkers of interest that
are often present at low levels in clinical samples. The volume
requirement for exosome purification may thus prevent the
analysis of small volume samples, such as those obtained from
mouse models of human disease, or samples with low exosome
concentrations, although exosome purification approaches are
generally not feasible for clinical applications because of their
labor and equipment requirements and inherent variability.
Several new approaches are therefore under development to
address these challenges, including new methods that employ
nanoplasmonic structures to improve the direct detection of
exosome surface markers from clinical samples for biomarker
assay applications. For example, a sandwich immunoassay
approach that employs a nanoplasmon-enhanced scattering
(nPES) effect to quantify target exosomes has been shown to
directly detect small numbers of tumor-derived exosomes from
small volumes of serum.90 Exosomes have also been quantified
by small changes in the near-field refractive index generated in
proportion to exosome capture on an immuno-functionalized
surface of a nanoplasmonic structure. The following section
will therefore discuss several recent studies that employ
nanoplasmonic signals to detect or quantify exosomes. The
methods described in these studies utilize signal enhancement
effects from plasmonic or nanoplasmonic materials to
specifically analyze low concentration target exosome pop-
ulations without requiring the preisolation of exosomes from
large-volume clinical samples.

■ NANOPLASMONIC SENSING OF EXOSOMES
The physical properties of nanomaterials highly depend on
their size, shape, and composition. Fabrication of nano-
structured metallic materials has led to the development of
novel mechanical, chemical, biological, electronic, and optical
applications. Nanoplasmonics has emerged as a new field at the
intersection of optics and nanoelectronics, two fields that have
revolutionized the way and pace at which we can transfer,
process, and analyze information from our surroundings91

through the application of design nanostructures on noble
metal substrates. This new field focuses on utilizing unique
properties of nanomaterials to manipulate light-matter
interactions for new applications. Nanomaterials with
plasmonic properties can exhibit different interactions with

Table 1. Comparison of Several Exosome Detection and
Isolation Techniques

basis example(s) qualitative assessment

size/density/
shape
differences

size
chromatography

advantages:

microfluidic sorting exosome-rich samples
differential
ultracentrifugation

straightforward protocols

drawbacks:

contamination by particles of
similar size

operator-dependent effects on
purity/yield

large volume of clinical samples
necessary

exosome polymer-based
precipitation

advantages:

precipitation does not rely on the bulk
instrument, short turnaround
time, and largely scalable

drawbacks:
low purity due to the
coprecipitation of other
nonexosomal contaminations;
multiple washing steps

immunoaffinity ELISAa advantages:

magnetic beads subjects exosomes to lower shear
forces

marker-specific detection of
exosomes

drawbacks:
lower yields
lack of specificity
isolation step required for scarce
markers

large volumes for scarce markers
optical near- and far-field

nPESa
advantages

LSPRa sensing isolation-free exosome analysis
small sample volume requirement
can employ small volume
unprocessed biological samples

drawbacks:
lack of specific markers
complex fabrication steps

aELISA, enzyme-linked immunosorbent assay; nPES, nanoplasmon-
enhanced scattering assay; LSPR, localized surface plasmon
resonance.
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light of distinct wavelengths, which can lead to numerous
potential applications, such as microscopic imaging beyond the
diffraction limit, chemical and biological sensing, invisibility
cloaks, optical modulators, photodetectors, and photovoltaic
devices. Understanding and translating the plasmonic proper-
ties of nanomaterials to real-life applications require not only
the utilization of advances in modeling structures with superior
functional properties but also highly accurate nanofabrication
and synthesis techniques, and characterization tools and optical
setups able to make precise measurements. For example, the
generation of second-order harmonics from magnetic meta-
materials was not observed until after the development of
highly accurate nanoscale fabrication techniques,92 whereas the
development of advanced near-field microscopes was required
to allow the observation of surface plasmon polariton waves.93

Plasmonic Effect. From an electromagnetic point of view,
metals represent an abundant source of positive ions, free
electrons, or plasmons, which occur when metals are exposed
to an electromagnetic field (Figure 3). Conductive band
electrons collectively oscillate and can be treated as a three-
dimensional electron gas, which forms surface plasmon
polaritons (SPPs). SPPs are waves that can propagate along
the metal−dielectric interface and couple the electric
component of light to the surface, confining the light in an
area smaller than the diffraction limit.94 Compared to bulk
metals, nanoscale metal structures can also confine light in
their near-field and form localized surface plasmon resonances
(LSPRs). The absorption cross-section of these nanoscale
metals can be maximized at their resonance wavelength, and
thus LSPRs can produce much higher signal intensities than
SPPs, which are widely applied for catalytic, sensing, and
medical applications.95−97 The resonance wavelength of
nanomaterial structures can be adjusted to cover different
portions of the ultraviolet, visible, and near-infrared spectrum
by tuning the size, shape, and dielectric medium of these
nanomaterials for different applications.
The electrical polarization of a material is a frequency-

dependent complex function (eq 1) that indicates the way a
material interacts with the electrical component of light. A
material’s polarizability, also known as electric permittivity

(ε(ω)), comprises a real component (ε(ω)′) and an imaginary
component (ε(ω)″) that respectively describe its inducible
polarization strength and its associated losses. Plasmonic
materials require negative real permittivity, provided by their
free electrons, and low loss. For noble metals, electrons are free
to move and accelerate in an electric field in the visible and
near-infrared region of the spectrum and ε(ω) is explained by
the Drude theory (eq 2). This theory can thus explain
experimentally collected data for ε(ω)′; however, at shorter
wavelengths, when the energy of the incoming photon is larger
than the bandgap of the plasmonic material (e.g., plasmonic
semiconductors), the contribution of the interband transitions
to the permittivity is better described by the Lorentz model
(eq 3) with one or multiple terms (Δε). Both models
demonstrate how plasma frequency (ωp and ΩP terms) and
damping frequency (γ and Τ terms) influence the electrical
polarization of a material. For gold, at frequencies lower than
0.5 THz, the balance is tipped in favor of the large negative
value of ε(ω)′, whereas at higher frequencies, the energy
dissipation within the metal increases and ε(ω)″ takes over.

i( ) ( ) ( )ε ω ε ω ε ω= ′ + ″ (1)

i
( )

( )Drude
p

2

ε ω ε
ω

ω ω γ
= −

+∞
(2)

i
( )

( )Lorentz
P
2

P
2ε ω

ε
ω ω

=
Δ Ω

Ω − + Τ (3)

Electron−electron and electron−phonon interactions of
conduction band electrons and frequent interband electronic
transitions plague most metals with large detrimental losses.98

One strategy to reduce the contribution from interband
transitions is to dope noble metals lightly with transition
metals, such as cadmium and zinc,99 or alkali metals, such as
potassium.100 Grain boundary scatterings and lattice defects
also contribute to the overall losses of a material.101 Among
highly conductive metals, silver and gold have low losses and
are the materials of choice at optical and near-infrared
frequencies, respectively. The optical properties of silver are

Figure 3. Plasmonic effects and their application in sensing applications. (a) Plasmonic effects are caused by the collective oscillation of free
electrons in noble metals in response to the electric component of the incident light. (b) Surface plasmon resonance (SPR) and (c) localized
surface plasmon resonance (LSPR) is geometry-dependent properties of plasmonic materials that can be used for sensing applications.
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highly susceptible to sulfidation, however, and the formation of
a thin layer of silver sulfide can significantly increase the loss
component of its permittivity.102 The remarkable chemical
stability of gold in various solutions and the diverse surface
chemistry modifications possible with gold make it an ideal
candidate for many applications, even though it suffers from
higher losses than silver. The use of noble metals as plasmonic
materials is limited by fact that their optical properties are
tunable only to the degree that it is feasible to change the size,
shape, and composition of the final material. For example,
noble metals are not good candidates for applications that
require modulation or switching because, unlike semi-
conductors, it is difficult to adjust the electron carrier
concentration of noble metals. Many novel applications require
much lower losses at or close to their optical frequencies than
can be achieved with noble metals.103 Plasmonic effects with
low losses have been shown in copper,104 aluminum,105

nickel,106 palladium,107 and platinum108 structures and have
potential utility. Alkali metals have relatively low losses,109 but
their high reactivity with air and water renders them
impractical for use in plasmonic applications.110 Finally,
although semiconductors are dielectrics and not traditional
conductors, their optical properties can be tuned to perform as
low-loss plasmonic materials under heavy doping concen-
trations.111

Nanoplasmonic Metamaterials. Natural plasmonic
materials do not offer sufficient ability to achieve controllable
electrical and magnetic properties. To overcome this obstacle,
micro/nanofabrication approaches that produce structures
comprising carefully designed layers of metals, semiconductors,

and dielectrics have been used to achieve superior light−matter
interaction at specific wavelengths.112 Over the past decades,
there have been major advancements113 in both bottom-up
approaches (e.g., chemical and photochemical processes114,115

and colloidal lithography116) and top-down nanofabrication
processes (e.g., deep ultraviolet projection lithography,117

electron beam lithography,118 focused ion beam lithogra-
phy,119 and nanoimprint lithography120) that enable such
fabrication approaches. Different layers of materials with
specific morphologies, thicknesses, and geometries are carefully
arranged in plasmonic metamaterials to optimize the coupling
of the energy and momentum of photons and electrons at
specific frequencies. These structures can absorb and scatter
light more effectively at their resonance wavelength, and
anisotropic plasmonic material can support resonant modes at
multiple spectral locations when the incident light is aligned
with their axes of symmetry.121 An efficient plasmonic
metamaterial should also allow robust confinement of the
incident light for strong field enhancement in its near field.122

One strategy to increase field enhancement is to include gaps
at the center of the long axis of the plasmonic structure.123 The
strong shape dependency of these metallic elements on
metamaterials (e.g., networks of metallic wires,124 split-ring
resonators,125 rings,126 H-shaped resonators,127 rods,128 cross-
bars,129 triangles,130 bowties,131 stars,132 discs,133 chiral
structures,134 flowers,135 and cavities136) has been the subject
of extensive study. Morphological characterization of such
plasmonic structures, also referred to as nanoantennas, can be
performed using field-mission electron scanning microscopy
(FESEM) and atomic force microscopy (AFM). Measurement

Figure 4. Current LSPR-based exosome sensor platforms. Schematic representations of LSPR platforms employed for exosome analyses. (a) Self-
assembled gold nanoislands functioning as LISPR interferometers to distinguish exosomes from microvesicles without antibody functionalization.
Reproduced with permission from ref 141. Copyright 2017 Elsevier. (b) Antibody-modified SPR sensor approach that employs deep learning
approach employed to characterize the physical and chemical properties of interacting EVs. Reproduced with permission from ref 146. Copyright
2020 American Chemical Society. (c) Grating-coupled SPR biosensor approach that employs a magnetic field, an antibody-conjugated sensor, and
antibody-labeled magnetic particles to enhance the detection of a specific exosome population. Reproduced with permission from ref 145.
Copyright 2017 Royal Society of Chemistry. (d) Nanohole-based SPR approach to detect specific EV transmembrane proteins and cargoes in a
sandwich immunoassay approach where target concentration its measured by the immobilization of an antibody-conjugated gold nanoparticle
probe adjacent to the SPR surface. Reproduced with permission from ref 148. Copyright 2018 American Chemical Society.
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of their optical properties, such as field enhancement and
plasmon excitations, can be performed using scanning
transmission electron microscope electron energy-loss spec-
troscopy (STEM-EELS),137 photon-induced near-field elec-
tron microscopy (PINEM),138 and Fourier-transform infrared
spectroscopy (FTIR).129 Advanced fabrication and character-
ization tools are required to produce nanoantennas with
desired characteristics due to the extreme shape and size
dependency of their plasmonic behavior. After considering the
shape and size of the nanoantenna that best suits the intended
application, it is important to determine if periodic arrays of
these nanostructures behave differently than single instances or
small clusters of these elements. Incident light interacts with
different elements on two-dimensional arrays of plasmonic
nanoantennas, and the reflected beam can travel as a wave
throughout the structure for many periods before being
radiated back. This aids in further tuning the optical properties
of nanoantennas.139 Choosing the best nanofabrication process
is always a trade-off between accuracy, availability of source
materials, cost, and the throughput of the suitable fabrication
techniques.
Current Platforms for Nanoplasmonic Exosome

Sensing. The confinement of an electromagnetic field within
a few nanometers around these plasmonic nanomaterials/
nanostructures makes them exceptionally sensitive to minute
changes in the refractive index of the proximal medium.
Therefore, nanomaterials/nanostructures functionalized with
capture elements (e.g., antibodies or aptamers against specific

biomolecules) can sensitively detect and quantify the presence
of small biomolecular analytes by changes in the refractive
index that occurs when these analytes bind to their surfaces.
The quality of such plasmonic nanosensors can be evaluated by
the degree of spectral shift that they experience for one unit of
change in the refractive index, and the lowest concentration of
their specific analyte they can detect. Unlike surface plasmon
resonance (SPR)-based biosensing that requires bulky
expensive tools for characterization, LSPR-based biosensors
can be realized in miniaturized setups that have the potential
for routine clinical applications.140 In this section, we cover
several recent representative studies that focus on the use of
plasmonic metamaterials for sensitive EV detection.

Nanoplasmon-Enhanced LSPR Assays for Exosome
Detection. Self-assembling gold nanoislands (Figure 4a) have
been shown to function as LSPR-based sensors that can detect
low concentrations (194 ng mL−1) of exosomes purified from
the urine of a mouse lung cancer model and an
adenocarcinomic human alveolar basal epithelial cell line by
ultracentrifugation.141 This analysis demonstrated that the
electrokinetic potential of the immobilized particles distin-
guished exosomes from larger EVs. Another study employed
the same concept to analyze exosomes purified from a breast
cancer cell line142 and performed simulations indicating that
each square micrometer of the gold nanoisland structure of the
sensor platform could accommodate 27 exosomes, three times
more than reported in the literature. However, the reliance of
this approach on isolated exosomes renders it unsuitable for

Figure 5. Nanoplasmon-enhanced scattering assays for exosome analysis. (a) Near-field nanoplasmon-enhanced scattering (nPES) assay approach
for specific EV detection where exosomes captured by a general exosome marker (e.g., anti-CD81 antibody) are incubated with morphologically
distinct gold nanoparticles conjugated with antibody probes to general exosome (e.g., CD9 and CD63) and disease-specific surface markers. A
strong plasmonic enhancement effect (intensity increase and resonance shift) is observed when both nanoparticle probes bind the same exosome
and are constrained within the plasmon interaction limit. Reproduced with permission from ref 90. Copyright 2017 Springer Nature. (b) Far-field
nPES assay approach four automated dark-field imaging of plasmon-enhanced light scattering from gold nanoparticles conjugated to a general
exosome marker (e.g., CD9) that are bound to target EVs captured by a disease-associated exosome surface marker (e.g., EpCAM). Reproduced
with permission from ref 49. Copyright 2019 Frontiers. (c) Biomimetic coating approach allows selective capture of cancer cell-derived exosomes
and reduces signal artifacts when plasmonic signal from captured nanoprobes is detected by dark field microscope image analysis. Reproduced with
permission from ref 150. Copyright 2019 John Wiley and Sons. (d) Noise reduction approach to resolve nPES signal from nanoparticle probes
from scattering artifacts. Reproduced with permission from ref 151. Copyright 2016 American Chemical Society.
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clinical translation. Another group reported using an LSPR-
based sensor that employs a gold nanoellipsoid array integrated
on a microfluidic chip, which too could detect approximately 1
ng mL−1 of isolated exosomes using a general exosome marker
(CD63).143 An antibody-functionalized plasmonic biosensor,
based on titanium nitride as an alternative to gold and silver,
was also reported to detect low concentrations (4.29 ng mL−1)
of glioma-derived exosomes captured by CD63-specific
antibodies conjugated on the sensor. However, although this
sensor platform could be tuned to function at different visible
and near-infrared wavelengths and detect target exosomes from
dilute samples of serum-derived exosomes, the proof-of-
concept study required an exosome purification step, and
further studies evaluating its ability to directly analyze clinical
samples are required to judge its potential clinical utility.144

Nevertheless, this approach was noteworthy as it characterized
a new plasmonic material with a potential application as an
exosome biosensor. Several other studies have also shown
affinity capture and SPR-based sensing of exosomes (Figure
4b, c) from breast cancer cell lines, lung cancer cell lines, and
mesenchymal stem cells,145,146 further demonstrating the
potential of this sensor approach.
Several plasmonic nanopore structures have been reported

in the literature, but thus far only one has demonstrated label-
free quantification of low concentration exosomes (approx-
imately 670 aM). In this study, exosomes purified from a
primary ovarian cancer cell line (CaOV3) were captured on a
nanohole array coated with cancer-specific antibodies to
produce transmission surface plasmon resonance through the
periodic nanohole array and induce a spectral shift in the
transmission resonance (Figure 4d). This approach was used
to distinguish ovarian cancer patients from healthy controls in
a small cohort.147 Limited data from processing clinical
samples still leaves an opportunity for additional improvements
on this device. In another study, the same nanohole array was
used to detect both transmembrane and intravesicular proteins
of lysed exosomes after their purification from several ovarian
cancer cell lines (OVCAR3, OV420, and CaOV3). This
approach exhibited a detection limit of approximately 1 × 104

EVs through affinity capture of the lysed EV cargo and labeling
with gold nanoparticles.148 Because of their technology relying
on lysed purified EV samples, its performance is contingent on
finding two specific markers for capture and signal enhance-
ment, which limits the potential to be used in the clinic.
Nanoplasmon-Enhanced Scattering Assays. Nano-

plasmonic effects can also enhance the light scattering detected
by dark-field microscopy when nanomaterials are illuminated

with ultraviolet or visible light. On the basis of this principle,
our team developed a nanoplasmon-enhanced scattering
(nPES) assay approach that can detect 200 ng mL−1 tumor-
associated exosomes directly from as little as 1 μL of
unprocessed serum (Figure 5a). In this assay, serum exosomes
are captured directly from serum samples using a ubiquitously
expressed exosome surface marker (e.g., CD81) immobilized
on a slide. The exosomes are then hybridized with two
antibody-conjugated gold nanoparticles that have different
morphologies, and thus distinct resonances that recognize two
separate EV surface biomarkers, such as a second ubiquitous
exosome surface protein (CD63) and a target cancer-
associated EV surface biomarker. Exosomes secreted by
nonmalignant cells only bind the first of these two nanoparticle
probes, but tumor-derived exosomes can bind both probes.
This brings them within the minimum distance required to
enhance the intensity and cause a resonance shift in their
combined light scattering when analyzed under near-field
microscopy.90 This near-field nPES assay approach exhibits
high sensitivity for target EVs using a standard user-friendly
sandwich immunoassay approach frequently employed in
clinical settings. Clinical application is limited because manual
focusing may be required to maintain its near-field effect. To
address this issue, we developed a far-field variant of this nPES
assay (Figure 5b), that detects light scattering from a single
target nanoparticle.49,149 This far-field approach has less
sensitivity and higher background than near-field nPES assays
but does not require manual focusing for accurate sample
analyses, rendering it more suitable for use in clinical settings.
Notably, the small sample quantity required for both assays
proves useful for EV analyses performed using small animal
models, which are normally restricted by the large sample
volumes required in conventional EV assays. This is
particularly important for studies that require longitudinal
analyses, such as cancer models or the evaluation of drug
responses.
Assays that employ nanoplasmon-enhanced scattering of

visible light allow ultrasensitive detection of EVs that can be
captured directly from small volumes of complex biological
samples. However, scattering artifacts arising due to non-
specific binding of particulates and other factors present in
complex samples to the surface of assays wells can decrease the
analytical performance of such assays. One group has reported
that a biomimetic platelet membrane coating step greatly
reduced biofouling on assay well surfaces in addition to its
ability to promote selective capture of EVs from cancer versus
nonmalignant cell lines due to the inherent properties of

Figure 6. Nanoplasmonic exosome sensing by SERS. (a) Schematic representation of the SERS principle for nanoplasmonic detection. Reproduced
with permission from ref 152. Copyright 2020 Springer Nature. (b) Silver film-coated nanobowl structures preparation peeling a PDMS layer off an
array of polystyrene particles and its use in SERS detection of intact and ruptured exosomes. Reproduced with permission from ref 153. Copyright
2015 Royal Society of Chemistry.
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platelet membranes to interact with cancer cells (Figure 5c),150

suggesting that similar membrane conjugation steps may be
useful to reduce signal artifacts when analyzing EVs captured
from other complex biological samples. Our group has also
recently developed a noise reduction approach to distinguish
plasmonic signals produced from nanoprobe binding and
scattering artifacts produced by other interfering factors
(Figure 5d)151 to increase assay performance when analyzing
complex biological samples.
Raman signals from biomolecules can also be significantly

enhanced when target analytes bind to the surface of metallic
nanostructures due to an LSPR effect (Figure 6a).152 This
principle has promoted the development of a variety of assays
for biological analytes, including exosomes, that exhibit high
sensitivity and signal-to-background ratios. For example, one
group detected purified exosomes from the SKOV-3 ovarian
cancer cell line after their affinity capture on nanobowl
structures coated with a thin silver film (Figure 6b) using
surface-enhanced Raman spectroscopy (SERS).153 The limit of
detection reported for this device (580 fM) was about 10-fold
lower than reported for a high-sensitivity chemiluminescence
ELISA, although its translational value is not clear because this
study used dilutions of purified exosomes rather than analyzing
exosomes directly captured from clinical samples. Interpreta-
tion of these results is further complicated by the fact that the
morphological integrity of the analyzed exosomes was likely
compromised by both the isolation procedure and the drying
during the analysis procedure.
Nanoplasmon-Enabled Exosome Detection via Ab-

sorption Spectroscopy. Exosome binding to metallic
nanomaterials or nanostructures can alter the refractive indexes
to produce a resonance wavelength shift that can be monitored
by absorption spectroscopy.154 In a recent example of this
detection approach, silver nanoislands formed on a PDMS
membrane were functionalized with a synthetic peptide
(Vn96) to allow specific capture of exosomes derived from
MCF10A cells, and exosome binding was detected by a peak
shift detectable by absorption spectroscopy (Figure 7a).155

Nanoprobes can be also designed to aggregate in the presence
of the exosome target to produce a colorimetric signal that can
be detected by UV−vis spectroscopy or direct observation. For
example, one study employed a sensor platform in which gold

nanoparticles were solubilized by aptamers noncovalently
bound to their surface so that specific binding of these
aptamers to their EV target causes the rapid aggregation of
these gold nanoparticles to produce a concentration-dependent
colorimetric signal (Figure 7b).156 Several amplification
strategies have been used to improve the sensitivity of
nanoparticles-based colorimetric assays, including magnetic
isolation/separation and enzyme-controlled silver deposition
on captured gold nanoparticles.157,158 However, these
approaches introduce several additional steps to improve the
limit of detection, but increase assay labor and complexity, and
potentially variability, which may render such assays less
suitable for clinical applications. Nanoplasmon-enhanced
absorption is also employed in lateral flow immunoassays
that detect antibody-captured exosomes through specific
binding of gold nanoparticle detection probes that are
conjugated with target-specific antibodies. However, although
the simple workflow of lateral flow assays is suitable for point-
of-care tests, it is not clear if exosome assays that use this
approach will exhibit sufficient sensitivity and diagnostic
performance.159

Nanoplasmon-Enhanced Fluorescence for Exosome
Detection. Fluorescence-based methods are widely used to
detect a variety of biological targets due to the simplicity and
versatility of this detection approach, and its suitability for
high-throughput detection approaches.160,161 However, fluo-
rescence-based assays that target exosome biomarkers are likely
to exhibit very poor analytical sensitivity due to the limited
surface area and volume of exosomes, which limits the
abundance of target biomarkers on or within these vesicles
and thus the amount of fluorescent signal that can be
generated per each target exosome.
Multiple studies have shown that fluorescence emission can

be significantly enhanced when fluorescent molecules come
within a specific distance of a nanoparticle or nanostructure
surface,162 and this principle has been employed to more
sensitively detect a variety of targets, including exosomes. One
recent study has employed a periodic nanohole structure to
amplify exosome fluorescent signal using the SPR effect to
amplify the fluorescent signal overlapping the plasmonic
resonance of this nanostructure.163 In another approach,
LSPR and an SPR-mediated fluorescence amplification of the

Figure 7. Nanoplasmon-enhanced adsorption spectrometry assays for exosomes detection. (a) Schematic of the fabrication and surface
functionalization of silver nanocomposite for the exosomes sensing. Reproduced with permission from ref 155. Copyright 2020 Taylor & Francis.
(b) Schematic of a nanoparticle aggregation assay where binding of aptamers complexed to the surface of gold nanoparticles causes these
nanoparticles to rapidly aggregate to produce a colorimetric signal in proportion to EV concentration. Reproduced with permission from ref 156.
Copyright 2017 John Wiley and Sons.
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target signal were combined to enhance the signal-to-noise
ratio of exosome detection, which resulted in a 140-fold signal-
to-noise increase when fluorescently labeled target proteins
were captured on a plasmonic sensor grating.164 However, this
approach employed purified exosome samples, and it is not
clear if this method can be utilized to directly capture and
analyze exosomes from complex biological specimens for
clinical translation. Considering the plasmonic resonance
characteristic of most nanostructures can enhance red and
near-infrared fluorescent signals,165 combining plasmon-
enhanced fluorescence amplification approaches with other
plasmon enhancement approaches (e.g., LSPR) should be
considered to permit multiplex detection of different exosome
markers.

■ CONCLUSIONS AND FUTURE CHALLENGES
As one of the major subtypes of EVs, exosomes are unique,
encapsulated biomolecules that are abundantly secreted by all
cells and carry crucial biological information from their cell of
origin. These nanometric particles can be detected in different
biofluids (e.g., blood, cerebrospinal fluid, urine, saliva) via
procedures with close-to-no invasiveness. However, exosome
analysis is not yet clinically translatable because of the
requirement for a purification step and the lack of a standard
technique for reproducible, high yield, pure exosomes. The
explosive rise in studying exosomes as promising biomarkers
for disease diagnosis, prognosis, and treatment monitoring (in
maladies such as cancer, infectious diseases, and neuro-
degenerative diseases), now more than ever, underscores the
necessity of developing highly sensitive, reproducible, and
scalable techniques that can examine and implement clinically
relevant applications of exosomes. Because all the currently
known size-based and affinity-based assays have inherent
drawbacks for clinical applicability, researchers have turned to
nanoplasmonic structures and explored them as novel compact
devices with great potential to make to the clinics. Therefore,
many distinct types of plasmonic metamaterials are readily
functionalized with molecules that exhibit affinity to target
biomarkers and thus be employed as biosensors in multiple
different applications. The specificity of such biosensors can be
facilely modified by altering the specificity of their conjugated
affinity molecules, such that specific antibodies can be
employed to recognize EV biomarkers associated with
particular diseases or disease stages to permit disease diagnosis,
staging, and treatment monitoring. However, for such
plasmonic biosensors to have clinical utility, they must satisfy
several essential requirements. These include the ability to (1)
rapidly analyze unprocessed clinical specimens, such as serum
or plasma, in a high-throughput manner; (2) allow more
sensitive and specific detection of existing biomarkers, or novel
biomarkers not evaluable by other methods; and (3) utilize
simple, efficient, high-yield, and cost-effective fabrication and
characterization procedures. Most current nanoplasmonic
assays do not yet meet one or more of these requirements,
and future studies are necessary to address these issues and
ultimately demonstrate the utility of a refined assay platform in
a clinical validation study. However, nanoplasmonic sensing
and detection approaches remain a strong potential approach
for future clinical applications due to (1) the versatility of
plasmonic materials that can be designed, fabricated, and
tailored to work at a range of biological wavelengths; (2) the
promise they show for reaching ultralow limits of detection;
(3) their potential for developing compact, portable, silicon-

based devices; and (4) their potential in developing
purification-free, automated exosome assays that can reduce
variability and operator bias.
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