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All cells release a multitude of nanoscale extracellular sieles (nEVs) into circulation,
offering immense potential for new diagnostic strategiesYet, clinical translation for
nEVs remains a challenge due to their vast heterogeneity, ounsuf cient ability to

isolate subpopulations, and the low frequency of disease-ssociated nEVs in bio uids.

The growing eld of nanoplasmonics is poised to address manyof these challenges.
Innovative materials engineering approaches based on exgting nanoplasmonic
phenomena, i.e., the unique interaction of light with nanasale metallic materials, can
achieve unrivaled sensitivity, offering real-time anaigsand new modes of medical and
biological imaging. We begin with an introduction into the &sic structure and function
of nEVs before critically reviewing recent studies utilig nanoplasmonic platforms to
detect and characterize nEVs. For the major techniques coridered, surface plasmon
resonance (SPR), localized SPR, and surface enhanced Ramapectroscopy (SERS),
we introduce and summarize the background theory before raewing the studies applied
to nEVs. Along the way, we consider notable aspects, limitains, and considerations
needed to apply plasmonic technologies to nEV detection anénalysis.

Keywords: exosomes, diagnostics, SERS, SPR, nanopillars, n  anoarrays

INTRODUCTION

Nanoscale extracellular vesicles (NEVs) encompass a hatemge grouping of naturally
occurring nanoparticles that are endogenously secreted webdl tested to datéV(athieu et al.,
2019. As researchers have begun to unravel the structure andtifum of these lipid-bilayer
wrapped nanoscale assemblies, numerous analytical tecle®luayve been applied to investigate
nEVs in the context of disease detection and diagndsisi(nans et al., 2017; Théry et al., 2018
No category of techniques may have more promise than nanopmag®s, the eld of engineering
nanoscale metallic surfaces for the signi cant enhancermtanalytical signals, both in magnitude
and also in terms of molecular speci city. While promising, nmgplasmonic innovations are
di cult to translate into clinical diagnostic platforms dué¢o both the inherent complexity of
the techniques themselves, but also as a result of the cotigpadiand temporal heterogeneity
of biological agents inside the human body during diseasg@ssion. Such heterogeneity is a
particular hallmark of nEVsTkach et al., 20108

Frontiers in Chemistry | www.frontiersin.org

1 May 2019 | Volume 7 | Article 279


https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org/journals/chemistry#editorial-board
https://www.frontiersin.org/journals/chemistry#editorial-board
https://www.frontiersin.org/journals/chemistry#editorial-board
https://www.frontiersin.org/journals/chemistry#editorial-board
https://doi.org/10.3389/fchem.2019.00279
http://crossmark.crossref.org/dialog/?doi=10.3389/fchem.2019.00279&domain=pdf&date_stamp=2019-05-07
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles
https://creativecommons.org/licenses/by/4.0/
mailto:rcarney@ucdavis.edu
https://doi.org/10.3389/fchem.2019.00279
https://www.frontiersin.org/articles/10.3389/fchem.2019.00279/full
http://loop.frontiersin.org/people/703317/overview
http://loop.frontiersin.org/people/702066/overview
http://loop.frontiersin.org/people/704047/overview
http://loop.frontiersin.org/people/646356/overview

Rojalin et al. Nanoplasmonic Analysis of Extracellular Vesicles

The motivation of this review is to comprehensively describe2019, arthritis and in ammatory diseaseBuzas et al., 20)4
the state of the art in plasmonics sensing of nEVs in the cdntexeurological disordersCGoleman and Hill, 2015; Janas et al.,
of disease detection and monitoring. We begin with an ovamwi 2016, and cancers. Much e ort has been applied to teasing
of nEV structure and function before assessing the work ¢peinout the position of nEVs in cancer pathology, namely their
performed at the intersection of nanoplasmonics-based nEVole in pre-metastatic niche formatiorCpsta-Silva et al., 2015
detection. We nish with a critical overview of the current via integrin-mediated organotropic targetingi¢shino et al.,
positioning of the eld. Throughout, we emphasize the chafles 2015 and followed by attracting/repelling certain populations of
in enriching and analyzing nEVs and carefully consider themmune cells Bobrie and Théry, 20)3stimulating angiogenesis

limitations of each presented methodology. (Aguado et al., 20)7 matrix remodeling Nawaz et al,
2019, and reprogramming of target cell transcriptomes to
nEvV Background and Characteristics promote tumorigenesishelo et al., 201} The role of nEVs

The rst descriptions of nEVs involved careful transmission/n Nost-pathogen communication is also a prevalent topic
electron microscopy (TEM) analyses of maturing reticulocytedP€atherage and Cookson, 2012; Dauros Singorenko et af).201
cells that specialize in recycling a large portion of theirteots, Accumulating evidence demonstrates that virus-modied or
and nEVs spent much of the last 30 years associated primari§fus-containing nEVs contribute to spread and immune evasi
with their function in secreting cellular wastédhnstone et al., Particularly in the context of promoting cancefieckes, 2015
1987; Raposo et al., 199an the early 2000s, a handful Many therapeutic claims for nEVs have peen mtroduceq, fqr
of researchers began to demonstrate the immune-stimuatin©%@mple nEVs have been proposed for use in cancer vaccination
e ects of nEVsin vivo (Théry et al., 2002 A notable sea- (Tanetal., 201pre5|stan§:e t(_) V|ra_l |nfect|or(_10uld et a_tl., 2011
change soon arose, when it was reported that isolated nE\d to challenge demyelinating diseasgsdrio-Querejeta etal.,
contained, and were capable of delivering, functional RNAs2019- Released from mesenchymal stromal cells (MSCs), nEVs
establishing a strong physiological relevari¢gl4di et al., 2097~ &€ largely congldgred as pote.nt ceII-freg regeneraﬂvetggen
Since this paradigm shift, the eld of nEVs has experiencedoundtobe e ective in bone and tissue repair, and as protediive
an exponential growth in published reports describing theircurative agents in ischemia, sepsis, renal brosis, and oste@pen
structure and function. Although our understanding conties ~ (JINg et al., 203 MSC-nEVs are immune privileged and can
to rapidly evolve, it is now well-accepted that nEVs are a lyighiP€ 10aded with exogenous therapeutic agents, therefores ther
diverse and complex group of nanoparticles exhibiting vasf Much interest in their use as targeted drug delivery agents
biomolecular heterogeneity and likely contributing to nenous ~ (Barile and Vassalli, 20). While technical issues have presently
functions throughout all biological kingdoms, capable ofieg ~ Prevented scalable methods to do so e ectively, several prognis
both in their local environment and also released in cirtiola  Clinical trials are currently underway\(ilson et al., 201j3
(Yafiez-Mo et al., 2035

Various types of nEVs and their contents have beerStructuraI and Molecular Heterogeneity of
implicated in controlling, or at least found to be associatéth,

numerous homeostatic processes, including cell viabilitg a nEV Subpopulations )
proliferation, cellular di erentiation, immunosuppressiobpne ~ EXosomes are the most well-de ned and well-studied nEV
formation, modulation of blood pressure, and both promotion SUPtype, although the term has come to mean di erent things
and suppression of angiogeneskuguma et al., 20)8They (Gould and Raposo, 20).3Most appropriate may be the
are reported to modulate extracellular matrix remodeling toPi0genetic usage of the term, i.e., those vesicles origmais
promote cell intravasation and migration via tracking of ESCRT-dependent invaginations of early endosomes that are
numerous matrix-remodeling enzyme&gwaz et al., 20)8 rele.ased into circulation upon fusing of the resu!tant multi
Many of their physiological claims are also associated witNesicular bodies (MVBs) with the plasma membrafgre 1).
pathological conditions, implicating nEVs as mediators obath Importantly, if the Rab GTPases that modulate MVB/plasma

of cardiovascular and metabolic diseasésenen and Aikawa membrane fusion during the release of exosomes are knocked
down, cells still excrete nEVs, suggesting alternativenotet of
Abbreviations: Ab, antibody; AgNC, silver nanocube; AgNP, silver nanoparticle;veSICIe forma.tlon an_d releaseﬂr.oWSkl et al.,, 2010; .COCUCCI
AuNI, gold nanoisland; AuNP, gold nanoparticle; AuNR, gold nanorédNS, and I\/Ielgjolesh 2015; Blanc a_nd Vidal, 2§]1‘I7hese _may mdUde_
gold nanostar; BCA, bicinchoninic acid; CTC, circulating tumoell; DLS, ESCRT-independent, ceramide-based mechanisms and direct
dynamic light scattering; ELISA, enzyme-linked immunosorbentags€Vs,  budding (so-called ectosomes)r@jkovic et al., 2008; Cocucci
IG;‘XtTacef”U'af vesicles; '—Lg’: 'alf_ge oncosomes; I'—QDLS"S“F? ‘Tf d?“e;a“k?‘?v and Meldolesi, 2005 Exomeres, a new class of circulating
Imit of quanti cation; LPPs, lipoprotein particles; » locallzedriace panoparticle, were recently dened as50nm aggregates
plasmon resonance; LTRS, laser trapping Raman spectroscopy; MP-SPR, multi L . . Rk X
parametric SPR; MVs, microvesicles; nEVs, nanoscale extracellulatespsi c;o_mpo;ed of lipid, protelq, and nUC!e|C_5‘C'd bUtW'thOUtad@e
NTA, nanoparticle tracking analysis; OvCa, ovarian cancer; PIA,nmaz  lipid bilayer, nor re ecting classic lipoprotein composition
interferometer array; PSA, prostate-speci c antigen; RI, refracthdex; RNP, (Zhang H, et al., 20])8 Larger EVs have also been described,
r|bpnuclgoprote|ns ; SERS, surface enhanced Raman spectrosc&\siGhal-to- with one population termed |arge oncosomes (LOS) found to be
noise ratio; SPR, surface plasmon resonance; SPs, surface plaSP®sssurface enriched for large fragments of chromosomal DNA. challeaqi
plasmon polaritons; TEIR, total exosome isolation reagent; TEM, misson ” 9 . 9 . i ! g
electron microscope; TIR, total internal re ection; UF, ultra ltrationws, ~ Previously held notions that DNA is tra cked in smaller nEVs

Western blot. (Vagner et al., 2098 While this review makes the distinction
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of describingnanoscaléVs, also prevalent in blood circulation EV-TRACK, developed to centralize dat&@dnsortium et al.,
are larger microvesicles (MVs) and apoptotic bodies (both 02017. Notably, much of the work reviewed below is not present
which bleb directly from the cell membrane) that are ofter co on EV-TRACK, nor meets the minimum guidelines suggested
enriched during standard isolation prepSddar et al., 20)6 by experts, on-going issues that raise major concerns reggrdi
Moreover, lipoprotein particles (LPPs) and ribonucleoproteinsstringency and reproducibility.
(RNPs) are also relevant tra ckers of biomolecules, particiyla
extracellular RNAs\(/ei et al., 201) and also contaminate nEV Liquid Biopsy of nEVs
preps. Methods capable of distinguishing the various nanoscaléhere is high diagnostic and prognostic potential for molecula
vehicles are badly needdeidure 1). proling of aberrantly-expressed biomolecules comprising
In general, size is a major driver of nEV heterogeneity, tifou circulating nEVs, which are numerous and stable in peripheral
it remains di cult to discretely separate vesicles accordilmg blood and other bio uids Revenfeld et al., 2014; Jakobsen
size ijlstra and Di Vizio, 201% Quoted nominal dimensions et al., 2015; Lai et al., 201 Diagnostics platforms for pro ling
for exosomes and related nEV subclasses are numerous,ithougrculating nEVs comprise three steps: (1) isolation/enriemty
trend toward a range of 40-150nm Coumans et al., 20),7 (2) EV sub-fractionation via capture or other manipulation
with MVs/LOs found up to 10mm in diameter {/agner et al., (e.g., immunoa nity, micro uidic separation), and (3) angte
2019. It is recognized that isolation/enrichment methods, detection/ ngerprinting. Isolation and enrichment technigs
cryopreservation storage (e.g., time, temperature, fréea®- vary widely and have been extensively reviewednpshenko
cycling), and analytical approaches all bias measured sigera et al., 2018 with di erential ultracentrifugation (UC), density
morphology, and degree of aggregatidtuéuma et al., 20)8 gradient UC, size-exclusion chromatography (SEC), and
Contradictory trends for evolution of nEV size distributie at commercial PEG-based precipitation kits among the most
various storage conditions persiskef/aram and Jay, 2Q1&hus commonly applied. Itis clear isolation methods must be cdhgfu
working with freshly isolated vesicles is preferred when ibiss considered and ideally varied within a single studyhéry
Some alternatives such as lyophilization or incorporation oft al., 2013 Pre-analytical surface immuno-capture using
additives to improve stability of banked nEVs have beerantibody (Ab) decorated surfaces are widely-used, fegsibl
introduced Kusuma et al., 2038 and can be highly-multiplexedPugholm et al., 2095 For
Numerous distinctive classes of biomolecules make upEV detection, many studies quantify number or total averag
nEVs, including lipids, coding and small non-coding nucleicamount/composition with coarse, imprecise methods such
acids, proteins and biologically active peptides, carbohgdra as western blot (WB) or BCA assay. Nanoparticle tracking
hormones, growth factors, and structural components likeanalysis (NTA) and ow cytometry use light scattering to
bronectin and actin (vafiez-Mo et al., 20)5The extent of generate particle counts, which have been correlated withera
glycosylation of nEVs plays a role in tra cking and function, and disease progressiowafi der Vlist et al.,, 2012; Vestad
in addition to acting as a handle for therapeutic and diagiwst et al., 201y, but require a large number of particles {0
application {Villiams et al., 2018 The cargo and the source of per mL). Furthermore, detection based on light scattering is
nEVs often preclude description of their function in the absen typically incapable of absolute sizing of nEVs smaller than
of physiological context, e.g., the stoichiometry of nE&-tked 70 nm, despite TEM evidence that a major fraction of EVs
molecules needed to potentiate attributable biological esest are smaller (an der Pol et al., 2018; Zhang H, et al., 2018
rarely considered. Instead, typical studies extrapolatetian  Fluorescence triggering, particularly for ow cytometryash
based on characterizations of the contents of nEVs enriffed  been applied to reduce the size limitation of light scattering
cell culture media. It remains a great challenge to teasdlmit approaches to 40nm (Arraud et al., 2015; Erdbrigger and
complex and likely intertwined autocrine, paracrine, and tgas Lannigan, 2016 Yet, uorescence detection (including for
pathways of nEV# vivo. direct imaging techniques like PALM/STORM) is susceptible to
The compositional and temporal heterogeneity of nEVsartifacts like blinking or bleaching, is limited in multipleag
enriched fromin vitro but especiallyin vivo sources present capability due to broad overlapping uorophore emission
signi cant challenges L(acroix et al., 2012; Erdbrigger andproles, and ultimately depends on the e ectiveness of
Lannigan, 2016 Consequent irreproducibility of many nEV uorophore labeling, which is known to exhibit artifacts
studies has led to a swath of attempts at standardizaiiginfer (Takov etal., 2017; de Rond et al., 2018
et al.,, 2013; Coumans et al., 2017; Konoshenko et al.,),2018 More sensitive analytical biosensors are required for detgcti
optimized isolation methodsAatonen et al., 2014; Lobb et al., small or rare events, critical for diagnosing early stagedum
2015; Xu et al., 20)6and comparative analyses across isolatiofiormation or recurrence. Some promising candidates include
and characterization methods:00d et al., 2010; Tauro et al., optical resonatorsgu, 201} interferometric imaging Daaboul
2012; Andreu et al.,, 2016; Rezeli et al., 2016; Ding et atf al., 2013 lens-free holographic microscopy/i¢Leod et al.,
2019. The International Society of Extracellular Vesicles (IPEV2015, and electrochemical sensors, often based on enzyme-
regularly updates useful position papers establishing gmeeli linked immunosorbent assay (ELISA) or sandwich-ELISA
for the minimum experimental information to categorize nEVs (Jakobsen et al., 2015While these methods have proved
and how to design e ective control experiments for nEV useful for downstream phenotyping of disease-specic nEV
functional analysisl(Gtvall et al., 2014; Witwer et al., 2017; Thérysignatures, they are often limited by (1) lack of cost-e eetigss,
et al., 2018 Especially relevant is the online knowledgebas€) requirements for laborious preanalytical isolation and
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FIGURE 1 | Extracellular vesicles (EVs) are a grouping of heterogengonanoscale assemblies ofA) various cellular biogenetic origin including but not lined to
MVB-dependent release (exosomes) and direct budding (ecsmmes, MVs),(B) exhibiting differential chemical heterogeneity dependinon organ or disease speci c
context. (C) Lipoprotein particles, ribonucleoproteins, and protein ggregates are often co-enriched with EVs as a result of thewverlapping physicochemical
properties, i.e., nominal size and density.

puri cation, (3) lack of high throughput detection/automatn, systems, including DNA hybridization, trace chemical segsi
(4) requirement for large sample volumes (i.e., low serigiliv  (Anker et al., 2008 and scanning near- eld optical microscopy
and/or (5) lack of multiplexibility (i.e., low speci city){ugholm  (Hermann and Gordon, 2098
et al., 201p Many of the approaches reviewed below are focused Biosensors based on SPs have many advantages, with potential
on addressing these issues using nanoplasmonic platforms.  for label-free quantitative analysis, a high degree of iplgixing,

and ample potential for miniaturizationLEpez et al., 2036

NANOPLASMONIC TECHNIQUES These technologies may o er signicant insight into nEV
structure, function, and behavior, as (i) their size doesrequire

Nanoplasmonics encompasses the study and use of the uniggleound-breaking sensitivity to observe single binding ensing
light-matter interactions at the nanoscale exhibited bytatie ~ €vents Zeng et al., 2099 (i) most nanoplasmonic setups are
structures, including metal nanoparticles (NPs) and metaf€alized as optical imaging platforms that can be easily rated
substrates with nanoscale surface roughnesskman et al., With uorescence microscopy for increased multiplexing or
2017. These techniques are increasingly being applied fdiirectimaging, (iii) the rapid timescale of plasmonic phenarage
liquid biopsy of circulating biomolecules, notably for canc combined with ongoing technical improvements allow for real
diagnostics ferhan et al., 20)8From an electromagnetic point time tracking of nEV motion and interactions, and (iv) labedr

of view, metals can be considered a plasma, characterized BgProaches where nanoplasmonic materials are bound to
the free movement of conduction electrons throughout thékbu targeted EV subpopulations (e.g., via antigen binding) mayhav
material. External electromagnetic elds (i.e., light)iinged on  the advantage of subdi raction imaging, e ectively increasi
plasmonic materials can couple with the conduction electrongpPatial resolution lermann and Gordon, 2098 While the
oscillating as waves along a metal surface, giving rise tewa n topic of plasmonic approaches to analyze EVs has already been
entity with properties of both waves, known ssrface plasmon reviewed [m et al., 2015; Shpacovitch and Hergenroder, 3018
polaritons(SPPs or just SPs). These are referred ttoealized the eld is rapidly changing, and this report is more focused on
surface p|asmon resonandeSPRs) when the SP is con ned to prOViding a detailed summary and critical feedback for eath o
a nanoparticle surface with dimensions far below the wawgtten the studies reviewed.

of incident light. Particularly strong electromagnetidds can be

formed at the interface where two SPs meet, known gsa Surface Plasmon Resonance

mode plasmor{Figure 2. With enormous bene t to imaging Spectroscopy (SPRS)

and sensing, SPs only occur at quantized frequencies, oesjod Surface plasmon resonance (SPR) as an experimentally observed
which can be tuned at will via precise control over size angghenomenon dates back to the late 1960s, based on the
shape of the material, in addition to its dielectric propertiesunderstanding that polarized light is capable of excitingetmns

and those of the surrounding environmeni®inge et al., 20)2 residing at the interface of a dielectric and conductive ahet
Static measurements of SPs (and their uctuations in respdas surface Kretschmann and Raether, 1968lotably, rather than
stimulus, analyte binding, etc.) have enabled the use oéllieet being an arbitrary event, SP coupling occurs only at well-
substrates or NPs as versatile molecular detectors in mame ned physical circumstances whereby the wave vector of the
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Localized surface plasmon Surface plasmon-polariton Gap-mode plasmon

- N, A
P N

FIGURE 2 | Depiction of common geometry-dependent plasmon modes for ensing biologicals Localized surface plasmons (LSPs) originate when interraging light
interacts with nanoparticles or nanovoids of certain shapeGray lines pictured represent electric elds. In contrast, o planar sensor surfaces incident light is capable
of provoking pure evanescent modes by way of surface plasmompolaritons (SPPs), propagating waves that exponentiallyetay away from the interface of dielectric
materials. LSPs exist over a nite frequency range, and theyan be directly coupled with propagating light. SPPs occur ogr a wide frequency range, and they cannot
be directly coupled with propagating light. Gap-mode plasnons typically comprise two metallic nano-features with a n@oscale gap in between. The gap region will
exhibit a con ned and intense light spot when the irradiatingeld is linearly polarized along the vector connecting the paicles. Molecules con ned in each of the
resulting electric elds can experience a boost in signal detction compared to their native state, with great bene t to bdsensing.

incident light and the wave vector of the surface plasmonss critical that the binding region between the ligand andhite
are matched, termed the “resonance condition.” The exacaesides within the region of highest evanescent eld intens
physical description of the resonance condition is derivexirfr In a re ectance plgtsurface re ectancel() is measured as
Maxwell's equations and can be readily calculated over geanthe incident light angle g is varied. As the incident light angle
of physical or optical conditionsHayt and Buck, 2001; Maier, reaches the surface plasmon resonance condition, the energy
2007). The key to understanding how one can exploit SRransfers from photons to surface plasmons, and the resulting
phenomena to measure analytical signals of biomolecules amdsonance can be observed as a re ectance mininfeigufe 3).
their assemblies is to consider the refractive index (RI)h&f t Another common visualization, known assgnsorgrangepicts
volume where the SPs are travelling. Essentially, the péatic the relative shift of the resonance angle as a function o&tim
resonance condition for a given plasmonic con guration iswhich can produce interaction kinetics between a ligand and
extremely sensitive to changes in RI within a nanometeresizeanalyte(s) of interest using appropriate mathematical tting.
characteristic length scale from the material. Via generérget The physical principles of LSPR are fundamentally similar
speci ¢ binding of biomolecules or their assemblies (e.BVs), to SPR-based sensing. Instead, while SPR is typically carried
subtle alterations in RI give way to large observable changesit using planar metal substrates, LSPR relies heavily on the
in resonance condition, which is the essence of the seitgjtiv utilization of metal nanoparticles suspended in solution or
or gain, for SPR/LSPR techniques. In recent years, there hascro- and nano-fabricated metallic structures such agiggs,
been tremendous progress in the synthesis and use of plasmomianopillars, and nanoarrays(llets and Van Duyne, 2007;
nanostructures that maximize the sensitivity toward biatady Potara et al., 2011; Ho et al., 2012; Ferhan and Kim, 2016
reagentsfans and Huo, 2012; Chinen et al., 2015; Liu et al., 201Figure 4 depicts common con gurations for SPR compared
Zhang, etal., 2038 to LSPR.
For LSPR, the photons of excitation light interact with metal

NPs (or metallic structures with nanoscale features) tate
Physical Background of SPR/LSPR a non-propagating free electron oscillation in the conduetio
From an experimental viewpoint, SPR is used to detect evenpgnd of the metal. As discussed in the context of SERS below,
at the vicinity of the metal surface. In a typical SPR setug remarkable electric eld enhancement at the close proximity
(Kretschmann-con guration) a prism is tightly connectedavi of the metal nanoparticle/structure can be observed. At the ke
a refractive index matching material to a glass sensor chiplasmon resonance frequency, the absorption and scattefing o
coated with a thin ( 50nm) Im of gold, though many other light by the metallic nanostructures takes plagél(ets and Van
con gurations exist, comprising diraction gratings, optica Duyne, 200). A change to the local dielectric environment close
bers, and optical waveguidesSkivesen et al., 2007; Zhu et al.,to the nanostructure alters the polarizability, in turn g
2015; Michel et al., 20).7Interactions between an immobilized the plasmon resonance frequency and the optical extinction
partner (ligand) and unknown sample (analyte) lead to changespectrum, an average of absorbed and scattered light cadlect
of refractive indices and layer thicknesses within the heat by a detector (e.g., CCD or spectrophotometez)efvart et al.,
an evanescent eldt the close proximity of the sensor surface.2009. Particular attention is paid to the LSPR peak wavelength,
This eld extends a small distance from the metal surfac® int where the highest light extinction is observedu@ch-Nir et al.,
the analyte solution with exponential decay ove200-400nm 2007. Plasmonic NPs can be highly tuned in size and shape to
from the metal surface in conventional SPR platforra&dqasit achieve desired resonance frequendégure 5 (Haes and Van
etal., 2000 While interaction kinetics occurring very close to the Duyne, 200}, o ering an intriguing window for biosensing and
sensor surface can be measured and quanti ed very accyritel even allowing naked eye detectidtiees et al., 2004; Chen et al.,
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FIGURE 3 | Typical set-up for an SPR biosensor. Polarized light is dicted
through a prism coupled to an interface between a metal (e.ggold) and
medium in contact with it. For biosensing applications, thesensor chip can be
pre-functionalized with desired capturing ligands (e.gantibodies) and the
analytes of interest introduced under ow conditions. The reected photons
shift in angle of minimum intensity (resonance condition)pon changes in
refractive index at the plasmonic surface (e.g., as a resuttf analyte binding),
to be collected at the detection unit. Two types of graphs carbe recorded,
one being the re ected light intensity vs. the resonance angl peak shift (eft)
and the other representing the relative change of the resomae angle peak
position vs. time (ight ). The two cases (i and ii pictured above) represent the
before and after conditions of analyte binding, respectivg.

2009. In LSPR, the enhanced electric eld distribution is laeet

at the vicinity of the metal nanostructure, therefore the iol
sensing distance is10-30 nm.

near the plasmonic nanostructure experiences a change, which
can be seen as the LSPR peak shift toward higher wavelength
(Willets and Van Duyne, 2007; Unser et al., 2015his

“red shift” corresponds to the concentration of nanostruetu
bound target molecule (or particle), hence enabling quaiitie
measurementsHigure 6) (Raschke et al., 203However, low
target concentrations remain a challenge, since RI-baseirae
produces relatively small peak shifts, typicaly0 nm Guo et al.,
2010. A secondary probe may be used to amplify such signals, for
instance a gold nanoparticle (AuNP) conjugait&a(| et al., 201)L

As a result, the electromagnetic eld becomes more enhanced
and the LSPR peak undergoes a signi cant broadening along
with an immense shift, of 50-100 nm, thus a clear shift e.g.,
from red to blue color, can be perceivedl{hanian et al., 1997;
Chen et al., 2010; Xia et al., 2010SPR detection has also been
combined with ELISA for detection of tumor and viral markets
ultralow concentrations reaching the attomolar levex (a Rica

and Stevens, 20)L.2

Applications of SPR/LSPR to nEVs

SPR analytical method

Among the rst reports of SPR to determine nEV concentration
in solution was carried out via capture of CD&3(nEVs
with surface-immobilized antibodyRupert et al., 2004 The
fundamental nding was to relate the surface-bound mass
increase (via the SPR response) over time to the nEV
concentration in solution. Using nEVs isolated from human
mast cell (HMC-1.2) culture supernatant by UC, the accuracy
of concentration quanti cation was found to be in uenced
by (i) the broad nEV size distribution and (ii) the structural
changes nEVs may undergo upon the binding event to the
antibody-functionalized surface. Control and calibratie orts

with proteins and synthetic lipids were made to address these
issues, and comparison to NTA and bicinchonic acid (BCA)-
based quanti cation methods was made. Ultimately, when the
size dispersity was considered, the SPR-based concentration
determination yielded 2-fold larger concentrations than the
BCA assay indicated. In this regard, the authors assumed

Gold is the most preferred material of choice for LSPR fothat the nEV preparation was free of contaminating protein

several reasons: (i) it is relatively inert, (ii) thiol chistny
enables straightforward functionalization, and (iii) igasmon

and that nearly every vesicle expressed CD63. The authors
concluded that the measured nEV mass concentration resides

frequency allows for detection using inexpensive UV-Viswithin a reasonable range between 2 andriyémL, derived by
spectrophotometers (sometimes even an unaided &a){lveda making rather radical assumptions regarding the composition
et al., 2009; Hill, 2015; Unser et al., 2p10Gther nanoplasmonic buoyant density, and membrane permeability of the nEVs. One

materials, like titanium nitride (TiN), have also been apglier
nEV analysisQiu et al., 201p

of the foremost biochemical simpli cations was that CD63
expression alone su ciently represents the overall nEV caioigir

Typically, a LSPR biosensing experiment is carried out bg ciency of the designed biosensor. The authors followed up

measuring the background, for example blank bu er solution,with another study employing an SPR instrument equipped with
and consequently the sample of interest. Prior to detectiontwo excitation wavelengths (670 and 785nm) and a scanning
sensing nanostructures are typically functionalized wighioqus  angle feature Rupert et al., 2016 To estimate the sizes of
ligands (for instance antibodies, nucleic acid strandseptors) surface-bound liposome controls and the bulk concentratién o
to capture the analyte of interest. The non-functionalizedCD63(C) nEVs, a rigorous mathematical SPR formalism was
surfaces and sites in the nanostructures are blocked byiweac introduced for Ims, spherical nanoparticles, and spherical or
components to avoid non-speci c adsorption of co-analytesdeformed shell structures binding to the sensor surfaces,Thi
Given that the target analyte (e.g., nEVS) typically has érigh in turn, made it possible to achieve better estimates of the
RI than the blank background, the local dielectric enviromine contribution of nEV binding-induced deformation on the bulk
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concentration determination. The key nding was that a dual to generate nEVs, isolated by a combination of low-speed
wavelength SPR system allowed for determining thicknesies centrifugation, ultra Itration (UF), and further puri cation by
bio- Ims comprised of nanoscale particles. The sources dfrerr SEC. Plasma nEVs followed the same protocol excluding UF
of the nEV bulk concentration overestimations made in thesteps. A multiplexed SPR assay approach with two typical
previous study were successfully traced to mainly stem froraxosomal (CD9 and CD63) and four cancer-specic (CD24,
the binding-induced deformation. However, it is to be notedCD44, EpCAM, and HER2) biomarkers was demonstrated, with
that the introduced methodology probed only the subpopulationa prerequisite of sample volume in the range of 5#20In order
of CD63(C) nEVs, corresponding to 5-10% of the entire to prevent non-specic binding, a self-assembled monolayer o
EV sample. Another shortcoming of this pioneering work wascarboxylated polyethylene glycol (PEG) polymer was rst added
that a direct comparison between the NTA (particles/mL) ando the gold surface, followed by neutravidin treatment ané th
total protein content fng/mL) is clumsy. Firstly, converting the biotinylated antibodies. Large variations in biomarker esggion
number of particles per volume (NTA) to mass per volume iswas observed across nEVs isolated from the three breast¢icanc
a ected by a plethora of uncertainties and second, NTA and BCAines, notably with modest CD9 and CD63 expression, abundant
measurement are each sensitive to the impurities present, e.§D24 and CD44 expression, practically negligible EpCAM, and
soluble protein aggregates, yet to greatly varying degrees. moderate HER2 expression levels. Despite commendable iasight
Recently, a robust, real time, label-free SPR biomarkeand ndings, the research had a few caveats that experts iBthe
detection platform for ICAM-1C) nEVs was developed for eld may want to take into consideration to improve upon this
predicting the existence and stage of coronary heart diseaapproach in future studies. Namely, (i) adequate controls,éng.
(CHD) (Hosseinkhani et al., 20).7UC, SEC, and commercial the form of non-cancerous nEVs, were lacking, (ii) rigoreunl
precipitation kits (ExoQuick-TEM) were tested for EV isolation clear statistical treatment of the obtained results was mient,
from cell culture supernatants. The optimized SPR detectiofiii) description of the SPR signal processing mathematics wa
platform employed surface-immobilized antibodies: antiAl@d-  ambiguous, (iv) only qualitative color-coded panel(s) of theim
1, anti-CD63, and anti-lgG1, which could distinguish ICAM- results were shown, (v) data were inconclusive with respzct t
1(C) nEVs released under simulated in ammatory stressthe plasma-originating nEV pro ling by SPR, (vi) little atteon
With the motivation of avoiding tedious sample puri cation was paid to assay reproducibility, and (vi) LOD and LOQ
and labeling steps, as well as accomplishing a robust amndere absent.
sensitive detection of NEV subpopulations, the described SPR Taking advantage of the previously mentioned bene ts of
methodology was successfully employed using low samp&PR, and expanding on the concept, an SPR imaging (SPRi)
volume consumption and without the need for (external orplatform using multiplexed antibody microarrays was intraxda
internal) calibration. Unfortunately, neither the limit afetection  (Zhu et al., 201y The intention was to quantify EVs in tumor
(LOD) nor limit of quanti cation (LOQ) were assessed. Also, cell culture medium directly. Four dierent cell lines were
a concern can be raised in terms of pinpointing ICAM-1 analyzed: MHCC97H (human hepatocellular carcinoma, highly
expression as an adequate biomarker for CVD prognosis anghetastatic), MHCC97H (human hepatocellular carcinoma,
diagnosis. These slight defects, however, do not take amay f meagerly metastatic), B16-F1 (melanoma, highly meta3tati
the appealing ndings of using SPR for the purposes of EV-baseahd B16-F10 (melanoma, meagerly metastatic). EVs werereith
biomarker detection. isolated by UC, or were measured in the supernatant directly.
Another study focusing on both cell line-derived and humanThe SPR system comprised a light source irradiating the gold
blood-isolated nEV detection by SPR was carried d@sitagso  sensor surface through a coupling prism at a xed angle position
et al.,, 201x There the authors employed three divergentand a CCD camera for detecting the re ection and imaging the
breast cancer cell lines, MCF-7, BT-474, and MDA-MB-231surface Figure 7). Since the pixels on a CCD detector array are
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FIGURE 5 | LSPR naked eye detection and extinction spectra for variousg FIGURE 6 | Principle and schematic representation of a biosensor bagkon
and Au NP solutions. A concrete representation of an LSPR meairement light scattering from a single AUNP(A) Single AuNPs are functionalized with
carried out for different sized and shaped metal NPS(A) The transmission biotinylated BSA protein which subsequently binds strepteidin. (B) Mie theory
electron micrographs (1-6), corresponding metal NP soluns (from red to calculations for the three different environments shown igA). (C) Left: true
blue), and measured UV-Vis extinction spectra for their salions. (B) The color photograph of a sample of functionalized AuNPs in darkeld

solutions' and spectrums’ color schemes are paired. By modiing the illumination. Right: experimental setup facilitating d&f eld microscopy of
physicochemical attributes of metal NPs, their respective SPR conditions can single AuNPs immersed in liquids. Reprinted with permissiofrom Raschke
be tuned to line up with desired technical settings (e.qg., th selection of laser et al. (2003) Copyright (2003) American Chemical Society.

wavelengths) to achieve the best possible sensitivity andesectivity for a given
assay. Reprinted by permission from Springer Nature-aes and Van Duyne,
2004)© 2004.

anti-CD41b demonstrated especially high binding capability,
indicating the expression of corresponding membrane proteins
sampled concurrently, the re ected light intensity at eackgbi on the investigated nEVs (and veri ed by WB). Measurements
can be easily monitoredd@mpbell and Kim, 2007 Therefore, directly on unprocessed culture supernatant provided similar
the amount of surface-bound analyte at each spatial positéon ¢ binding results with consistently high signals, suggegtinat

be accurately studied in a high-throughput manner. In essencit could be directly used for nEV binding and transmembrane
Zhu et al. harnessed these capabilities by printing micrgesra structure identi cation studies. Lastly, the changes inamts

of antibodies speci ¢ to transmembrane proteins of nEVs. Theof nEVs derived from MHCC97H cell culture supernatant were
total palette of antibodies included ones against CD9, CD63nvestigated. Secretion of nEVs was modi ed using siRNA-
CD41b, CD81, CD82, E-cadherin, and EpCAM. A few anti-Rab27a transfection (hypothetically decreasing exosyme-t
intracellular part antibodies were chosen to demonstrate thsecretion) and monensin treatment (hypothetically inciegs
biogenesis pathway of nEVs: CD9 N-term, CD81 C-term, CD82ecretion). When monitored by the SPRi microarray sensor
C-term, and E-cadherin C-term. Control antibodies used ever chips, the binding signals to anti-CD9 and anti-CD41b
against 1gG, MET, in addition to HRP-conjugated secondarywere signi cantly higher in the non-siRNA transfected and
antibodies. The nEVs isolated from MHCC97H cell culturemonensin-treated groups, con rming the hypotheses.
supernatant bound to all the expected antibodies, while gégé With respect to the immense experimental and
signal stemmed from negative control anti-lgG. Anti-CD9dan standardization e orts made in the EV eld to resolve the
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FIGURE 7 | Principles of the SPR imaging (SPRi) system. The core of thewocell is a functionalized Au biosensor comprising printedratibody regions whereby the
capturing and detection of nEVs takes place. Prism couplings used to excite the SPR, and the re ected light is collected g a CCD detector. Upon nEV binding, the
local refractive index at the vicinity of the sensor surfacecreases. This detunes the resonant coupling of light to stace plasmon polaritons, and at the resonance
condition, the resonance angle peak minimum is observed irhe intensity of the re ected light. Consequently, the peak slit from before and after the af nity binding
can be quanti ed to determine the interaction kinetics and suface-bound mass. Reprinted with permission reproduced fim Zhu et al. (2014)

most e cient methods for isolation and to assess the purityet rather similar. Upon detection using anti-HER2, 14-35% of the
work by Zhu et al. represents a decidedly large leap forwardbulk nEV population consisted of HER2] nEVs for the breast
having deduced that the SPRi signals indeed originate from E¥ancer patients. While the study did not have any obvious aws,
binding rather than free protein or membrane debris in thel cel it would have bene ted from slightly broader perspective,.e.g
culture supernatant4hu et al., 201% Although well-justied, nEVs from other cancerous and non-cancerous cell lines or
a concern can still be raised, whether the high signals stetarger cohort of patients could be tested—which the authas al
from non-exosomal debris in the supernatant. Several vaida suggested themselves.
experiments would have been needed to strengthen the made An intriguing concept combining LSPR and SPR was recently
observations. For instance, a useful control would hava lidé introduced Oi Noto et al., 2015 Monoclonal gammopathy
puri cation by the density gradient method and comparison of undetermined signi cance (MGUS) has been observed as a
of signals between the “debris” fractions and “EV” fracBon signi cant intermediate step in all cases of multiple myeloma
Moreover, the EV characterization in general was short ¢é siz(MM) and the role of nEVs in this step, as well as in the
distribution data (NTA or DLS) or high quality TEM images. development of MM in general, has drawn interest. nEVs
Recent attempts have begun to appreciate the complexity ffom 5 MGUS, 10MM, and 10 healthy individuals were
more clinically relevant nEV preps using label-free plasmonidsolated by UC and further puri ed by sucrose gradient UC.
approaches. A custom-made SPR instrument was used to det@die authors had previously perceived that heparan sulfate
nEV subpopulations amongst a heterogeneous sample isolatptbteoglycans (HSPGs) on the cell surface are mediators
from patient serum $ina et al., 2096 A sandwich approach in the nEV uptake by the target cellsDi Noto et al.,
on a gold surface was utilized; either biotinylated anti-C@9 2019, where MM-derived nEVs were internalized more
anti-CD63 was immobilized on streptavidin-coated surfaoe tthan nEVs isolated from MGUS and healthy individuals.
capture vesicles. Anti-HER2 was utilized as a detection adyib Therefore, in order to dierentiate these three nEV groups
to identify breast cancer nEVs were isolated from cell geltu and to quantify their corresponding binding e ciencies,
medium using the commercial precipitation Total Exosomethe researchers developed an SPR biosensor functionalized
Isolation Reagent (TEIR). In the assay development phase, 1@ih heparin (a structural analog of heparan sulfates). As
HER2(C) nEVs could be detected when predetermined portionsquivalent concentrations of nEVs were passed over the hepari
of HER2C) BT474 and HER2(-) MDA-MB-231 cell-derived functionalized SPR biosensor, the binding of MM-isolated
nEVs were used. A calibration curve based on the theoreticaEVs was consistently higher than in the two other groups.
minimum and maximum sensitivities was calculated viatima  Thus, the SPR platform was shown to be a robust and label-
of heterogeneous mixtures of the two aforementioned nEVsypefree method to tease out di erences between nEVs. Another
The LOD was de ned at 2,070 nEVEL. The authors further incremental advancement to SPR was recently introduced
isolated nEVs from six HERE(), two HER2(-) breast cancer using magnetic NP-enhanced nEV detection for grating-cedpl
patient serum samples, and two serum samples from healtfyPR Reiner et al., 20)8 The system allowed for parallel
individuals. Bulk nEV capture onto the biosensor surface waSPR and plasmonically-enhanced uorescence monitoring of
independent of the capturing agent used (either anti-CD9 oMSC-derived nEVs, representing a novel usage of label-eelanc
anti-CD63) and the signal levels in the capturing phase wer8PR and uorescence in combination.
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In conclusion, the innate features of SPR oer a rangemodi cation of plasmonically-active materials may providewn
of opportunities for nanoscale detection and characterarati insights for high-precision biosensor surface preparatioanc
of nEVs—typically by label-free manner. High tunability ofand Huo, 201). Another useful angle for the future of SPR work
Au-based sensors provide room for creativity in methodwould be the adoption of an EV-mimicking standard for use as a
development. The current setbacks that hamper bridging theontrol to model binding.
gap between research and clinical applications mostly relate
to the perceived complexity of SPR techniques, and rath@lspr-hased sensing
bulky instrumentation. In terms of nEVs in particular, non- Generally, LSPR platforms consist of detecting analytesddcat
exosomal debris (lipoproteins, aggregated proteins, etc.) iRear (i) metallic nanostructure arrays on a solid support
samples exacerbate reaching adequate speci city and s@msiti generated using micro- and nano-fabrication lithographic

as all these components may bind to biosensor surface andchniques or (i) nanoparticles, freely suspended in sofutio
change the local RI at its vicinity. Advancements in opticgjeposited onto a solid support.

(lasers, optical components, miniaturization capabilitiesjld
be harnessed to address the instrument-related shortogmi@n  Nanohole and nanopillar arrayhe nano-plasmonic exosome
the other hand, rapidly developing understanding of chemicafnPLEX) is an LSPR-based assay utilizing optical transomissi
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FIGURE 8 | Label-free detection of nEVs using the nPLEX biosensofA) The well-de ned biogenesis route of exosomes from cancer cé$ via multivesicular body
(MVB) formation, consequent fusion with the cell membranend excretion of exosomes. The upper inset displays membramproteins on the shell of the exosome;
these proteins act as common recognition sites in biosensig applications. The lower inset shows a transmission eleain micrograph of exosomes isolated from
human ovarian cancer cell (CaOV3) culturgB) Near a periodic nanohole surface the electromagnetic elds @ clearly enhanced and accumulated as shown by
nite-difference time-domain (FDTD) simulation. The enhaed eld spreads over the nanostructure from one hole to anotler, which enables high sensitivity for the
nPLEX assay(C) The nPLEX sensor imaged by a scanning electron microscope E3). The nanoholes of diameter 200 nm are distributed eventyer the surface with
periodicity of 450 nm (the inset demonstrates a closer viewfathe surface).(D) The nPLEX system is equipped with a metal-oxide-semiconduor (CMOS) detection
unit for acquiring transmitted light intensity from the sesor chip. (E) The binding of nEVs to a periodic nanohole structure inducea change in the local refractive index
and thus a spectral shift in transmission spectral peak. Walength shifts, or intensity changes at xed wavelength, arenonitored for nEV quanti cation.(F) An SEM
image demonstrating surface-adsorbed exosomes on the nPLE sensor. Reproduced by permission from Springer Naturdr( et al., 2014).
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through an array of periodic nanoholes patterned to a 200 nnEGFR, EpCAM, MUC1, GPC1, and WNT2 components was
thick gold Im on a glass substratd={gure 8) (Im et al., 201}  established (accuracy reaching 100%) and further validaitdch
Sensitive high-throughput nEV analysis was accomplished byohort of 43 human samples, with an accuracy of 84%, sensitivity
using nanohole dimensions approximating average nEV sizef 86%, and speci city of 81%. A correlation study was performed
Detection was based on either spectral shifts or intensignges  between the PDAE' signature and gold standard markers
that were induced by nEV binding to antibody-functionalize (CA19-19 and CEA), nding none. Sixty-one percent of PDAC
nanoholes. To control non-specic binding, nPLEX devicespatients showed elevated CA19-19 levels and 17% of PDAC
were pre-coated with a mixture of short- and long-chainedpatients showed elevated CEA levels, while PBA®alues
PEG polymers. First, nPLEX assay protocol was establishesvealed 89% of PDAC patients. High speci city and sensitivity,
through examination and quanti cation of nEVs secreted byscalability, throughput, automated operation, moleculanfng
in vitro CaOV3 OvCa cells. A high-a nity binding constant capabilities, cost e ectiveness, and low sample consumptioa wer
of 36 pM and LOD of 3,000 exosomes (670 aM) wasthe advantages of the developed method. Meticulous statistica
observed when the nanoholes were functionalized with antianalyses complemented the di erent phases of the study and
CD63, and subsequent capturing of CaOV3-derived nEVs wasderlined the high translation potential of the platform.
performed. In comparison to WB and ELISA, the nPLEX protein  Two-dimensional (2D), quasi-three-dimensional (quasi}3D
quanti cation performed better (sensitivities 4&nd 1G-fold  and 3D plasmonic photonic crystal (3D PPC) nanostructures
higher, respectively). Notably, secondary labeling sicamtly have been developed and evaluated for nEV detection €t al.,
amplied signaling of the nPLEX platform: spherical Au 201§. For 2D gold nanoholes, SPs were found to localize at
nanoparticles showed a 20% increase and larger, star-shapgbe edges of the nanoholes. Asymmetrical Au nanoholes showed
Au NPs showed 300% ampli cation. Another OvCa cell line,a higher electromagnetic eld intensity and therefore hégh
OV90, was used in parallel with CaOV3 to compare thesensitivity. Quasi-3D Au nanoholes consisting of Au nanokole
capabilities and correlation of nPLEX against ELISA (EpCAMon top and Au nanodots at the bottom produced an even greater
CD24, CA125, MUC18, EGFR, and HER2 were used as proteEM eld intensity due to the hybrid coupling of LSPR and
markers). Correlation of R> 98% was found. Concurrently, Fabry-Perot modes. The 3D PPC nanostructure was created by
the captured nEVs were eluted from the nanostructures, anddding an additional array of Au nanosquares to the top of
a quantitative real-time PCR (gRT)-PCR was implemented téhe quasi-3D nanoholes. This served to further strengthem th
investigate the mRNA contents of the nEVs. Next, the resessch EM eld and increase sensitivity. Target nEVs were enriched
did a molecular screening of nEVs encompassing various nosy UC from broblast L cell lines for detection using the 3D
cancerous and cancerous cell lines. Subsequent obsewati®®PC platform, rst coated with anti-EpCAM antibody for nEV
were applied to a cohort of OvCan(D 20) and cirrhosis capture. Detection range was measured to be betwemrid
(non-cancerous,n D 10) patients to determine the nPLEX 10! particles/mL. While the study had its impressive merits
performance. nEVs were enriched only usingi@ membrane from the nanomaterials development and physics point of views,
Itration. The amounts of EpCAM and CD24 were signi cantly there are some notable oversights. First, nEV concentratias
higher in the OvCa group. Lastly, a small cohort D 8) measured only by NTA, and subsequently used as an absolute
of OvCa patients undergoing chemotherapy were pro led tovalue for sensitivity assessments. The authors did not report
evaluate patients' response to treatment. Levels of EpCAM armbmplementary nEV quanti cations (e.g., WB or TEM), nor
CD24 showed a decreasing trend in the corresponding patientassess purity of the preps. A concern can be raised, whether the
In future, the use of larger patient cohorts and additionalspeculatedntravesicular lamentpictured in the nal image of
disease models will strengthen the power and applicability dhe study are due to non-nEV impurities, thus resulting in the
the platform. larger plasmon sensing area, which was considered to cotgribu
In a similar study, nanohole-based surface plasmon resananto the higher sensitivity of the 3D PCC nanostructures. Aoset
platform named intravesicular nanoplasmonic system (iINPS$uggestion would be to measure several additional sotypes/
was developed to screen both surface as well as intravesicutdmEVs for validation.
proteins tra cked by nEVs released from ovarian cellBafk Single nEV detection was pursued by a LSPR imaging (LSPRi)
et al., 2017p The engineered substrates provided a sensitivitgystem Raghu et al., 20)8The sensing elements have Au caps
capable to detect nEVs in as little as vk sample per topping a matrix of quartz nanopillars, the latter being relaty
marker in a high-throughput manner using a 10 10 array. inert to non-speci c binding. The individual nanopillars (tal
Another nanohole array assay was used for detection dfeight 497 nm with diameter 90 nm) were assembled together
pancreatic ductal adenocarcinoma (PDACK(g et al., 20)7 into an evenly spaced 10 10 or 20 20 array chip for high
The sensing scheme was based on measuring the resonant lightltiplexity (Figure 9). A CMOS camera was capable of imaging
transmission—more speci cally quantifying the spectraftshi- 6,400 nanopillars (16 arrays with 400 nanopillars each) with
upon binding of tumor-derived nEVs to a periodic array of a resolution of 0.36rm? per nanopillar, while spectra were
antibody-functionalized nanoholes. A 100 nmthick Au layéth  simultaneously acquired with a CCD-based spectrophotometer
nanoholes of 200nm in diameter and periodicity of 500 nmnEVs were isolated from MCF7 breast adenocarcinoma cells by
was constructed. Platform calibration and validation wisa commercial precipitation kits. Roughly 1 10° nEVs/mL (by
PDAC nEV panel on a training cohort of 32 patients and healthyNTA) were introduced to the LSPRi sensors using a micro uidic
controls. As aresult, a ve-marker PDAT signature comprising system. The authors state that single-nEV binding evengs ar
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FIGURE 9 | Nanoplasmonic pillars.(A) 25.4 mm diameter LSPRi sensor chip(B) LSPRi image of a 20 20 array, pitch size of 600 nm, scale bar: ITrm. (C) LSPRi
image of sixteen arrays in the eld-of-view taken using 100X/# NA objective, each consisting of 400 plasmonic nanopill® in a 20 20 square lattice and 500 nm
pitch, scale bar: 10mm. (D) False colored SEM image of a 10 10 nanopillar array, scale bar: In/m. (E) High-magni cation false colored SEM image showing detailed
view of individual nanopillars, scale bar: 200 nm(F) Diagram illustrating size matching of individual nanoilis diameter @ D 90 nm) to that of nEVs ( 50nm < d <
200 nm), allowing digitized vesicle detection while also eVating the sensor to minimize background contributions ém the substrate. Figure reproduced under
Creative Commons License 1.0 fromRaghu et al. (2018)

resolvable from free protein as a result of the subsequentetss the known EV/liposome shape reformation upon binding onto
step function response in comparison with a smoother integplat the Au surface was not addressed—which may contribute to the
response that smaller analytes would produce. For this worlgbserved results.
it is noted that precipitation kits may induce artifacts to the A similar nano-groove based sensor referred to as a
observed signals in the form of aggregated nEVs or largeffeidn  plasmonic interferometer array (PI#gs invented for real-time
contaminants due to the isolation reagent. detection of circulating nEV proteins with high sensitivitnch
portability (Zeng et al., 2009 The PIA biosensor measures
Other planar geometries. technique termedinterferometric intensity modulation at a single wavelength created by SResvav
plasmonic microscopy (iPMjas recently introducedvng et al., upon sensor illumination at the normal direction to arti cial
2019. The iPM sensors were glass cover slips coated with 2 nmano-groovesKigure 11). SPs traveling along the radial direction
Cr and 47nm Au slabs. A CMOS camera and 637 nm lasesf the rings interfere with light directly transmitted thugh a
were the central pieces of the optical setufig(re 10. The small aperture at the center of the grooves. Transmittedtligh
compelling novelty was the common-path interferometry thatintensity from each sensor is dependent on the change in RI
harnesses the re ected light and scattering signal fronectsj between the opening and groove rings. To test feasibility of
within the reach of the evanescent eld 200 nm above the the PIA sensors, an 8 8 chessboard array was designed
surface). The calibration of the system was carried out gusinwith two dierent radii (R1 D 4.25mm and R2D 4.5mm).
silica nanoparticles. In-house image processing algorittvei® By increasing the RI, transmitted signal of R1 increases while
employed to reconstitute the interaction events of A549 lundR2 decreases, allowing for coupling of horizontally adjacent
cancer cell line-derived nEVs. Di erent interaction sceioar neighbors. The signal change was added by subtracting the
were investigated, starting with nEVs and charged Au seac decreasing R2 signal to the increasing R1 signal, which
As expected, adsorption of nNEVs was dependent on the surfageeatly reduced background noise and increased signabisen
charge of the Au surface, e.g., only Au surfaces modi ed witliatio (SNR). To demonstrate the potential for early cancer
HS-PEG-NH (positively charged surface) bound the anionicdiagnosis, EGFR (epidermal growth factor receptor) was used
nEVs. When integrated with uorescent microscopy and theas a marker for A549 lung cancer cells. Following binding
nEV lipid membrane was labeled with DilC18, uorescenceof anti-EGFR antibodies to the PIA biochip, high detection
signals correlated well spatially with the iPM image analysesensitivity was observed, with a SNR of 51.76, corresportding
Through the iPM analysis, nEVs demonstrated a continuous resolution of 3.86 1C° nEVs/mL. The PIA biochip was also
distribution between 30 and 150nm with a peak value ofntegrated onto a smartphone-based camera microscope system
62nm. Notably, the NTA analyses showed higher values a&xhibiting SNR of 8.23 corresponding to a sensing resolution o
120 nm. Although rigorous biophysical work was represented.72 10° nEVs/mL.
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Enthusiasm was limited by the heterogeneity of the AuNIs
(2080 nm), lack of clinical samples tested, and no assessmen
of statistical relevance (sensitivity, speci city, etdgshi et al.
introduced a very sensitive label-free LSPR biosensor to
detect microRNA-10b (miR-10b) levels in biological uidsdan
lysed nEVs Joshi et al., 20)5 Single nucleotide speci city
and attomolar (1018 M) sensitivity was reported. Pancreatic
cancer cells (PPCs) are characteristic to pancreatic ductal
adenocarcinoma (PDAC), and PCCs are known to overexpress
miR-10b in PDAC. The aim was to study whether PCCs
release miR-10b into the cell culture medium or circulation,
and to explore whether the miR-10b levels in nEVs could
di erentiate between chronic pancreatitis (CP), and indivéadsi
with and without PDAC pathology. Gold nanoprisms were
synthesized, attached onto a glass substrate, and funtizeda
with complementary oligonucleotides. The developed LSPR
sensor was demonstrated to work with PCCs (AsPC-1, BxPC-3,
and PANC-1)-derived conditioned media and nEVs. Succéssfu
di erentiation was also performed between PDAC or CP
patients and normal controls in plasma, nEVs, and post-UC

FIGURE 10 | The interferometric plasmonic microscopy (iPM) system for supernatants. The authors pinpOim various structural atités

physical (size) and biochemical (interaction) charactestion of nEVs.(A) in the LSPR sensors that enable high sensitivity, in particula
Schematic of the iPM.(B) Outline of the interferometric scattering model(C) the charge transport of the gold nanoprisms through the
Image of 100 nm silica nanoparticle without (scale bar: Bm) and (D) with DNA backbone upon forming duplexes with the ssDNA. The

(scale bar: 300 nm) image reconstruction(E) k-space image of C after . . L K
2D-FFT.(F) Longitudinal intensity pro le across the silica particle ifC (cyanine) regeneration capablllty and Stablllty of the LSPR biosensass w

and D (red).(G) Signal-to-noise pro le in iPM detection of 100 nm silica also tested, and the authors concluded that the sensitigityains

particles using the running-average algorithm and the theetical shot-noise unchanged at leastover 5 days.
limitation (dashed trace). Figure reproduced fronyang et al. (2018® 2018.

Plasmonic nanoprobea. colorimetric nanoplasmonic LSPR
Self-assembled monolayer coated gold nanoislands (SAMssay has been introducekliiolo et al., 201p% In brief, when
AuNIs) have been recently introduced as sensitive andationic AUNPs are titrated into contaminant-free nEVs, NP
inexpensive optochemical biosensors, produced by a twaluster at the EV membrane to generate a LSPR red-shift that
step deposition-annealing proceduréhi@kur et al., 2017 is proportional to the nEV concentration in the sample. If non-
The authors included both nEVs and also larger MVs, isolatedEV soluble protein is present, the AuNPs are swarmed by a
from four di erent sources (twoin vitro cell lines, serum, and protein corona, preventing interplay with nEVs and no LSPR
urine). Without surface functionalization, reported LOD of shift is present. Using this method, protein contaminants ldou
0.194mg/mL and linear dynamic range of 0.194-I8fmL  be detected with LOD as low as 5 ni/. Notably, this method
were obtained. However, a concern is raised regardingtienla was also recently exploited in another stu@yéatto et al., 20)8
methods, which varied for each type of sample; cell culturand may serve as a useful and rapid method to detect free protein
supernatants employed UC and lItration, while serum andcontamination for general nEV characterization.
urine EVs were isolated using di erent commercial isolation The nano-plasmon enhanced scattering (nPESHay was
reagents. The vaguely described MV isolation method standfeveloped and tested for pancreatic cancer as a model approach
out since the study essentially focuses on investigatingsnis.  (Liang et al., 2017 A silica sensor chip comprising anti-CD81
MVs, and the outcomes likely depend heavily on the chosefunctionalized wells was used to capture tumor-derived nEVs
MV enrichment procedure. Also, given that each method likelyThe nding of the study was the concept of utilizing two
yielded varying levels of purity, which were not directlyesssed, types of plasmonically active Au nanopatrticles, Au nanopasicl
non-EV originating contaminant proteins cannot be excluded(AuNPs) and rods (AuNRSs), to recognize tumor-derived nEVs.
and concentration estimates based on protein content may ndh the platform development phase, the authors noted that anti-
be accurate. A critical suggestion would be to use a uniforr€D63-AuNP and anti-CD9-AuNR nanoparticles formed AuNP-
isolation panel for all the di erent preparations and a consegiue nEV-AuNR complexes on the sensor surface, and a signi cant
endeavor to qualitatively or quantitatively determine tharity  spectral shift and intensity of the scattered light was obser
of the preparations [further suggestions can be found e.g., ifFigure 12. The nPES assay's performance was characterized by
referencesM/ebber and Clayton, 2013; Maiolo et al., 2JJ15 known nEV plasma concentrations, and nPES area ratios (area
Another more recent LSPR sensor using AuNIs was reportedf nPES signal vs. well area) were used to evaluate unknown
decorated with the peptide Venceremin (Vn96), which exhibitssample EV concentrations. The nPES assay outperformed ELISA
strong anity to nEV surface heat-shock proteins (HSPs)in regard to sample consumption (fL vs. 150mL), analysis
overexpressed on many tumor cell8athini et al., 2018 time (5h vs.> 24h), sensitivity (0.2 vs. 77 ngl), and cost.
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FIGURE 11 | Plasmonic interferometer array (PIA) biochifga) Schematic of a ring-hole PIA andb) cross-section view. (c) SEM image of a5 5 array of plasmonic
interferometer with increasing R from left to right, bottonto top. (d) Transmitted light can be imaged on a CCD camera(e) Schematic diagram of the experimental
setup. (f) Transmission of each interferometer was modulated sinusdally by R, showing different sensitivity when glycerol-wer solutions of increased concentrations
were owed on the sensor surface. Black arrows indicate the iterferometers with highest sensitivities. Reprinted, witpermission, from

(Zeng et al., 2019 © [2017] IEEE.

After a meticulous proteomics and bioinformatics screeningmicro uidics. A good example is the work bylaiolo et al. (2015)
the anti-CD63-AuNP probe was replaced with EphA2 (anti-where the authors used a colorimetric LSPR assay able to infer
EphA2-AuNP) as a pancreatic-cancer-speci ¢ EV marker. Celihe purity of nEV preparations by naked eye. However, cavities
line supernatants from normal (HPNE) and tumor (PANC-1) similar with SPR techniques can be found in the LSPR based nEV
tissue at progressive tissue culture time points were analyzekktection and characterization. While LSPR methods intcelu
to evaluate the speci city of the nPES platform. The PANC-I1compelling fundamental physics and theoretical viewpoints, th
EphA2 EV signals were signi cantly higher at all time points. A biological relevance with respect to speci city, sensitivagd
plasma samples from normal healthy controls (NC), pancrestiti statistical power are often in need of addressing. Especially
and pancreatic cancer patients were tested, the EphA2-EVisignarude and complex sample matrices such as human plasma
were signi cantly higher. The same trend was perceived whewithout any pre-treatment pose common issues. Many of these
a mouse xenograft model was used by injecting athymic nudean be overcome e.g., meticulous experimental design, in-
mice with PANC-1 cells and analyzed for EphA2 blood levelfiouse technical innovations, biophysical modeling, andnigis
every 10 days after the injection. The EphA2-EV levels alsstatistical calculations. Finally, LSPR particle hetereggns
correlated with the tumor size. At the nal part of the study rarely accounted for, but certainly in uences measurememnt
the EphA2-EV nPES assay was harnessed to analyze a cohorvafying degrees, and should be reported.
normal control individuals i D 48), chronic pancreatitisn(D
48), and pancreatic cancer patients[ 49) at di erent stages
of the disease. The non-diagnostic biomarker CA19-9 (whicPurface Enhanced Raman
is typically used to monitor the patient responses to therapySpectroscopy (SERS)
was used for benchmarking the clinical performance of thé*hysical Background of SERS
EphA2-EV nPES levels. As 23 pancreatic cancer patients wdre Raman spectroscopy, laser light is used to irradiate a
evaluated pre and post neoadjuvant therapy, the EphA2-EV levaedample of interest and the resultant inelastically scattered
in comparison to CA19-9 more accurately re ected the treatine photons are collected by a detector. The energies of such
status for patients with good or partial therapy responsegphotons precisely correspond to the chemical bonds and
The study was well outlined, and the results supported bgtructures present in the sample. Hence, a Raman spectrum
additional experiments (SEM, WB) as well as carefully designegbnsists of wavenumbers (inverse centimeters, ¥Ynon the
statistical analyses. As noted by the authors, the speyi citabscissa and scattering intensities on the ordinate. Raman
and generalizability of the nPES platform could be improvedspectroscopy aords high chemical specicity, minimal to
further by replacing the secondary anti-CD9-AuNR probe withno sample processing, is inherently non-destructive, and
additional cancer-speci ¢ probes. relatively inert to aqueous background. The main disadagas

To summarize, LSPR techniques complement SPR methoftsr spontaneous Raman spectroscopy are weak signal and
well, and they can be used as stand-alone applicatiortigh uorescent/photoluminescent backgrounds, particlyjdor
for nEVs. The needed instrumentation is relatively costbiological specimens. However, these shortcomings can be
e ective and operator-friendly, simultaneously showing pdtal e ciently overcome using SERS. Notably, even single mokcul
for miniaturization, automation and integration with e,g. sensitivity can be achieve®f{to, 2003 as well as enhancement

Frontiers in Chemistry | www.frontiersin.org 14 May 2019 | Volume 7 | Article 279



Rojalin et al. Nanoplasmonic Analysis of Extracellular Vesicles

FIGURE 12 | Design of an nPES platform for nEV detection(A) Schematic overview of the nPES assay for speci ¢ detection oEVs. (B-D) Dark- eld microscope
(DFM) images of AuS-anti-CD63 (green), AuR-anti-CD9 (reali)d AuS-EV-AuR complexes, which are detectable as bright yow dots. Scale bars: main images, 2mim;
magni ed images, 100 nm. (E,F) Scattering spectra(E) and intensities of AuS-anti-CD63 (ref. 48), AuR-anti-CD®nd AuS-EV-AuR complexes(F). The scattering
spectra and related intensities were recorded from 10 randmly selected particles for each complex by a spectrograph CO equipped with a monochromator
(CASCADE 512B, Roper Scienti c). Data represent mean SEM;n D 10 replicates per sample. Reprinted by permission from Sprger Nature

(Liang et al., 2017) © 2017.

factors beyond 10, SERS is an inherently plasmonics-microorganisms and eukaryotic cellZHeng et al., 20798
based technique, describing the exploitation of the couplinghe high content of structural information, combined with
of photons to charge density oscillations (i.e., plasmons) densitivity, quanti cation, and multiplexing opportunitiesjakes

the conductive electrons in metals. Thus, in SERS, the highERS a very powerful technique for the demanding purposes of
chemical speci city of Raman spectroscopy is combined witmEV characterization.

unprecedented sensitivity accomplished by plasmon-assisted

scattering of molecules on or near (typically withinlOnm)  Applications of SERS to nEVs

metal nanostructures. The formation of “hot spots"—wherevibrational spectroscopy without the assistance of plasmonics
the highest signal enhancement is observed—is an importagite., Raman and infrared spectroscopy) has been applied
physical phenomenon, occurring where two or more SERSo characterize nEVs and MVs in several cases, enabling
active regions come into spatial contact, i.e., gap-mode masm quantitative measurement of global chemical composition
(Figure 2). SERS is a powerful and sensitive modern analyticalnalysis (e.g., relative amounts of nucleic acids, protegius),
technology that has been successfully applied to medicallgterols, etc.). Spontaneous Raman of both bulk ENsigche
relevant detection of biomolecules like metabolites, aigcl etal., 2012; Kratetal., 2016; Gualerzi et al., Gt also single
acids, and proteins, and also to characterize and identifyesicles trapped by optical tweeze®sn(th et al., 2015; Carney
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et al.,, 2017; Lee et al., 2018; Kruglik et al., 2@Hh be used
to distinguish vesicles from various sources or diseaséegts
Yet, spontaneous Raman spectroscopy has limited speed, and
only relatively small numbers of EVs can be measured in g
reasonable period, dramatically limiting its potential fdineal
application. Therefore, it is more than likely necessary jol@x
plasmonics enhancement of Raman scattering (i.e., SERS)|to
increase sensitivity and throughput.

SERS probes
Several SERS studies using NP probes have been recently applied.
Typically, the probes provide SERS enhancement of endogenqus
chemical nEV markers, such as lipids and membrane protein
that vary amongst samples of interegtiqure 13. Park et al.
applied 80 nm AuNPs to nEVs isolated by UC from two non-
small-cell lung cancer (NSCLC) lines (H1299 and H522) in
addition to normal alveolar cell line derived nEVBdrk et al.,
2017). Following deposition of AUNPs/nEVs onto a slide, PCA
was used to classify resulting SERS spectra from 37 samples
of H1299 nEVs, 34 samples of H522 nEVs, and 23 sampl
of alveolar nEVs into either NSCLC or normal groups with
95.3% sensitivity and 97.3% speci city. A variable loading pl
for PCA was created with each point representing a unique
wavenumber, allowing for greater classi cation sendigivilown
to 1(° particles/mL, rendering this technique more sensitive than
chemiluminescence ELISA. Our own work examined the us
of peptide-ligand decorated silver NPs (AgNPs) to capture an
analyze nEVs binding331 integrin overexpressed on OvCa cell-
derived nEVs, though should be extended to clinical samples f0 FIGURE 13 | SERS detection of unique Raman scattering pro les. Lung
increased reIevancEe{e etal., 2037 cancer cell-derived and normal nEVs measured using AUNPs as

Another study utilized a non-specic coating of 10nm plasmqn-active signal ampli ers for SERS. qusequent priripal component

. . .| analysis (PCA) can used to decompose acquired SERS spectrand perform

AuNPs to prepare SUI’f&CQ-deOSIIed nEVs for SERS InterroQat' )Qorrelation analysis against pro les of potential nEV surte protein markers.
(Stremersch et al., 20)LéHere, nEVs were isolated by density| cancerous exosome-speci ¢ protein markers are associatedri terms of signal
gradient UC from either B16F10 melanoma cells or primary similarity. Reprinted with permission fronShin et al. (2018)Copyright (2018)
RBCs. First, cationic AUNPs were optimized to densely coat theAmerican Chemical Society.
anionic nEVs. DLS indicated 800 AuNPs per B16F10 vesicle
and 1,200 per RBC vesicle. SERS signals were obtained fidra heterogeneous sandwich ELISA assay. In that study, two
both samples and subjected to a partial least squares disaithi  types of NPs were used: a SERS nanorod with a gold core and
analysis (PLS-DA) and multivariate curve resolution altging  silver shell (Au@Ag NRs) and a magnetic nanobead, the latter
least squares (MCR-ALS). Both statistical models wereregdith  synthesized by coating an iron oxide g&) NP with a silica
with spectra from AuNPs alone and AuNPs with either B16F1&hell. Both Au@Ag NRs and magnetic nanobeads were further
or RBC vesicles. Sensitivity was found to be 98.5, 88.0, ah#95 decorated with antibodies, enabling formation of a sandiwic
and speci city was found to be 95.5, 95.4, and 98%, respectivelyomplex by capturing vesicles between the nanobeads and NRs.
To demonstrate diagnostic potential, varying ratios of BIlGF The resulting magnetic properties of the immunocomplexes
derived and RBC-derived nEVs were mixed with AuNPs tgpermitted separation by magnet for SERS signal detection in
provide a more accurate representation of ianvivo situation  collected precipitates. Using anti-CD63 and anti-HER?2 ardipo
where tumor-associated vesicles are not the most abungipett nEVs secreted by SKBR3 could be readily distinguished from
AuNP-coated nEVs from diering cell lines were able to becontrol MRC5 cell-derived nEVs. Decreasing concentrations
classi ed by biomolecular diversity by applying SERS techmolo of vesicles were immunoprecipitated to nd an LOD of
in conjunction with PLS-DA statistical analysis, demongtrg 1,200 vesicles, with a total assay time of just 2h. Another
the potential application of single vesicle identication for study incorporated three specic SERS probes decorated
diagnostic use. Furthermore, throughput was high, with asyna with aptamers as alternative biorecognition components to
as 160,000 individual vesicles analyzed in a single day. supplement antibodies\({ang et al., 2013 Here, silica coated

To increase chemical speci city beyond non-speci c SER®agnetic beads were further coated with a plasmonic gold
probes, other approaches have incorporated immunolabelingyer (MB@Si@@Au) to be used as capturing substrates. CD63
techniques. One such study utilized a sandwich-basesurface protein aptamer was decorated onto the MB@®iau
immunoassay 4ong et al., 2016 not unlike the geometry probes. In conjunction, AuNPs with complementary specic
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aptamers (AuNP@aptamer) were developed for use as a readoub a tiny region for analysis. Using commercial PEG isolati
signal. Target nEVs were added to a mixture of the two probekits, nEVs were isolated from a colon tumor cell line (HCT116)
to form a sandwich apta-immunocomplex. Similar to theand a healthy control cell line (CCD841-CoN) and diluted to
previous study, the complexes could be precipitated by magnat measured total protein concentration 0f0.2 ng/mL. Small
for SERS readout. In this case, the signal became weaker wiliquots of the mixture were dropped upon the SHSs and
the addition of EVs that bind to the SERS probes while thanalyzed with SERS. Control nEVs showed higher intensities fo
signal from control non-specic probes remain unchanged.peaks that corresponded to lipid vibrations while nEVs from
nEVs isolated using commercial kits from breast cancerscelthe HCT116 tumor cell line showed larger SERS signals for
(SKBR3), PCa cells (LNCaP), and colorectal cancer cellg (T8drotein and ribonucleic acid bases peaks. The di ering intéasit
were each probed by various speci c AUNP@aptamer complexesjggest that the two types of vesicles exhibit di erent biocieal
using aptamers for H2, PSMA, and CEA, respectively. As theomposition, potentially due to diering cargo they carry. In
enhancements in various regions of SERS spectra varied widalyother study, a large-scale SERS substrate was created from
between the samples, each presented a unique LOD: 32 nEbjstical disk structures coated in varying levels of silvikoyang
per microliter for SKBR3, 203 nEVs per microliter for LNCaP,for tunable plasmonic resonanceévglla-Oliver et al., 2007
and 73 nEVs per microliter for T84. A similar study fabricatedThe biosensing capabilities of these substrates was shown by
gold nanostars (AuNSs) “over-coated” with an outer gold Im obtaining Raman spectra of hemoglobin and lung cancer cell
to trap Raman reporter molecules (4-MBA) between the layerbne-derived nEVs, yet limit of detection, speci city, semsty,
(Tian et al., 2018 These AuNS@-4-MBA@Au probes werenor number of samples was reported. The authors suggest
used as detection agents to probe nEVs pulled down on largénat prospective Raman microscope units can be based on
magnetic beads. Using a bivalent cholesterol-labeled DNaAptical disk drives to allow for transference of SERS to many
anchor to sandwich nEVs between the magnetic beads arghvironments. Another interesting SERS substrate was tigcen
plasmonic probes, reported LOD was low as 27 partioles/ reported, featuring a nanohole array fabricated via electro
Ultimately, the use of commercial kits and small number ofbeam lithography in both circular and square well form with
human clinical samples diminished our enthusiasm for each gpancreatic MSC EVs being introduced through drop casting.
the two previous studies, yet the proof-of-concept and low LOD$-ollowing drying, Raman spectra were measured and compared,
are encouraging. showing both shared spectral commonalities as well as vamiati
SERS probes have become a compelling alternative fbetween the EVs, the latter attributed to the presence orratgese
plasmonic nEV detection and characterization. Virtuallyof proteins and nucleic acids. Again, however, no speci city,
in nite amount of di erent nanofeatures can be crafted to sensitivity, or number of samples analyzed was reported.
provoke SERS signal enhancement followed by chemical We also recently demonstrated application of a novel SERS
functionalization with capturing and/or reporter compounds substrate for nEV biochemical analysise¢ et al., 205 In
(Chinen et al., 2015; Liu et al., 2017; Zhang Y, et al., 201%ur study, PDMS nanobowls coated with a thin (40 nm) silver
Three major aspects should however be more thoroughlym were used as SERS substrates set to capture small numbers
addressed to make pioneering breakthroughs to the clinicalf vesicles. nEVs were isolated from SKOV-3 cancer cell lines
settings. First, more rigorous testing with a large volunfe ovia both UC as well as with commercial TEIR for comparison.
clinical samples—even in proof-of-concept studies. Secondwenty microliter of nEV dilutions could be dropped onto
the development of well-validated and standardized SERBe SERS nanobowls and dried, pushing the vesicles into
assay kits would be necessary for eventual adoption by nowriose contact with the substrate surface. SERS measurements
experienced clinical operators. Third, Raman spectrometemsere taken with TEIR kit solution itself, nEVs isolated via
in general are still typically too expensive and cumbersom&EIR kit, and nEVs isolated via UC. Use of the nanobowls
for routine clinical analyses. Hand-held point-of-care provided more reproducible SERS intensities because of more
spectrometers are already paving the way for these futureonsistent “hot-spots” when compared to randomly aggregated

diagnostic purposes. nanoparticles used in other studies. A time-dependent arglysi
of the nEVs was performed, which showed that initially the
SERS substrates vesicles maintain their form and the SERS signals represent

Ultimately, the use of nanoplasmonic probes may introduceghe surfaces but as time progresses and the substrates dry
some artifacts and complications, and samples are subjected tout, the vesicles burst and spill their internal contents,siag
number of undesirable mixing and washing steps. It is possibla shift in the spectra. Thus, a distinction could be made
to realize SERS analysis using wholly label-free approachestween the surface and internal contents of the exosomes
with the use of active substrates, for example where plasmonic solution. The LOD for this method was found to be one
enhancement is a orded by the same material used to captureV per nanobowl due to the limiting area created by the
the biological agent of interest. Application of this concept t nanobowl! dimensions.

nEVs was introduced using super-hydrophobic surfaces (SHSs) A common design is to deposit AuNPs onto a slide to
in the form of patterned silicon micro-pillars decorated with create a SERS substrate, for example using 10nm AuNPs
silver nano-aggregates on the pillar topir(nato et al., 2012 on a gold-coated slide that results in many hot-spot regions
The characteristic high hydrophobicity of these surfacémsnal  (Carmicheal et al., 20)9n that study, a cationic AUNP coating
diluted solutions to concentrate a small number of molesule further facilitated binding of anionic nEVs, and SERS spectra
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from lipid and proteins distinguished pancreatic cancer serunspectroscopy (SEIRAS) could be exploited to amplify IR signal
samples from healthy controls in most patients with sengitivi (Ataka and Heberle, 200.7
and specicity of 90.6 and 97.1%, respectively. Shin et al. A nanomechanical resonator was recently demonstrated
used antibody-coated 80nm AuNPs in a similar fashion tado weight the mass of single NPs down to 10nm with
detect characteristic SERS bands associated with nEV chilemiattogram precision ©@lcum et al., 201¢ It is likely that select
content that distinguished NSCLC nEVs from healthy corgrol subpopulations could be identi ed using plasmonic adaptations.
(Figure 13 (Shin et al., 2018 A more exotic SERS substrate Oliveira-Rodrigues and co-workers developed a lateral ow
was introduced by way of its strong plasmonic “gap-modeimmunoassay (LFIA) in a dipstick format using antibody-|adxbl
(Sivashanmugan et al., 201 Here, silver nanocubes (AgNCs) AuNPs as probes(liveira-Rodriguez et al., 20)L6Capillary
were assembled on an AuNR pillar array surface at varyintprces induce a ow, the analytes of interest (e.g., nEVs)
AuNR tip-to-tip distances until an optimized geometry wasinteract with the immobilized specimens and detection can be
found (Figure 14, i.e., resulting in the greatest ampli cation of performed with a chosen probe. Being a cost-e ective, fast,
SERS signal. The platform could distinguish nEVs derived fromsimple, and suitable for non-trained operators, such LFIAses
lung tumor cell lines (PC-9, H1975, and HCC827) compared withare especially promising for point-of-care (POC) applications.
normal lung cell lines (NL-20, BEAS-2B, and L929). Titraio When higher throughput is desired, miniaturized lab-on-ghi
of nEVs were tested to show that detection was possible ablutions with embedded micro uidics could be integrated.
concentrations 19to 1P times lower than that found in typical Indeed, the physical features of micro uidic techniques amat
blood samples. very well the requirements of nEV research; negligible vasm
While it is clear that SERS substrates with increasinglyl0 ° to 10 18 L) of liquids are being manipulated in channels
complex geometries could be of high impact for highlywith dimensions of tens to a few hundred microns. Furthermor
sensitive, minimally-invasive clinical diagnostics, rhds a nEV analyses can be carried out in a short time, inexpensively,
major drawback of the approach. It is not clear whether theand isolation in addition to characterization is possiblethwi
intensity of SERS signals can be attributed to an increase high resolution and sensitivity. Micro uidics in combinatth
analyte concentration or rather that analyte is located at avith optics, nanoplasmonics and advanced data analysis tools
more favorable position in the electromagnetic eld or “hot o er an immense palette of opportunities for robust, automated,
spot,” thus quantitative measurements are far more di cult t high-throughput and statistically relevant nEV researchnedl
obtain. New approaches will be needed to address this, e.gs moving from bench to bedside and commercial applications.
via tunable site-speci ¢ binding to SERS probes and substrated/e guide the reader to two excellent reviews that elucidate ho
Another challenging aspect for this approach is to re nemodern micro uidic lab-on-chip techniques can be applied for
appropriate protocols for preparing substrate surfaces to ensureEV isolation, detection, and characterizatida-olizadeh et al.,
reproducible measurement, avoid non-speci ¢ absorption, and®017; Chiriaco et al., 20).8
to attract EVs without the addition of bulky capture agents Still other emerging tools may be boosted by nanoplasmonic
that interfere with the required spatial proximity of EV additions, such as the recent introduction of ZnO nanowire
to surface. lateral displacement arrays for nEV fractionation and enmemt
(Wunsch et al., 2006 This platform shares many features with
the plasmonic nanoarrays presented above, and it is feasible

FUTURE OUTLOOK that the physical separation obtained may be complimented by
_ - _ ) real-time chemical analysis a orded by incorporating plasnwoni
Applicability of Emerging Technologies materials. Sensitivity of colorimetric approaches in gehdaa

While this review provides a comprehensive summary orexample using recent ZnO nanowire nEV “traps” could be
applications of nanoplasmonic techniques to analyze nEVs, wmproved using plasmonic probe detectioft{en et al., 2003
acknowledge that the journey is just beginning. Novel andrhe recent advancements using graphene as a nanoplasmonic
creative approaches in the elds of nano and materials sceenceprobe (e Abajo, 2014; Low and Avouris, 2Q1Has not yet
plasmonics, and optics will continue to improve nEV researchextended to nEV detection, with one exceptiathéing P, et al.,
Even incremental modications can be made to improve2016. The emerging eld of terahertz spectroscopsa(ig et al.,
biosensor sensitivity in SPRS, such as by harnessing plasmo8D1§ has also only been applied to nEV analysis in one case
coupling e ects using plasmonic NPSSiringer et al., 20)4 (Knyazkova et al., 20)8yet also stands to greatly benet
Strongly absorbing dye molecules have also been used toemhawith respect to sensitivity when combined with nanoplasmonic
sensitivity and selectivity for an SPRS-based DNA hybrigima probes or surfacesGomez-Diaz et al., 20)5Finally, data
assayGrangvist et al., 20)3as have two-dimensional transition analysis will be a critical area of research for nEVs, and
metal dichalcogenides (TMDCs) and graphene heterostrustureve anticipate machine learning (or deep learning) to be a
(Zhao et al., 2018 necessary tool to detangle the large swaths of data across

Many other emerging tools may have plasmonic applicationpatient samples aorded by emerging nanoplasmonic tools
as well. Surprisingly, IR spectroscopy has not gained @@allard et al., 2017; Malkiel et al., 201&s spectroscopic
solid foothold amongst nEV characterization methodsand otherwise classiable data collection rates increase,
outside of a few notable example®lifaly et al., 201 As expect these applications to rapidly grow in the years to come
a future endeavor, surface enhanced infrared absorptio(Ko etal., 2017; Lee and O erhaus, 2018
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Elsevier.

FIGURE 14 | Plasmonic gap-mode SERS substrate SERS spectra of nEVs isaied from (a) normal lung cells and(b) lung cancer cells, recorded on an optimized Ag
nanocubes on Au nanorod array (NCs-I-NRs)cc) A schematic of the showing the AgNCs embedded in the AuNR arsathe associated gap-mode electromagnetic
enhancement for a bound nEV(d) SEM images of the NCs-I-NRs from top-down perspective. Repnited from Sivashanmugan et al. (2017ith permission from

Critical Challenges

far failed to achieve meaningful clinical translation, part 1.
due to confusion and diculties regarding their isolation
and characterization, but also due to their low frequency in

SUMMARY POINTS:

Diagnostic platforms for disease-associated nEVs have so

Researchers should focus on improving statistical power in
clinically relevant sample sets, especially increasing nuofber
patient samples, with the goal of high-power clinical trials.

circulation compared to healthy background, particularly fo 2. Adherence to the ISEV suggested minimal information to
early-stage patients. Nanoplasmonics o ers the potential to characterize nEVs, along with careful reporting using the
realize the promise of exosomes and related nEVs to non- EV-TRACK database is highly advisable. Speci cally, care
invasively report in real-time on the condition of cells and should be taken to provide stringent chemical and physical
tissues. It is clear that nanoplasmonics-based approaches tocharacterization of EV preps using complementary eld-

detect and molecularly characterize nEVs o er spectacular
signal enhancement compared to standard eld-adopted-
methods. Yet, the majority of reported nanoplasmonic
approaches are rmly ground at the level of proof-of-concept,
displaying only incremental e ects with limited scope. Altrgiu
rational synthesis of plasmonic materials has been advgncin
tremendously in the past several year§ ¢t al., 2018; Gurav

et al.,, 201Q next-generation systems have not yet been
realized and widespread clinical adoption is not feasiblé-
(Scarabelli, 2038 While plasmonics-based biosensing
will certainly produce a huge impact on global health,
particularly for low resource environments, there is still5-
a long way to go. We summarize here several critical
challenges with respect to nEVs (e.g., isolation, sampling,
etc.) and engineering nanoplasmonic tools tailored for
their study.

validated methodology and protocols.

Development of materials engineering and chemical method
to improve the homogeneity of plasmonic probes and
substrates is needed, the lack of which severely limits
reproducibility and system stability or predictability. Teect
of heterogeneity of nanoplasmonic probes and substrates is
rarely considered and should be measured, reported, and the
results contextualized accordingly.

Label-free approaches should be chosen when possible, in
order to avoid known artifacts with respect to heterogeneous
nEV labeling.

Plasmonic NP and substrate geometries should be tailored
toward accounting for heterogeneity in size, a hallmark of
nEVs. For example, nanohole arrays may be varied in hole
diameter to accommodate a range of EV sizes, rather than a
one-size- ts-all approach.
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6. The vast majority of assays are currently limited to ditgc AUTHOR CONTRIBUTIONS
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