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A B S T R A C T

Exosomes are membrane-defined extracellular vesicles (EVs) approximately 40–160 nm in diameter that are
found in all body fluids including blood, urine, and saliva. They act as important vehicles for intercellular
communication between both local and distant cells and can serve as circulating biomarkers for disease diagnosis
and prognosis. Exosomes play a key role in tumor metastasis, are abundant in biofluids, and stabilize biomarkers
they carry, and thus can improve cancer detection, treatment monitoring, and cancer staging/prognosis. Despite
their clinical potential, lack of sensitive/specific biomarkers and sensitive isolation/enrichment and analytical
technologies has posed a barrier to clinical translation of exosomes. This review presents a critical overview of
technologies now being used to detect tumor-derived exosome (TDE) biomarkers in clinical specimens that have
potential for clinical translation.
1. Introduction

Cancer is either the leading or second most common cause of death in
most countries [1], partly due to lack of early diagnosis, since many
cancers can be cured when detected and appropriately treated early in
their development. Standard of care for the diagnosis and staging of solid
tumors requires the surgical removal of a biopsy specimen that contains
suspected tumor tissue and its subsequent analysis for cancer-associated
factors (biomarkers or mutant alleles) or features (irregular cell shapes
and sizes). A suspected tumor mass must be at least 2 mm in diameter for
such analyses, to allow it to be identified by imaging modalities (e.g.
magnetic resonance imaging or computed tomography) for directed
sampling via a tissue biopsy [2]. However, such imaging modalities are
susceptible to variability in identifications by radiologists and not all
tumors can be biopsied safely due to risks associated with their
anatomical location, a patient's performance status, and medications.
Even when surgical biopsies are feasible, however, they still carry the risk
of damage to adjacent tissue, infection, and the dissemination of cancer
cells to other sites [3]. The urgent need for new methods to detect tumor
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before they can be identified by imaging or surgically biopsied has led to
the development of minimally invasive “liquid biopsies” (LBs) that
permit molecular diagnosis of specific cancers using bio-fluids (e.g.,
blood, saliva, urine) that can be obtained using minimally or
non-invasive procedures.

LB cancer tests approved by the Food and Drug Administration (FDA)
analyze specific targets in the three best-characterized LB biomarker
types: circulating tumor cells (CTCs), circulating tumor DNA (ctDNA), or
cell-free RNA (cfRNA) released by apoptotic and necrotic tumor cells.
The FDA has now approved several LB cancer tests, including four that
detect ctDNA target sequences, five that detect cfDNA targets, and one
CTC test [4]. The FDA has cleared five liquid biopsy tests for solid tumors
in “general tumor profiling” or as “companion diagnostics” intended to
aid clinicians in identifying patients who may benefit from targeted drug
therapies [5].

While LB tests using CTCs, ctDNA, and cfRNA have demonstrated
safety and efficacy, there are still biological and technological limitations
that prevent their routine use by clinicians. Low LB concentrations of
these analytes, especially early in disease progression, decrease test
t of Biochemistry and Molecular Biology, School of Medicine, Tulane University,

28 December 2022

ticle under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

http://crossmark.crossref.org/dialog/?doi=10.1016/j.mtbio.2022.100538&domain=pdf
www.sciencedirect.com/science/journal/25900064
www.journals.elsevier.com/materials-today-bio
https://doi.org/10.1016/j.mtbio.2022.100538
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.mtbio.2022.100538


L. Li et al. Materials Today Bio 18 (2023) 100538
sensitivity and specificity. The presence of DNA and RNA from non-
malignant cells in ctDNA and cfRNA sample can decrease diagnostic
sensitivity and increase false negative rates, while the presence of DNA
and RNA from non-malignant cells that carry cancer-associated muta-
tions can decrease assay specificity and increase false positive rates. Both
LB ctDNA and cfRNA are susceptible to degradation by circulating nu-
cleases in the interval between LB collection and its processing for
analysis or cryopreservation [6,7].

Extracellular vesicles (EVs), and particularly exosomes, have attrac-
ted increasing attention as the sources of cancer biomarkers since these
vesicles are secreted at high concentration, particularly from diseased,
injured, or malignant cells, and contain and preserve a wealth of bio-
logical information on their membranes and within their lumens.
Numerous studies have demonstrated that EV-derived factors can serve
as diagnostic biomarkers for different cancers. However, there are no
FDA approved EV biomarker tests for cancer diagnosis to date, although
an LB urine EV test for high-grade prostate cancer risk assessment has
completed three clinical trials [8–10] and received an FDA “Break-
through Device” designation as an important diagnostic technology [11].

Several reviews have discussed new tumor-derived exosome (TDE)
assays [12–14], but this review differs from these as it covers recent
research on TDE-LB assays that has progressed to analytical or clinical
validation studies to evaluate their potential clinical utility and does not
cover studies that did not use human LB samples or report the diagnostic
power of their tests. This review focuses on studies that use advanced
materials/methods to overcome challenges of conventional analytical
Fig. 1. EV biogenesis, secretion, uptake and composition. EV biogenesis initiates by
vesicular bodies that can secrete mature exosomes into the extracellular space. The
cellular compartments. These include lipids, nucleic acids (DNA, mRNA, and miRNA),
communication events when these factors are internalized by recipient cells followi
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tools that have limited sensitivity for exosomes, including integrated
platforms that use nanotechnology to enrich TDEs and detect TDE bio-
markers on one device for rapid and accurate cancer diagnosis, and
discusses considerations for improved clinical adoption of new TDE
assays.

2. Exosome biogenesis and functional role in cancer

Cells secrete three major classes of EVs (exosomes, microvesicles, and
apoptotic bodies) that differ by biogenesis and release pathways, size,
composition and function. Exosomes are the smallest EVs (40–160 nm
diameter), the only EVs that derive from the endosome pathway, are
actively released by all cells, and can exhibit different composition under
normal and stress conditions.

Exosome biogenesis initiates by inward budding of the early endo-
some membrane to generate a multivesicular body (MVB) that contains
numerous intraluminal vesicles (ILVs) that are released into the extra-
cellular space as mature exosomes upon fusion of the MVB and plasma
membranes (Fig. 1). Exosomes contain material derived from the cytosol
and the endosome membrane, which can contain factors derived from
multiple organelles, and can thus reflect a cell's phenotype at the time of
their secretion, although several processes can influence exosome
composition and exosomes derived from the same cell can be heteroge-
neous in size, content, and function [15].

Exosomes play key roles in cell-to-cell communication by transferring
regulatory molecules that can alter cell phenotypes (e.g., RNA/DNA,
the inward budding of the early endosome membrane to generate late multi-
se EVs can incorporate a complex mixture of factors that derive from multiple
proteins, and other factors that can play important regulatory roles in cell-to-cell
ng EV endocytosis, fusion or receptor-ligand interactions.
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proteins, peptides, metabolites, and other factors) to recipient cells
through endocytosis, membrane fusion, or ligand-receptor interactions
[16–18]. This includes interactions that regulate tumor growth and
metastasis since factors carried by TDEs can alter the behavior of cells in
the tumor microenvironment and at distant sites to regulate the four
major stages of tumor metastasis (invasion, intravasation, extravasation
and colonization) (Fig. 2) [19–21]. For example, during the invasion
stage of metastasis, Wnt2B-enriched TDEs facilitate cancer cell migration
through extracellular matrix around the vascular endothelium by acti-
vating fibroblast proliferation [22] and remodeling the basement mem-
brane to disrupt endothelial cell contacts [23]. TDEs also transfer factors
(e.g., miR-1307–5p [24]) to cancer cells passing through the vascular
endothelium (intravasation) to induce an epithelial-mesenchymal tran-
sition and an invasive mesenchymal phenotype in the resulting CTCs
[25]. These CTCs can exit the circulation (extravasation) at
pre-metastatic niches (PMNs) prepared by circulating TDEs released by
primary tumors, and these sites can be cancer selective (e.g., TDE integrin
β4 and β5 expression can respectively promote lung and liver PMNs)
[23]. PMN colonization is regulated by TDEs that transfer miRNAs that
promote the proliferation these micro-metastases (e.g., via miR-21,
miR-204, miR-375 [26]) and the angiogenesis required to support
tumor growth (e.g., via miR-148a, miR-21–5p) [25,27,28]. For example,
vascular endothelial cell uptake of miR-210-enriched TDEs secreted by
adjacent hepatocellular carcinoma cells can promote angiogenesis by
inhibiting SMAD4 and STAT6 gene expression [29].

TDEs can also aid tumor cells in evading recognition and clearance by
the immune system by reducing the abundance or attenuating the ac-
tivity of cells with cytotoxic phenotypes. For example, TDEs can down-
regulate NKG2D expression on natural killer cells to reduce their
proliferation, migratory capacity, and cytotoxic activity [30]. TDE in-
teractions with cytotoxic CD8þ T cells can also induce their apoptosis
through Fas/FasL or PD-L1/PD-1 interactions [31–33]. TDEs can also
inhibit effector T cell proliferation and stimulate CD4þ helper T cells to
differentiate into regulatory T cells to attenuate pro-inflammatory im-
mune reactions that can enhance tumor recognition and clearance by the
Fig. 2. Overview of the role of TDEs in the four steps of the metastatic cascade (inv
invasion of neighboring tissue through disrupting the extracellular matrix by activa
epithelial-mesenchymal transition to form circulating tumor cells (CTCs) during int
(extravasation) at pre-metastatic niches (PMNs) prepared by the uptake of circulatin
PMNs by penetrating the vascular endothelium to transfer miRNAs that promote
tumor growth.

3

immune system. Similarly, TDEs can induce macrophages to adopt an
anti-inflammatory M2-like tumor associated macrophage (TAM) pheno-
type and produce chemokines, cytokines, and enzymes that inhibit T cell
effector function [34]. For further information on the role of TDEs in
these processes, we recommend readers read reviews written by Wee
et al. [23] and Whiteside et al. [35,36].

3. Tumor derived exosome biomarkers

As described above, TDEs are ideal candidates for cancer biomarkers
since they can regulate multiple stages of tumor development and pro-
gression [37,38], including metastasis; are highly abundant in LB spec-
imens; may carry biomarkers that permit their enrichment from
biospecimens with complex EV compositions; and may carry several
cancer-associated biomarkers to allow multiplex analyses with greater
specificity. Notably, CTCs also protect their contents from extracellular
hydrolases and allow simultaneous enrichment of multiple biomarkers
but circulate at very low concentration and may reflect changes that
occur after their escape from the primary tumor site [39]. Further, the
only FDA-approached CTC application (CellSearch) is not a cancer
diagnostic but an adjunct CTC enumeration assay that measures changes
in CTC number to monitor or predict cancer progression, response to
therapy, or to detect recurrent disease [4].

TDE biomarker discovery and new EV biosensing platform develop-
ment and validation studies frequently employ cell culture supernatants
[18,40], but clinical validity studies must be performed with highly
complex human LB samples to ensure the test can separate and detect
TDEs from other materials in the appropriate LB specimen type.

Numerous clinical validation studies that report diagnostic accuracy
by area under the receiver operating characteristic curve (AUC) values
have been performed for TDE biomarkers associated with different can-
cers using various LB specimen types and a variety of TDE biomarker
selection strategies and isolation/detection approaches (Table 1). How-
ever, most analyses still employ RT-qPCR or ELISA to analyze TDEs from
bulk isolation methods, including approaches that employ differences in
asion, intravasation, extravasation, and colonization). TDEs facilitate cancer cell
ting fibroblast proliferation. TDEs transfer factors to cancer cells to initiate an
ravasation. These CTCs can then exit the circulation through the capillary bed
g TDEs released by the primary tumor. TDEs regulate the colonization of these
proliferation of micro-metastases and then angiogenesis required to support



Table 1
Summary of recently published studies on tumor-derived exosome liquid biopsies.

Cancer Type Specimena Exosomal Biomarkers Isolation/
Enrichment
Methodsb

Detection Methods Diagnostic Accuracy (AUC)c Clinical
Applicationsd

Ref.

Bladder Serum
IncRNA

lnc-PCAT-1, lnc-UBC1,
lnc-SNHG16

PP RT-qPCR Sum: 0.826 D,P [47]

Urine IncRNA lnc-MALAT1, lnc-
PCAT-1, lnc-SPRY4-1
T1

MA RT-qPCR Sum: 0.813 D,P [48]

Breast Plasma
miRNA

let-7b-5p, miR-
122–5p, miR-146 b-5p
miR-210–3p, miR-
215–5p

PP RT-qPCR Sum: 0.978 D [49]

Plasma
miRNA

miR-150–5p
miR-576–3p
miR-4665–5p

PP RT-qPCR miR-150–5p: 0.705
miR-567–3p: 0.691
miR-4665–5p: 0.681

P [50]

Plasma MP EGFR UC Microfluidic electrochemical
immunosensor

EGFR: 0.903 D [51]

Plasma MP CA 15–3, CA 125 CEA,
HER2, EGFR,
PSMA, VEGF, EpCAM,

TE Fluorescence detection, machine
learning

Sum: 0.9445 D,TM [52]

Plasma MP EGFR, HER2, EpCAM UC Fluorescent aptasensor using
aggregation-induced emission
luminogens

Sum: 0.9845
EGFR: 0.9729
EpCAM: 0.6919
HER2: 0.5736

D,P [53]

Plasma MP GPC-1 ImC hMFEX/Fluorescence detection GPC-1: 0.950 D,P [54]
Plasma
mRNA

PGR, ESR1, ERBB2 UC ddPCR, machine learning Sum: 0.9302
PGR: 0.8670
ESR1: 0.8270
ERBB2: 0.7948

D,P [55]

Plasma
miRNA

miR-1246, miR-221,
miR-375, miR-21

MA DNA probe: electrochemical
biosensor using MDTs-CHA

Sum: 0.989 miR-1246: 0.931
miR-221: 0.942
miR-375: 0.958
miR-21: 0.947

D,P [56]

Serum
miRNA

miR-375 UC Thermophoretic amplification/
Nanoflare amplified fluorescence
detection

miR-375: 0.960miR-375
Stage I/II: 0.940

D,P [57]

Plasma MP EpCAM, HER2 UC/IMC SERS EpCAM: 1.000
HER2: 1.000

D [58]

Serum MP EpCAM ImC Thermophoretic amplification/
fluorescence detection

EpCAM: 0.990 D,P [59]

Plasma N/A SEC MALDI-TOF MS/Deep learning Sum: 0.91 D [60]
Colorectal Serum cRNA I-circ-0004771 PP RT-qPCR Ihsa-circ-0004771: 0.860

hsa-circ-0004771 Stage I/II:
0.880

D [28]

Plasma MP EGFR, EpCAM, CD24,
GPA33

ImS Electrochemical Sum: 0.980 D,P [61]

Plasma MP EpCAM, CD63 ImS Single Molecule array Sum: 0.960 D,P [62]
Serum
miRNA

miR-122 PP RT-qPCR miR-122: 0.890 D,P [63]

Endometrial Plasma
miRNA

miR-15a-5p PP ddPCR miR-15a-5p: 0.813
miR-15a-5p þ CEA þ CA125:
0.899

D [64]

Esophageal Saliva
chiRNA

GOLM1-NAA35 PP RT-qPCR GOLM1-NAA35: 0.912 D [65]

Gastric Serum
miRNA

miR-92 b-3p, let-7g-5p
miR-146 b-5p, miR-9-
5p

PP RT-qPCR miR-92 b-3p: 0.788
let-7g-5p: 0.850
miR-146 b-5p: 0.784
miR-9-5p: 0.920

D [41]

Serum
piRNA/
miRNA

piR-019308, piR-
004918
piR-018569, miR-
1307–3p

MA RT-qPCR miR-1307–3p: 0.845
piR019308: 0.820
piR-004918: 0.754
piR-018569: 0.732
miR-1307–3p þ CEA þ CA:
0.902
piR019308 þCEA þ CA:
0.914

D,P [19]

Serum
IncRNA

HOTTIP PP RT-qPCR HOTTIP: 0.827, HOTTIP þ
CEA þ CA: 0.870

D,P [66]

Serum
miRNA

miR-15 b-3p MA RT-qPCR miR-15 b-3p: 0.820 D,P [67]

Plasma
IncRNA

lnc-UEGC1 UC qPCR lnc-UEGC1: 0.876 D [6]

HCC Serum
IncRNA

lnc-FAM72D-3, lnc-
EPC1-4

UC qPCR FAM72D-3: 0.584
EPC1-4: 0.576

D,P [68]

lnc-85 Patented reagent RT-qPCR lnc85: 0.873 D [69]

(continued on next page)
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Table 1 (continued )

Cancer Type Specimena Exosomal Biomarkers Isolation/
Enrichment
Methodsb

Detection Methods Diagnostic Accuracy (AUC)c Clinical
Applicationsd

Ref.

Plasma
IncRNA
Serum
miRNA

miR-224 PP RT-qPCR miR-224: 0.910 D,P [70]

Serum
miRNA

miR-10 b-5p, miR-
215–5p

UC RT-qPCR miR-10 b-5p: 0.946
miR-215–5p: 0.701

D,P [71]

Serum
miRNA

miR-122, miR-148a PP RT-qPCR miR-122: 0.990 D,P [72]

Plasma
miRNA

miR-1307–5p PP RT-qPCR miR-1307–5p: 0.958 P [24]

General Ascites MP CD63, Cd24, EpCAM,
MUC1

AuNP and gold
growth

TPEX-chip - fluorescence Colorectal Sum: 0.971
Gastric Sum: 0.938

D,P [44]

Serum MP CD63
PTK7
EpCAM
LZH8
HER2
PSA
CA125

TE Fluorescence linear discrimination
analysis

SUM: 1.000
CD63: 0.9433
PTK7: 0.8097
EpCAM: 0.9163
LZH8: 0.8581
HER2: 0.8084
PSA: 0.7128
CA125: 0.8844

D,P [73]

Plasma MP CD63
PD-L1

PP ExoADM proximity bioassay-
fluorescence detection

PD-L1_Prostate: 0.9850
PD-L1_NSCLC: 0.9889

D,T,P [74]

Glioma Serum MP EGFR, CXCR4 ImC Single EV - Flow Cytometry EGFR: 0.900 D,P [75]
Serum cRNA circHIPK3,

circSMARCA5
SEC ddPCR circSMARCA5: 0.823

circHIPK3: 0.855
SUM þ NLR þ PLR þ LMR:
0.901

D [76]

HCC Plasma
miRNA

AFP, GPC3, ALB,
APOH, FABP1
FGB, FGG, AHSG,
RBP4, TF

Nanowires and
covalent bonds

ddPCR Sum: 0.870 D [77]

Serum
miRNA

miR-92 b PP RT-qPCR miR-92 b: 0.925 D,ER [78]

Plasma
miRNA

miR-21 Microfluid
platform

RT-qPCR Sun: 1.000 D, P, TM [79]

Lung Plasma N/A SEC SERS/Deep Learning Stage I/II: 0.912
Stage I: 0.910
Stage 1 A: 0.844

D,P [80]

Blood
IncRNA

SLC9A3-AS, PCAT6 MA miDER–chip - dPCR SUM: 0.811
SLC9A3-AS1: 0.760
PCAT6: 0.705

D [81]

Melanoma Plasma DNA BRAF PP dPCR BRAF: 0.720 P,TM [82]
Plasma MP PD-L1 UC ELISA PD-L1: 0.867 P, TM [33]

NPC Serum MP Nucleolin, PD-L1 ImC CRISPR – fluorescence Early-stage: 0.905
Advanced-stage: 0.940

D,P [83]

Serum MP CD109, EGFR ImC CRISPR- fluorescence Sum: 0.934
CD109: 0.758
EGFR: 0.870

D,P [84]

Plasma MP LPM1, EGFR ImC Gold nanoparticle-based proximity
ligation assay

LPM1: 0.956, EGFR: 0.906 D [55]

NSCLC Serum
miRNA

miR-9-3p, miR-
205–5p
miR210–5p, miR-
1269a

PP RT-qPCR Sum: 0.878 D,P [45]

Plasma RNA/
DNA

EGFR UFC qPCR Sum: 0.940 D [46]

Serum MP PD-L1 ImS SERS PD-L1: 0.970 D,P [85]
Ovarian Plasma MP CD24, FRα, EpCAM 3D nano-HB ImC Nano-HB ELISA CD24: 1.000 EpCAM: 1.000

FRα: 0.995
Sum: 0.709

D,P [86]

Plasma MP EGFR, HER2, CA125,
Fra
CD24, EpCAM, CD9,
CD63

ImC Microplate ELISA Sum: 1.000
CD24: 1.000
FRα: 1.000
EpCAM: 0.987
CA125: 0.987
EGFR: 0.853
HER2: 0.827
CD9/63: 0.733

D,P [43]

Serum
miRNA

miR-375, miR-1307 PP RT-qPCR Sum: 0.837
Sum þ CA125: 0.977

D,P [87]

Plasma
miRNA

miR-4732–5p PP-PEG/DEX RT-PCR miR-4732–5p: 0.889 D [88]

Plasma MP CD63, EpCAM, CD24 ImS MV-Chip ELISA assay CD24þEpCAM: 0.995
EpCAM: 0.985

D [89]

(continued on next page)
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Table 1 (continued )

Cancer Type Specimena Exosomal Biomarkers Isolation/
Enrichment
Methodsb

Detection Methods Diagnostic Accuracy (AUC)c Clinical
Applicationsd

Ref.

CD24: 0.928
CD63: 0.752

Serum
miRNA

miR-145, miR-200c PP RT-qPCR miR-145:0.910
miR-200c: 0.802

D [90]

Pancreatic Serum
miRNA

miR-191, miR-21,
miR-451a

PP RT-qPCR miR-21: 0.826
miR-191: 0.788
miR-451a: 0.759

D,P [20]

Serum
miRNA

miRNA-10 b LmS-Lipid
nanoprobe

SERS miRNA-10 b: 0.996 D [91]

Serum MP EpCAM, EphA2 ImC Dye and quantum dot based
fluorescent immunoassay

Sum: 0.770
DiO normalized Sum:0.950
EpCAM: 0.720
DiO normalized EpCAM:
0.920
EphA2: 0.750,
DiO normalized EphA2:
0.930
SUM: 0.770
DiO normalized SUM: 0.950

D [92]

Blood MP GPC1, CD63 ACE-chip-electric
and ImC

On-chip immunofluorescence Sum: 0.989 D,P [93]

Serum MP CD9, CD63, EGFR,
MIF, GPC-1, EpCAM

ImC on PDA chip PEARL SERS immunoassay MIF: 0.886
GPC-1: 0.674
EGFR: 0.629

D,RA [94]

Prostate Urine RNA ERG, PCA3, SPDEF UFC RT-aPCR & proprietary test
algorithm

Sum: 0.700 D,RA [10]

Serum MP EphrinA2 UC ELISA EphrinA2: 0.766 D [95]
Serum
miRNA

let-7a, let-7c, miR-200
b, miR-141, miR-21

MA AuTNP-laminated plasmonic
biosensor

Sum: 1.000 D [96]

Serum
miRNA

miR-1246 PP Digital Nanostring nCounter miR-1246: 0.926 D,P [97]

Serum MP PSMA, EpCAM TE Fluorescence detection Sum: 0.95 D [98]

a MP: Membrane protein; cRNA: circulation RNA.
b UC: Ultracentrifugation; UFC: Ultra-filtration centrifugation; PP: Polymer precipitation; MA: Membrane affinity; ImC: Immunocapture; ImS: Immunomagnetic

separation; LmS: Lipid mediated-separation; TE: Thermophoretic enrichment; SEC: Size-exclusion chromatography.
c AUC: area under the receiver operating characteristic curve, where AUC ¼ 0.5 denotes no classification ability and AUC ¼ 1 denotes perfect classification.
d D: Diagnosis;P: Prognosis; ER: Early recurrence; ™: Treatment monitoring; RA: Risk assessment; SP: Subtype prediction.
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exosome density (e.g., ultracentrifugation) or surface charge (e.g., poly-
mer coprecipitation) to separate them from other LB components.
However, novel approaches, including microfluidic platforms, have
shown that is possible to integrate the isolation, enrichment, and
detection of TDEs from small LB volumes. This includes diagnostic tests
that analyze individual or combinations of TDE protein or nucleic acid
biomarkers. TDE biomarker panels tend to exhibit greater diagnostic
accuracy than single biomarker tests [41–44] as do multifactor tests that
combine TDE miRNA or piRNA results with serum biomarker results [41,
45] or TDE RNA or DNA biomarker results with cfDNA results [46].
Table2
Advantages and disadvantages of EV enrichment and detection method.

Methods Advantages

EV isolation/
enrichment

Ultracentrifugation High purity, large and small sample v

Polymer precipitation Simple procedure, high recovery
Size-exclusion
chromatography

High reproducibility, simple procedur

Ultrafiltration Label-free, easy preparation
Affinity enrichment High specificity
Thermophoretic enrichment Cost-effective, simple procedure
Electroacoustic enrichment Label-free, contactless

EV detection Digital PCR Reproducibility, absolute quantificati

Electrochemical Rapid, point-of-care potential, cost-ef
Surface plasmon resonance Label-free, real-time, high sensitivity,
Surface-enhanced Raman
scattering

High enhancement factor, stable, no q
fingerprint characteristics and narrow

CRISPR High sensitivity

6

4. Advances in EV isolation from liquid biopsies

Some exosome isolation methods that are useful for research appli-
cations are not suitable for use in clinics, as they require specialized
equipment, trained personnel, and are labor intensive (Table 2). Ultra-
centrifugation is a gold-standard approach for exosome isolation in
research laboratories but uses expensive equipment ($50–100 K capital
cost and $3 K/year running costs), is slow (>4 h), and produces exosome
samples with low and variable yields (5%–25% recovery) [99].
Commercially available polymer-based exosome precipitation kits (e.g.,
ExoQuick™) do not require expensive equipment but have low
Disadvantages

olumes Expensive equipment, time-consuming, low
and variable recovery
Low specificity, time-consuming

e Low specificity

Low specificity
Antibody costs
Low specificity
Low specificity

on, high sensitivity Limited multiplex
capacity

fective, simple procedure Low specificity
high throughput Non-specific binding
uenching and photobleaching,
Raman bands

Spectra are complex and nonconforming

Limited multiplex ability
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specificity, some versions require overnight incubation times (>12 h),
and may have statements indicating that they are expressly not designed,
intended, or warranted for use in humans or for therapeutic or diagnostic
use [100]. Affinity-based EV enrichment methods permit high specificity
EV isolation without expensive equipment but may exhibit reduced yield
and primarily use antibodies for EV capture and enrichment, which can
add significant cost to EV isolation. Cost reduction approaches for such
affinity enrichment methods have thus focused on using aptamers for EV
capture, since aptamers are easier and less expensive to synthesize and
modify at scale than antibodies. Thermophoretic EV enrichment is faster
and less expensive than affinity-based EV isolation methods, but is
designed for microscale samples due to the constraints of the isolation
method and is thus usually directly coupled to a method to detect a
specific EV biomarker. Microfluidic electroacoustic enrichment is also
cost-effective, and can isolate EVs directly from biological samples at
high yield and purity, but is also not for large scale EV isolation due to its
low flow rate. Further, standard thermophoretic and electroacoustic EV
enrichment approaches are not capable of isolating TDEs from other EVs.

Exosome isolation remains an essential first step in validating the
clinical specificity of exosome biomarkers, and new isolation methods
should ideally increase exosome purity and yield and reduce isolation
costs and operator time (Fig. 3). Several studies have thus investigated
new approaches that directly capture TDEs from biospecimens without a
coupled analysis step.
4.1. EV affinity enrichment

There has been a shift from bulk EV isolation via biophysical char-
acteristics to small-scale EV isolation by affinity capture using antibodies
and aptamers to surface proteins [44,99,101,102]. EVs can be directly
captured from complex biological samples by antibodies to tetraspanin
proteins (CD9, CD63, CD81) expressed on most EVs, and then analyzed
with a tumor-specific affinity probes [92]. Most of these methods employ
affinity-modified surfaces or beads (agarose or magnetic) [10] for EV
capture, simplifying EV wash steps and providing large contact areas to
improve capture efficiency to increase purity and lower sample volumes
requirement [99]. New approaches have attempted to improve the
Fig. 3. New methods for EV isolation from liquid biopsies. (a) Affinity enrichme
enrichment prior to miRNA or protein analysis; (b) Thermophoretic enrichment: lase
cold lower surface of the microfluidic chamber. (c) Electroacoustic enrichment: el
contents based on their size and density to allow EVs to be separated from other co
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efficiency of immunoaffinity EV capture by increasing their available
surface area (e.g., using microfluidic chips with 3D herringbone nano-
patterns) [86]. These methods provide can have high specificity without
requiring expensive equipment, but can still have high per test costs due
to their use of EV capture antibodies. Cost reduction approaches for these
methods have primarily focused on employing aptamers rather than
antibodies for biomarker-specific EV capture since aptamers are easier
and less expensive to modify and synthesize at scale than antibodies [22].
However, one group has used a surface modification approach that de-
posits material around EVs interacting with magnetic nanoparticles to
generate a surface with impressions matching the dimensions of these
EVs to promote efficient EV capture in the absence of affinity reagents
[89]. This study reported that these reusable “magnetic colloid antibody”
nanoparticles permitted rapid, low-cost isolations of EVs through the
recognition of their size and shape, producing higher EV yields in 20 min
than that achieve after a 4 h ultracentrifugation procedure.

EVs can also be directly captured from clinical samples by affinity
separation strategies that utilize the special lipid properties of EV surface
membranes. Fe3O4@TiO2 nanoparticles (NPs) have been used for EV
affinity enrichment as their TiO2 outer shell interacts with EV phospho-
lipids to allow magnetic capture of Fe3O4@TiO2 NP/EV complexes and
the subsequent analysis of a target miRNA [91] or surface protein [85]
with an Au@Ag@MBA Surface Enhanced Raman Scattering (SERS) tag
signal. Similarly, another group has reported that magnetic NPs conju-
gated with the phosphatidylserine receptor Tim4 perform better for EV
enrichment than those conjugated with anti-CD63 or anti-CD9 antibodies
[103]. Off-target interactions with lipid micelles, lipoproteins, and other
lipid-rich particles can reduce the performance of lipid-affinity EV cap-
ture methods, but a templated plasmonic for exosomes (TPEX) platform
proposes to address this by simultaneously evaluating the biophysical
and biomolecular composition of the same vesicles [44]. In this
approach, a sample is incubated with fluorescent TDE-specific aptamers
and gold nanoparticles (AuNP), so that the formation of a gold nanoshell
on vesicles with the exosome size range (40–160 nm diameters) quenches
bound aptamers to increase accuracy by eliminating signal from other
vesicles, non-vesicles, and free protein. This approach was validated
using ascites samples to diagnose colorectal and gastric cancer (Table 1).
nt: Fe3O4@TiO2 nanoparticles binding of EV membrane phospholipids for EV
r irradiation forms a region of localized convection that concentrates EVs at the
ectroacoustic energy focused on a biospecimen exerts differential force on its
mponents during passage across a microfluidic chamber.
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4.2. EV thermophoretic enrichment

Non-affinity enrichment approaches have also been developed that
employ physical properties to enrich EVs from other biospecimen com-
ponents. This includes thermophoretic enrichment, which employs an
induced temperature gradient to induce small particles in solution to
move within a temperature gradient according to their intrinsic proper-
ties. One thermophoretic aptasensor (TAS) approach employed an
infrared laser to heat a localized region of diluted serum sample to pro-
duce a temperature gradient and detected localized enrichment of EVs
labeled with a fluorescently-tagged aptamer probe. In this method, the
movement of aptamer-tagged EVs (30–1000 nm) was dominated by
thermophoresis, causing them to move downward to the cool end of the
assay microchamber, while convection dominated the overall movement
of the unbound aptamer EV probe and small proteins (hydrodynamic
diameters of only a few nm) to prevent their localized enrichment [73]. A
more recent study has employed polyethylene glycol to attenuate diffu-
sion during thermophoretic EV enrichment and fluorescence resonance
energy transfer (FRET) to detect EVs that bind two TDE-specific
biomarker probes to develop an assay that can detect prostate
cancer-derived EVs in serum within 15 min to discriminate individuals
with prostate cancer and benign prostate hyperplasia with 91% accuracy
[98]. Another study established a “thermophoretic sensor implemented
with nanoflares” (TSN) platform to detect EVs containing a specific
miRNA target without requiring an RNA extraction or target amplifica-
tion step. This TSN approach employed gold nanoflares consisting of
small gold NPs conjugated with an antisense ssDNA oligonucleotide to
the assay's target miRNA and hybridized to a fluorescently tagged short
complementary oligonucleotide. EVs that internalize these nanoflares
and express the target miRNA can displace this fluorescent oligonucle-
otide to remove the proximity-induced attenuation of its signal by the
gold NPs, allowing thermophoretic EV signal enrichment to be detected
by fluorescence microscopy [57]. These TAS and TSN approaches are
faster and less expensive than antibody-mediated EV capture and
detection methods, and have been applied to detect a biomarkers asso-
ciated with several different cancers (TAS) or a breast cancer-associated
biomarker (TSN) in serum (Table 1).

4.3. EV electroacoustic enrichment

Electroacoustic based methods can continuously separate small vol-
ume samples with less structural damage and sample loss than other
methods, making this a promising approach for exosome separation
[104]. One group has employed ultrasound to exert differential acoustic
force to isolate exosomes from human blood products based on their size
and density with a 90% isolation yield [105]. Similarly, a second group
developed a platform that integrated acoustics and microfluidics to
isolate exosome directly from whole blood, first using microscale
cell-removal modules to remove 99.9% of large blood components
(RBCs, WBCs and platelets) and then isolating exosomes at 98.4% purity
[106]. This group subsequently reported that this approach could be used
to isolated exosomes from saliva, where it generated exosome yields that
were 15-fold higher than the gold standard of differential centrifugation
[107]. A third group developed a device that used two coupled oscillators
to generate dual-frequency transverse waves on an ultrafiltration mem-
brane to prevent fouling effects and allow rapid label-free isolation of
high yield and purity exosomes from LB specimens [108]. However,
while these acoustofluidic platforms are cost-effective, they have limited
ability to differentiate TDEs from other EVs.

5. Advances in TDE nucleic acid and protein detection

Exosome carry proteins, small RNAs, genomic DNA that can indicate
the phenotype of their parental cells or regulate the behavior of their
recipient cells (e.g., activate or suppress immune responses, tumor
growth and cancer metastasis) allowing them to serve as candidate
8

biomarkers for tumor diagnosis, prognosis, and disease recurrence. TDE
nucleic acids can play important roles in cancer diagnosis, as indicated by
one study that found that the detection rate for activating EGFR muta-
tions in a non-small cell lung cancer cohort using TDE nucleic acid versus
ctDNA was 98% versus 82%, and this difference was even more pro-
nounced (74% versus 26%) in patients with intrathoracic disease, indi-
cating a substantial benefit for early diagnosis [109].

5.1. Digital PCR detection

RNAs comprise most of the exosome nucleic acid cargo [102] but are
present a low concentration and thus are often enriched and purified
from isolated EV samples before their analysis by a sensitive and specific
detection approach, with or without a pre-amplification step.
Reverse-transcription quantitative polymerase chain reaction (RT-qPCR)
assays are a well-established, inexpensive, and high throughput means to
quantify specific RNA targets [7,64,110,111] but have shown variable
performance when applied to measure scarce RNA targets. Recent re-
finements employ water-oil emulsion technology [64,77] (digital droplet
PCR; ddPCR) or microchamber platforms [81] (digital chamber PCR;
dcPCR) to partition analysis samples into millions of picoliter volumes
that are amplified and then read separately as individual reactions. This
increases sensitivity and accuracy of the PCR readouts by measuring the
percentage of positive droplets [110]. Notably, unlike PCR, ddPCR and
dcPCR tests do not require a standard curve or reference sample, have
high tolerance for biological inhibitors in samples, and can detect rare
targets by decreasing signal competition [76]. Further, multiple EV
miRNA biomarkers linked to malignant disease, including glioma, he-
patocellular carcinoma (HCC), endometrial, and breast cancers, have
been detected and validated in LB specimens by ddPCR (Table 1).

5.2. Electrochemical detection

Electrochemical approaches for EV detection often capture EVs on a
functionalized electrode surface and measure changes in electrochemical
signals that reflect changes in the number of bound EVs [112]. However,
electrochemical sensors have also been employed to identify EVs bearing
specific biomarker. An electrochemical biosensor conjugated with a CD9
antibody was used to directly capture exosomes and subsequently detect
ovarian cancer-specific TDEs that bound a CA125-specific antibody
probe (Fig. 4A) [113]. Another study developed a sandwich-type elec-
trochemical biosensing platform in which spiky Au@Fe3O4 nanoparticles
conjugated with an aptamer specific for the cancer biomarker MUC1
were employed to capture EVs from biological samples so that
EpCAM-mediated capture of these EV-nanoparticle complexes could
efficiently reduce a graphene oxide/Prussian blue electrochemical to
detect breast cancer exosomes with a LOD of 80 particles/μL (Fig. 4B)
[114]. Another group has developed a high-throughput integrated
magneto-electrochemical extracellular vesicle (HiMEX) to permit EV
enrichment and molecular profiling from blood samples in less than an
hour without a separate EV isolation step [61]. HiMEX signal is produced
by biomarker-specific antibodies functionalized with enzymes that
catalyze electrochemical reactions detected by an electrode array on the
bottom of the 96-well HiMEX assay plate. The HiMEX assay LOD was
estimated to be 1000-fold lower than ELISA, and HiMEX accurately
diagnosed colorectal cancer by detecting a CRC-associated EV biomarker
pattern in analyzed plasma samples [61] (Fig. 4C, Table 1).

DNA can also be programed to form nanomaterials with specific
structures due to its highly predictable base pairing properties, readily
modified to impart new biochemical properties on these structures, and
used as electrochemical sensor. Several distinct DNA nanomaterial ge-
ometries have been produced to date, but a tetrahedral DNA framework
generated from four ssDNAs has recently gained popularity since it as-
sumes a rigid structure can be readily functionalized at its vertices or on
its edges to introduce specific properties at specific 3D positions. One
group proposed a method to detect exosome miRNA by a multifunctional



Fig. 4. Schematic representation of typical electrochemical platforms for TDE detection. (a) TDEs are captured by anti-CD9 antibodies conjugated to paper-based
carbon electrodes (PCEs) and then hybridized with an antibody to a cancer biomarker (e.g., CA125), with differential pulse voltammetry (DPV) signal depicting
the stepwise attachment of each layer on the PCEs surface. (b) Signal from TDEs captured by spiky Au@Fe3O4 nanoparticles conjugated with an MUC1 aptamer upon
their capture on a graphene oxide/Prussian blue electrochemical probe by an EpCAM antibody. (c) TDEs enriched on antibody conjugated magnetic beads are
magnetically immobilized on HiMEX electrode arrays that detect electrochemical reactions catalyzed by the enzyme-labeled antibodies detection antibodies bound to
these TDEs. (d) Binding of a target miRNA to one of the two hairpins on a multifunctional DNA tetrahedron assisted catalytic hairpin assembly (MDTs-CHA) causes this
hairpin to unfold and form a stable complex with the second hairpin and free a sequence that can then bind a capture probe on the surface of a detection electrode,
after which incubation of bound MDTs-CHA RuHex produces a signal increase that is proportional to the concentration of the target miRNA.
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DNA tetrahedron assisted catalytic hairpin assembly (MDTs-CHA) [56].
In this assay, specific and transient binding of the target miRNA to one of
the two MDT hairpins causes it to unfold and form a stable complex with
the second MDT hairpin (Fig. 4D). This produces an unpaired region that
can then bind a capture probe on the surface of a detection electrode.
These MDTs also contain a stable area for the binding of electroactive
molecules and incubation of bound MDTs with RuHex produces an in-
crease in signal that is proportional to the concentration of the target
miRNA. This approach employs a rapid and simple procedure that does
not require equipment and can detect exosome miRNA concentrations
�7.2 aM within 30 min with high specificity and reproducibility.
Furthermore, an assay that analyzed four exosome miRNAs (miR-21,
-221, �375, and �1246) by this approach employed high diagnostic
sensitivities for breast cancer and early breast cancer diagnosis (90.5%
and 80%).
5.3. Surface plasmon resonance and surface-enhanced Raman scattering
detection

Surface plasmon resonance (SPR) and surface-enhanced Raman
scattering (SERS) assays can avoid the need to employ specific probes for
biomarker detection and have been validated with plasma samples for
the detection of breast and lung cancer in preliminary studies (Table 1).
Both methods require significant technical expertise during assay
development, as well as expensive equipment, but can provide
9

advantages versus other methods (Table 2).
SPR occurs when the absorption of an incident light coherent light

source by electrons in a thin metal film causes free electrons to oscillate
and produce a shift in the angle of the reflected versus the absorbed and
emitted light, which can be altered by changes in the mass of bio-
molecules that are absorbed to this metal surface (Fig. 5A). SPR can thus
be used to sensitively detect the binding of unlabeled target biomolecules
by conjugating factors with affinity for these biomolecule targets on SPR
sensors, since target binding decreases the intensity of the reflected beam
and alters the SPR reflection intensity curve [96]. This approach has been
employed for sensitive and specific detection of HER2-positive exosomes
using a target-induced molecular aptamer beacon which upon binding to
an exosome biomarker (HER2) exposes a guanine-rich tetramer region to
bind hemin and catalyze the deposition of tyramine-coated gold nano-
particles on the exosome surface to markedly enhance their SPR signal
(Fig. 5B) [115]. Another group used a biotinylated PD-L1 aptamer to
capture PD-L1þ EVs on an SPR biosensor to permit label-free detection of
exosome PD-L1 expression for real-time monitoring of tumor progression
during immunotherapy (Fig. 5C) [116].

Surface-enhanced Raman scattering (SERS) analyses offer the po-
tential to detect multiple EV biomarkers within the same sample volume
(Fig. 6). This can be important since most TDE biomarker research
studies analyze a single biomarker target, and thus ignore factors that
have not been previously identified as important. However, it is also
possible to analyze the molecular pattern or “fingerprint” of a TDE



Fig. 5. Schematic for the application of surface plasmon resonance (SPR) to the measurement of EV concentration. (a) Binding of a TDE miRNA to a tapered optical
fiber laminated with Au nanoparticles and functionalized with single strand DNA (ssDNA) specific for this miRNA causes a shift in the transmission spectrum pro-
portional to target binding; (b) TDE binding to a molecular aptamer beacon conjugated to an SPR sensor exposes a guanine-rich tetramer region causing it to bind
hemin and catalyze the deposition of tyramine-coated gold nanoparticles on the exosome surface to markedly enhance SPR signal; (c) Binding of a biotinylated
aptamer to a TDE biomarker permits TDE capture and detection on an avidin conjugated SPR biosensor to permit label-free TDE detection.

Fig. 6. Schematic for the application of surface enhanced Raman spectroscopy (SERS) to quantify EV concentration. EVs are first captured from a specimen by specific
binding to target antibodies conjugated on the surface of the slide and then scanned to generate Raman spectra that are analyzed to detected TDE-specific
SERS signatures.
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without identifying its individual components [22]. SERS has significant
potential for such studies, since it can produce narrow peak widths for
analytes present at very low concentrations, and these factors can exhibit
unique and distinct photon scattering signals. However, this requires that
such assays be able to detect a specific biomarker-associated Raman
scattering signature within the spectra produced by the entire sample.
Two groups have employed deep learning to generate model that can
distinguish SERS signal produced by plasma/serum EVs from patients
with early-stage lung adenocarcinomas (stage IA, IB and IIB) or breast
cancer (triple negative, HER2þ, luminal A and B) versus their corre-
sponding non-malignant controls to provide proof-of-principle data for
the potential utility of this approach [80,117]. However, another study
employed a Raman dye to produce a consistent SERS signal for EVs that
were specifically captured by specific antibodies for targeted EV
biomarker proteins. In this approach, SERS was employed to detect
multiple analytes in the same assay by employing SERS to analyze a
sensor slide conjugated with a microarray of antibodies to different EV
proteins. In this assay, the abundance of EVs bound at each site on the
10
antibody array was determined by the SERS signal produced when
nanorods (positively charged) loaded with the Raman reporter QSY21
were captured by electrostatic interaction with the membrane (nega-
tively charged) of the captured EVs [58]. Both these assays required an
EV pre-isolation step but this was offset by their ability to distinguish
TDEs without having previously established a specific biomarker profile,
or to enhance efficiency/throughput by analyzing the signal for multiple
specific factors in a microarray format.
5.4. CRISPR/Cas-assisted detection

TDE biomarker proteins may be present a very low abundance and
thus be difficult to detect by conventional methods that do not employ
additional signal amplification methods. CRISPR signal amplification
methods are one means to address this issue. For example, one group has
recently employed an assay approach where aptamer binding induces a
hybridization chain reaction (HCR) that stimulates CRISPR-Cas12a
cleavage activity to enhance EV biomarker detection for the diagnosis



L. Li et al. Materials Today Bio 18 (2023) 100538
of nasopharyngeal carcinoma (Table 1) [83]. In this apta-HCR-CRISPR
approach, aptamer binding to its EV protein target (nucleolin) induces
a structural change that opens an aptamer sequence region (H0) that can
hybridize with a hairpin sequence (H1) that binds a second hairpin
sequence (H2) to initiate a hybridization cascade between these two
hairpin sequences through toehold-mediated strand displacement. The
H1 and H2 sequences are present at high concentration in this system,
and their hybridization cascade produce long H1–H2 concatemers that
are bound by a CRISPR-Cas12a/guide RNA (gRNA) complex specific for
the repeated H1/H2 sequence element. This binding event induces the
trans cleavage activity of the CRISPR-Cas12a/gRNA complex to cleave an
abundant quenched fluorescent probe to produce a fluorescent signal
proportional to the biomarker concentration (Fig. 7). CRISPR-based
sensors have previously been employed to detect nucleic acids, small
molecules, ions, but few EV proteins. The approach exhibited a limit of
detection (LOD; 102 particles/μL) that was orders of magnitude lower
than those detected by aptamer-HCR-ELISA (103.9 particles/μL) or
aptamer-ELISA (106 particles/μL). A separate study that employed PCR to
amplify a CRISPR/gRNA target sequence from an EV-bound aptamer
specific for by a similar CRISPR-mediated signal amplification method
reported a limit of detection of 102 particles/μL or CD109þ EVs in an EV
assay intended for nasopharyngeal cancer diagnosis (Table 1) [84].
However, one limitation of all these CRISPR-Cas12a assay approaches is
that only a single target can be detected per assay reaction since currently
available CRISPR-Cas12a variants do not exhibit the trans cleavage
specificity required for multiplex assays where the CRISPR/gRNA com-
plexes associated with each biomarker target would need to accurately
cleave a reporter probe with a biomarker-specific sequence and fluores-
cent tag to correctly quantify each biomarker.
Fig. 7. Schematic of an apta-HCR-CRISPR dual amplification and Cas12a/fluoresce
nanoparticles coated with antibodies against an EV biomarker (CD63, CD81, CD9). A
as a template for spontaneous assembly of two hairpin oligonucleotides (H1 and H2
concatemers are recognized by a CRISPR/Cas12a complex which then cleaves a quenc
abundance of the EV target molecule.
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5.5. MALDI-TOF MS detection

Matrix-assisted laser desorption/ionization time-of-flight mass spec-
trometry (MALDI-TOF MS) has been widely used to identify specific
protein fingerprints associated with pathological changes in various
diseases upon analysis of body fluids or tissue samples. MALDI-TOF MS
has been recently applied to analyze TDEs for rapid diagnosis of mela-
noma, breast cancer, pancreatic cancer, early-stage lung cancer, and os-
teosarcoma [60,118–120]. MALDI-TOF MS spectra and SERS data of
plasma EVs were used to discriminate TDEs of osteosarcoma patients
from EVs of healthy controls for more accurate diagnosis of osteosarcoma
[119]. Nanoparticles can be integrated into such MALDI-TOF MS ana-
lyses to increase the transfer of laser energy to sample molecules to in-
crease assay sensitivity, as shown in one study that profiled small
molecules of lung cancer-derived exosomes to differentiate early-stage
non-small cell lung cancer patients from healthy controls [120].
MALDI-TOF MS fingerprints of isolated plasma TDEs from breast and
pancreatic cancer patients have also been employed to develop a deep
learning algorithm that demonstrated 80.0% diagnostic accuracy [60].

6. Advances in integrated point-of-care technologies:
Microfluidic-chips

EV analysis procedures often require expensive equipment, compli-
cated workflows, or significant technical expertise to enable sensitive
detection of scarce EV populations of clinical interest, but these factors
can limit their translation as research or clinical applications. Combina-
tion enrichment/detection diagnostic tests such as lateral flow-based
point-of-care (POC) assays were originally created for resource-limited
nt detection approach. In this method EVs are captured from a sample using
ptamer binding to a biomarker target (nucleolin) exposes a sequence that serves
) present in excess to promote a hairpin chain reaction. These oligonucleotide
hed fluorescent probe in proportion to their abundance to indirectly quantify the
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settings that may lack equipment or infrastructure required to perform
sensitive or complex analyses. However, their low sample requirements,
simple workflows, rapid results, and low costs make such POC assays
attractive alternatives even well-equipped areas [121]. There has been
significant growth in diagnostic POC technologies using microfluidics
and engineered nanomaterials in last half decade, which has allowed
miniaturization of assay platforms that integrate sample enrichment and
biomarker detection workflows into a single procedure or sequential
processes on an assay device. Employing such POC technologies on EV
assays can assist analyze EV-associated biomarkers without isolating EVs
from the input clinical specimen.

6.1. Electrochemical concentration and detection chip

EV biomarker analyses can be performed on POC devices that do not
employ an EV isolation step when it is not necessary to isolate a target EV
population to distinguish its signal from that contributed by other sour-
ces. For example, one study developed an integrated sample-to-answer
microchip platform to directly measure an EV miRNA target in small
plasma aliquots (Fig. 8) [79]. In this platform, surface acoustic waves
produced by a generator on the lysis chip refract through a microfluidic
channel to produce shear forces that lyse plasma EVs as they transit the
chip to a concentrator/sensor chip. In this second chip, an applied
voltage is used to concentrate the released EV nucleic acids and allow the
target miRNA to hybridize with an anion exchange membrane conju-
gated with a complementary oligonucleotide. After miRNA hybridiza-
tion, the initial current-voltage orientation is reversed to measure the
captured miRNA concentration, which directly correlates with the
voltage shift across the anion exchange membrane. The EV-derived
contribution to this value is determined by repeating this process
without the lysis step and subtracting this value from the value deter-
mined using the plasma lysate sample, which revealed a two order of
magnitude enrichment of a target miRNA (miR-21) in the EV versus
non-EV plasmamiRNA fractions. This approach was reported to detect its
target miRNA at 1 pM concentration in 20 μL samples within 30 min and
detected a >10-fold difference in the EV miR-21 expression level in
plasma samples of liver cancer patients than healthy controls, although a
formal diagnostic evaluation study was not performed using this method
(Table 1).

6.2. Multiplexed immunocapture/fluorescence chip

Numerous groups have employed microfluidic chips to detect bio-
markers present on the surface of EVs captured directly from biological
samples, but these approaches often exhibit limitations associated with
Fig. 8. Schematic of an integrated microfluidic platform for TDE-miRNA analysis. Thi
acoustic wave (SAW) after which miRNA from lysed TDEs is concentrated in a region
voltage. Following this concentration step, this miRNA is hybridized to a target-spe
centration is determined by the change in voltage produced by miRNA binding.
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mass transfer, surface interactions, and boundary effects. The incorpo-
ration of nanofeatures into such chip designs can alleviate many of these
issues. For example, one group employed a multiscale integration by
designed self-assembly (MINDS) approach to build porous 3D nano-
structures to improve EV detection sensitivity by increasing the surface
area available for affinity capture, enhancing the efficiency of sample
mixing to improve surface interaction, and by decreasing boundary ef-
fects. ExoProfile chips fabricated with this 3D porous nano structure
revealed an ~10-fold increase in binding capacity versus an equivalent
chip design fabricated with a flat microchannel surface when both were
conjugated with an EV capture antibody. This multiplex assay design
employed a single channel approach for EV capture and then used par-
allel channels to capture and detect EVs bearing distinct surface bio-
markers, where fluid flow is controlled by a pneumatic control layer
(Fig. 9). This chip exhibited a 75% capture efficiency, a 4% channel-to-
channel coefficient of variation, a four-log dynamic range, and a limit
of detection of ~21 EV/μL when purified EVs captured on the chip were
detected using an on-chip ELISA. Subsequent analysis of 10 μL plasma
aliquots from 15 patients with ovarian cancer and 5 benign controls on
chips where each of the seven EV detection channels was loaded with
capture antibodies to one of six ovarian cancer biomarkers and an EV
detection antibody or no capture antibody, was found to accurately
detect and classify the relative disease stage (I/II versus III/IV) of these
patients (Table 1) [43].

7. Translational opportunities and challenges: clinical validation
and user adoption

7.1. Regulations

Clinical diagnostics must obtain regulatory approval and meet
analytical validation criteria, but do not always require clinical valida-
tion studies if they are employed as physician-prescribed Laboratory
developed tests (LDTs) conducted in a Clinical Laboratory Improvement
Amendment (CLIA)-certified laboratory. The Centers for Medicare and
Medicaid Services (CMS) conducts laboratory inspections and analyzes
the performance characteristics of such tests, including their accuracy,
precision, analytical sensitivity, analytical specificity, reportable range,
and reference intervals under the Public Health Services Act through
CLIA. Once a lab is CLIA certified for a test, the test can only be performed
at that location, with laboratory requiring its own certification. Once a
LDT is FDA approved, it is referred to as an in-vitro diagnostic device
(IVD) and no longer falls under the CMS but is instead covered by the
Food, Drug, and cosmetic Act, as amended by the Medical Device
Amendment of 1976 [122]. FDA approved IVDs can be legally marketed,
s device consists of a lysing chip in which plasma exosomes are lysed by a surface
upstream of a positively charged ion-exchange membrane (IEM) by an applied
cific oligonucleotide conjugated to a negatively charged IEM and miRNA con-



Fig. 9. Integrated exosome capture, isolation, and
detection using the ExoProfile chip platform. (a)
Schematic of the ExoProfile chip, which consists of a
pneumatic and a fluidic layer and 3D serpentine
nanostructures used for in situ exosome phenotyping;
(b) Procedure for exosome immunocapture and mul-
tiplexed sample analysis, where EV samples are first
loaded and captured the 3D nanostructures in the
forward direction (blue) before the flow is reversed to
(green) load monoclonal detection antibodies con-
tained within the reagent reservoirs on the chip that
are blocked during sample loading; (c) Workflow for
chip fabrication by microfluidic colloidal self-
assembly. Reprinted with permission from Zhang
et al. 2019. Copyright 2019 The Royal Society of
Chemistry.
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sold, and used in any location without CLIA certifications.
FDA approval of an IVD indicates its analytical and clinical validity,

and the FDA continues to monitor the IVD using post-market surveillance
requirements and adverse event reporting to intervene if a problem needs
to be rectified or if the device needs to be recalled from the market. There
is no such oversight for LDTs, making FDA pre-market approval the gold
standard for public safety. However, LDTs processed at CLIA certified
labs have a role in the diagnostic market since an LDTmight never file for
IVD classification due to cost, infrequent use, instrument and/or inter-
pretation requirements (mass spectrometry, flow cytometry, immuno-
histochemistry), or lack of desire to market outside of a laboratory or
company. LDTs performed at CLIA certified labs can be safe and effective,
as seen in recent years when the increase in patient needs and rapid
access outnumbered the available supplies of IVDs, and the FDA relied on
LDTs for COVID-19 detection [123].
7.2. Considerations for end user adoption

The ExoDx™ Prostrate (IntelliScore) Test developed by Exosome
Diagnostics Inc. (acquired by Bio-Techne Corporation in 2018) has now
shown clinical utility and been used by > 50,000 patients in their deci-
sion process, but success of the technology required defining a very
specific problem and target population to address. The tests are only
approved for “risk management” of men over 50 years of age with PSA
level in the “grey zone” of 2–10 ng/mL [5]. The company listened to
patients who wanted to avoid unnecessary biopsies and therefore cared
more about a high negative predictive value than the overall perfor-
mance of the test across all thresholds. The company worked with cli-
nicians to determine a threshold value to maximize negative predictive
value. The test can now predict high-grade prostate cancer with 91%
negative predictive value. Testing is provided as a “medical service” and
is reimbursed by insurance companies and government contracts the
company has established. The LDT requires custom materials and
equipment and is completed at a CLIA certified lab with a 4-day turn-
around time from receiving the sample to sending results to the clinician.
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In the meantime, Bio-Techne is working with the FDA for their PMA,
which might change their business plan again when their IVD can be
tested outside of their CLIA-certified labs. Researchers need to think
about how a TDE-LB test is going to be used in the real-world and makes
changes to their designs so they can be incorporated into the clinician's
workflow and provide the information that align with the patients and
clinicians goals.

8. Conclusion and future direction

New LB tests that analyze CTCs, cfDNA, or cfRNA are gaining
acceptance for diagnostic profiling and companion testing due to their
safety and efficacy. Molecular diagnostics that analyze TDE biomarkers
in LB samples should, however, provide even greater advantages since
TDEs are abundantly secreted and accumulate in biofluids and carry and
preserve factors that can regulate tumor remodeling and metastasis to
provide a rich source of biomarkers that have potential for non-invasive
early cancer diagnosis, phenotyping, treatment response evaluations.

This review discusses conventional and novel technologies used to
isolate, enrich, detect, or analyze TDEs present in LBs or other complex
biological samples. Recent studies have made impressive progress in
increasing the performance of these methods using new approaches to
improve TDE separation, cargo amplification, and analysis, including
microfluidic devices that can streamline and integrate TDE isolation and
analysis steps using nanostructure or nano-sensors. However, each of
these approaches has its inherent strengths and weaknesses, and re-
searchers must thus select the approach (es) that offer the best charac-
teristics for their desired application and which can be integrated into a
workflow suitable for a clinical laboratory or POC test [99]. Microfluidic
platforms validated with complex biological samples, including LB
specimens, have the potential to decrease time, costs, sample volumes
required for EV biomarker tests, but clinical use of his technology has not
been approved by the FDA and their use will require a full pre-market
approval assessment.

EV study results can be influenced by methodological differences
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between laboratories, which is why there is a push from groups like the
EV-TRACK Consortium and International Society of Extracellular Vesi-
cles (ISEV) to standardize sample handling (collection, processing, stor-
age) and report transparent methods for EV isolation/enrichment and
detection/quantification [124]. This is particularly important during the
EV biomarker discovery phase since there are no standardized methods
for EV isolation from cell culture or human body fluids, and different
methods can yield EV populations with different compositions and pu-
rities that can confound independent validation studies.

The consistency of the EV population analyzed by an EV biomarker
test is also critical for its reproducible diagnostic performance. No EV
diagnostic tests have been approved by the FDA to date. LDTs performed
at a certified laboratory using a standard protocol provide one means to
address this issue, but integrated EV capture and analysis approaches
similar to those described in this review could also provide a robust
means of achieving reproducible assays results and could be applied in a
variety of settings to enhance testing capacity.

Prior to their FDA approval and clinical adoption, EVs tests will need
to demonstrate diagnostic power, safety, and efficacy. EV assays intended
for early cancer detection will need to prove that early detection can have
an impact on cancer survival. However, demonstrating this clinical utility
can be challenging since even when random control intervention trials
are performed to address this issue their results may be influenced by
treatment decisions that may be only partly influenced by the EV test
result [125]. Further, current TDE tests are not designed to indicate
tumor location or extent, and thus may need to be used in conjunction
with traditional diagnostic methods or as companion diagnostics,
particularly when treatment requires tumor resection or radiation ther-
apy rather than an anti-cancer drug regimen. Nonetheless, TDE assays
have strong potential for early detection of cancers that are difficult to
diagnose by conventional means, for precision medicine approaches with
cancers that exhibit high mortality/poor prognoses, and for potential
multi-cancer screening approaches.

RT-qPCR-based EV diagnostic assays are likely to be the first to reach
clinical approval due to the prominence of EV RNA biomarkers in current
TDE research studies and will likely rapidly proliferate since once the
technology is proven safe and effective other diagnostic tests can apply
for De Novo or 510 K applications with reduced regulatory hurdles. Such
assays will likely employ biomarker panels to improve diagnostic power,
and subsequent assay may employ different biomarker types (e.g., both
soluble factors and TDE biomarkers) and deep learning or diagnostic
algorithms to further enhance diagnostic power [80].
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