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A B S T R A C T

Exosomes has attracted tremendous research interests as they are emerging as a new paradigm of liquid biopsy.
Although the concentration of exosomes in blood is relatively abundant, there still exists various vesicle-like
nanoparticles, such as microvesicles, apoptotic bodies. It's an urgent need to isolate and enrich exosomes from
the complex contaminants in biofluid samples. Moreover, the expressing level of exosomal biomarkers varies a lot,
which make the sensitive molecular detection of exosomes in high demand. Unfortunately, the efficient isolation
and sensitive molecular quantification of exosomes is still a major obstacle hindering the further development and
clinical application of exosome-based liquid biopsy. Nanomaterials, with unique physiochemical properties, have
been widely used in biosensing and analysis aspects, thus they are thought as powerful tools for effective puri-
fication and molecular analysis of exosomes. In this review, we summarized the most recent progresses in
nanomaterials assisted exosome isolation and analysis towards liquid biopsy. On the one hand, nanomaterials can
be used as capture substrates to afford large binding area and specific affinity to exosomes. Meanwhile, nano-
materials can also be served as promising signal transducers and amplifiers for molecular detection of exosomes.
Furthermore, we also pointed out several potential and promising research directions in nanomaterials assisted
exosome analysis. It's envisioned that this review will give the audience a complete outline of nanomaterials in
exosome study, and further promote the intersection of nanotechnology and bio-analysis.
1. Introduction

With the rapid development of precision medicine and individualized
treatment, tissue biopsy has been broadly used in the diagnosis and
prognosis of cancer [1,2]. However, tissue biopsy is suffering from the
restricted methods for sample acquisition, poor accessibility to deep
tumor tissue, intra-tumor heterogeneity, and difficulties in characterizing
multiple tumor sites [3,4]. To overcome these shortcomings, many
studies focusing on molecular analysis in liquid bio-fluids have emerged
and gradually replaced traditional tissue biopsy. In liquid biopsy, circu-
lating tumor cells (CTCs), circulating tumor DNA (ctDNA), and
tumor-derived exosomes carrying tumor-specific information are
released from tumor tissue into blood and other body fluids, which make
tumor biopsy samples easily to be obtained in a non-invasive way [5–8].
Meanwhile, through a series of morphological and molecular measure-
ments as well as genetic characterizations, liquid biopsy can be used to
look for new early diagnostic markers and therapeutic targets, monitor
progression and prognosis of diseases [9–11]. Therefore, liquid biopsy
has been considered a revolutionary technology in precision medicine,
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which will offer an attractive alternative for cancer diagnosis and
treatment.

Among all the analysis targets in liquid biopsy, exosomes are rapidly
emerging as a new paradigm in the past decade [12–15]. Exosomes are
small extracellular vesicle (EVs) with diameters between 30 and 150 nm
and secreted by all cell types [16,17]. They are released by fusion of
multivesicular endosomes with the plasma membrane, carry a cargo of
proteins, nucleic acids and lipids from their parental cells [18,19].
Release of exosomes has been found to increase significantly in many
cellular processes, including the most neoplastic cells and occurs
continuously at all stages of tumor development [20]. Therefore, accu-
mulation of the tumor-derived exosomes in blood and malignant effu-
sions has been widely reported [21,22]. Growing evidences have shown
that tumor derived exosomes carry characteristic protein and miRNA
markers in various cancer types and the expression level of these mole-
cules is correlated with tumor progression [23–25]. These exosomal
markers may constitute a “cancer signature” to facilitate early detection
and monitoring of disease progression in a non-invasive manner [26,27].
Meanwhile, exosomes and their cargos could be new targets for effective
cancer therapy if their components and functions in regulating tumor
hina.
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Nomenclature

Abbreviations
CTCs Circulating tumor cells
ctDNA Circulating tumor DNA
EVs Extracellular vesicle
PEG Polyethylene glycol
COF Covalent-organic framework
MMP Matrix Metalloproteinase
EG Endoplasmic reticulum
PDAC Pancreatic ductal adenocarcinoma
NCs Normal controls
DLD Deterministic lateral displacement
3D Three-dimensional
PDMS Polydimethylsiloxane
QDs Quantum dots
PS Phosphatidylserine
CDs Carbon dots
GO Graphene oxide
ssDNAs Single-stranded DNA
SERS Surface-enhanced Raman spectroscopy
GSSNTs Gold-silver-silver core-shell-shell nanotrepangs
TiN Titanium nitride
ZIC-HILIC Zwitterionic hydrophilic interaction liquid

chromatography
MOFs Metal-Organic Frameworks
GBM Glioblastoma
FcNHSH N-(2-mercaptoethyl) ferrocene carboxamide
AuNPFe2O3NC Gold-loaded ferric oxide nanocubes
APTES 3-Aminopropyltriethoxysilane
PDA Polydopamine
ELISA Enzyme-linked immunosorbent assay
GDH Glucose dehydrogenase
ZIF-8 Zeolitic imidazolate framework-8
HCR Hybridization chain reaction
ExoADM DNA molecular nanomachine
BBA 10-benzyl-2-amino-acridone
ECL Electrochemiluminescence
LSPR Localized surface plasmon resonance
GCDs Gold-carbon quantum dots
NPs Nanoparticles
SWCNTs Single-walled carbon nanotubes
MIO Au-coated TiO2 macroporous inverse opal
SPR Surface plasmon resonance
LDI-MS Matrix-assisted laser desorption/ionization mass

spectrometry
PMO Periodic mesoporous organosilica
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origination and progression can be revealed [28,29]. To facilitate early
detection and progression monitoring of tumors in a noninvasive
manner, clear understanding on the biogenesis and functions of exo-
somes is desirable. Therefore, to deep insight into the tumor-derived
exosomes, efficient isolation and molecular detection of exosomes are
absolutely necessary.

Although the concentration of exosomes in blood is relative abun-
dant, reach to �109 vesicles/mL, they still confront many contaminant
vesicles, such as microvesicles, apoptotic bodies and so on. Recently,
numerous efforts have been made toward the isolation of exosomes,
including ultracentrifugation, polymer-based precipitation, affinity-
based capture, and filtration. Currently the most commonly used
method for exosome purification is ultracentrifugation, a method that
includes differential centrifugation steps reaching speeds of up to 100
000�g [30,31]. Nevertheless, it always turns out to be inefficient with
regards to low exosome yield (5–25% recovery rate) and involves a
cumbersome procedure [32]. Polymer-based precipitation method,
which relies on the formation of polymer network under specific condi-
tions to entwines all components present in the sample and cause a
decrease in solubility, always suffer from the interference of potential
non-exosome contaminants and the polyethylene glycol (PEG) contained
in samples are incompatible with the down-stream molecular analysis
[33]. Affinity-related methods are widely available in form of various
ready-to-use kits and affords highly selective separation of exosomes
using specific antibodies, yet they are not applicable for large sample
volumes and the isolated vesicles may lose the functional activity [34,
35]. Besides, with regards to the recently developed filtration, exosomes
are prone to adhere to the filtration membranes, thereby resulting in
sample loss [36] Also, since the additional force is applied to pass the
analyzed liquid through the membranes, the exosomes can potentially be
deformed or damaged [37,38]. Therefore, the currently available
methods for the isolation of exosomes are far from maturity and these
technical challenges severely impede extensive biological and clinical
studies of exosomes.

To overcome the current challenges and limitations of conventional
methods, nanomaterials with unique physiochemical properties are
emerging as powerful tools for effective purification and analysis of
exosomes. The small size of nanomaterials enhances interaction with
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biological components at the micro-scale, resulting in good biocompati-
bility and biological activity [39,40]. In the past decades, the significant
advances of nanotechnology have made it possible to controllably pre-
pare nanomaterials, which not only exhibit unique interfacial, mechan-
ical, optical and electromagnetic properties compared to macroscopic
materials, but also enable them to perform a variety of functional ad-
justments to the in vivo microenvironment and micro-tissue [41,42].
Because of the excellent characteristics, nanomaterials have been widely
used in biomedical fields in recent years, which provides a new way to
explore the clinical utility of exosomes. Exosomes can be isolated effec-
tively by nanomaterial through label-free methods, such as affinitive
binding [43]. Nanomaterials functionalized devices can enahnce the
isolation efficiency and performance than traditional approach through
various synergistic interactions [44]. Meanwhile, benefiting from the
variable chemical composition, morphology and physicochemical char-
acteristics, nanomaterials have been served as various biosensors for
exosome analysis with high sensitivity, good specificity, and low cost.
Thus, nanomaterial provides a promising alterative for exosome isolation
and molecular detection, leading to further application of exosome-based
liquid biopsy.

In this review, we first provide an overview of the most recent
research progresses (2017–2022) in nanomaterials assisted exosome
isolation and analysis towards liquid biopsy. Different from the previous
work, our review summarizes the most recent developments in designing
nanomaterials assisted isolation techniques, which mainly cover phos-
phate groups directed metal oxides and nanocomposite as captures, as
well as nano modified interface enhanced exosomes isolation. Mean-
while, nanomaterials assisted electrochemical probes, fluorescence
probes etc. for exosomes analysis were also introduced. The future
research perspectives and challenges in nanomaterials-based exosomes
isolation and analysis in liquid biopsy are discussed.

2. Nanomaterials assisted exosome isolation

Although a lot of reviews about nanomaterials-based exosomes assay
have been published, most of them only focused on the detection of
exosomes. Actually, isolation and analysis of exosomes are two very
important parts in exosomes assay. The isolation of exosomes from body
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fluids is an essential step for any exosome related scientific research and
application. Highly efficient and specific exosomes isolation not only
solve all the aforementioned problems of traditional exosomes isolation
approaches, but also can realize accurate profiling of exosomesmolecules
and functions. Nanotechnology used in exosomes provides a facile, low
cost, but highly efficient approach for exosomes isolation, which is of
great value to facilitate the downstream analysis of exosomes in liquid
biopsy. Nanomaterials mainly play two roles in exosomes isolation: as a
capturer for exosomes isolation or as a nanointerface to improve the
isolation efficiency of exosomes.
2.1. Nanomaterials based capturers for exosomes isolation

Some metal oxides, such as TiO2 and ZrO2, are widely used for highly
selective enrichment of phosphorylated peptides via reversible and spe-
cifical binding with phosphate groups [45–47]. Based on this, such kind
of metal oxides have been developed for effective exosome isolation. As
shown in Fig. 1a, Gao and co-workers developed a novel strategy for
facile serum exosome isolation based on specific interactions between
phospholipid bilayers and TiO2 [43]. Benefiting from its simplicity and
highly affinitive binding ability between TiO2 and exosomes, improved
isolation efficiency, reduced nonspecific adsorption and shorter sample
processing time were achieved. In addition, Sm-doped CaZrO3 nano-
sheets were applied for facile human serum exosome isolation by making
the best of the high affinity of CaZrO3 with the phosphate groups on the
lipid bilayer of exosomes (Fig. 1b) [48]. Compared with commercially
available TiO2, Sm-doped CaZrO3 achieved a higher enrichment effi-
ciency for target proteins CD63 and TSG101 than the endoplasmic re-
ticulum (ER) marker Calnexin. Moreover, CaZrO3: Sm was stable and
could be reused at least three times with satisfactory isolation efficiency
which greatly reduce the cost.

To achieve much higher efficiency of exosomes isolation, metal ox-
ides functionalized hybrids were proposed. For instance, hydrophilic
bimetallic magnetic MOF composite Fe3O4@UiO-66-NH2@PA-Ti4þ was
synthesized and used for rapid capture of exosomes [49]. The presence of
bimetals in the magnetic nanocomposites not only enhanced the
Fig. 1. Nanomaterials based exosomes isolation. (A) Mechanism of TiO2-based exos
sheets based exosomes isolation [48]. (C) Schematic of a single-channel PDMS/glass d
array of Y-shaped microposts [57]. (D) Schematic illustrations of the peptide–n
tumor-derived exosomes [58].
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chelating effect of the particles with the phospholipid bilayer, but also
increased the hydrophilicity of the material to reduce non-specific
adsorption of contaminated proteins, thereby improving the capturing
efficiency of exosomes with low contamination. Due to the dynamic
characteristic of urine, fast and efficient exosome isolation method is
desirable. Thus, Fe3O4@TiO2-CD63 aptamer was proposed for rapid
urine-derived exosomes isolation [50]. With the synergistic interactions
of TiO2 with phosphate groups as well as aptamers with specific exosome
proteins, 92.6% exosomes with intact structure were captured within 10
min and 999 proteins were detected through LC-MS/MS.

In general, most of designed hybrids can integrate multi-functions
into one platform and gain satisfactory results. Therefore, some hybrids
involved in exosomes isolation, detection and even molecules profiling
have been developed and obtained ideal sensitivity and selectivity. In
2021, Li et al. reported a dual-functional Fe3O4@SiO2@TiO2 platform
composed of reversible conjunction and “off-on” signal responses [51].
Taking advantages of the high affinity binding of TiO2 with phosphate
groups on the lipid bilayer of exosomes and magnetic response property
of Fe3O4, exosomes could be isolated within 20 min with a capture ef-
ficiency of 91.5% by Fe3O4@SiO2@TiO2 particles. In addition, a
hairpin-like PSMA aptasensors was constructed with improved selectivity
to detect tumor exosomes with a detection limit of 5� 102 particles/μL in
solution. To further characterize the molecules of exosomes, hybrids
assisted exosomes isolation coupled with following analysis methods
were also developed. Pang et al. introduced Fe3O4@TiO2 nanoparticles to
enrich exosomes through the binding of TiO2 shell and hydrophilic
phosphate head of the exosome phospholipids [52]. The captured exo-
somes can be isolated by magnet, and the isolation process can be
finished within 5 min with a capture efficiency of 96.5%. And then
anti-PD-L1 antibody modified Au@Ag@MBA SERS tags were added to
label the exosomal PD-L1 for quantification with a LOD of 1 PD-L1þ

exosome/μL by using 4 μL clinical serum sample. In addition, they also
reported an in situ exosomal microRNA determination platform by
target-triggered SERS and Fe3O4@TiO2 [53]. SERS tag-encapsulated
exosomes can be enriched by Fe3O4@TiO2 and then concentrated by
external magnet to enhance the Raman intensity. Thus, the combination
omes isolation [43]. (B) Schematic illustrations of the Sm-doped CaZrO3 nano-
evice, with the exploded-view highlighting the coated PDMS chip containing an
anowire interface within a microfluidic channel for capture and release of
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of the hot-spot assemblies and the magnet concentration led to a dual
increase in the Raman signal. Based on this platform, pancreatic ductal
adenocarcinoma (PDAC) patients can be recognized from normal con-
trols (NCs) with an accuracy of 99.6%.

2.2. Nanointerface enhanced exosomes isolation

Owing to the nanoscale of exosome, it is very important use the
isolation material in the same scale. Nanomaterials assembled into
various dimensions have shown great advantages in the applications of
biomedical fields [54,55]. In recent years, nanomaterials assembled
nanointerface with controlled structures and functions has been used for
the isolation of exosomes. For example, deterministic lateral displace-
ment (DLD) pillar arrays were developed for the separation of exosomes
by using size-based exosome displacement [56]. DLD arrays with uniform
gap sizes ranging from 25 to 235 nm was produced by silicon via
double-stage lithographic process and e-beam lithography. Compared
with conventional approaches for exosomes isolation, the sample vol-
umes were small and exosomes labelling was not required. Moreover, the
DLD technology also realized rapid and non-destructive exosomes sorting
in a continuous flow with a single-exosome resolution. Such kind of
progress not only explored the potential for on-chip exosomes separation
and diagnostics, but also facilitated the manufacturable and scalable
nanodevices for chip-based liquid biopsies.

Microfluidic devices are emerging as powerful technologies for effi-
cient isolation of exosomes due to their outstanding ability in sample
isolation and analysis [59]. During the past few years, numberless
microfluidic devices with different structure have been developed for the
isolation exosomes, such as Y shape, W shape etc. [59,60] However, the
existing microfluidic devices do not have the desired nanoscale in-
teractions with exosomes, resulting in low on-chip capture efficiency of
exosomes. Besides, integrating all the steps for sample pretreatment,
exosomes isolation and analysis into a single device is the ultimate goal of
exosomes based liquid biopsy. Obviously, the traditional microfluidic
technology could not integrate all the operations onto a single chip.
Gradually, nanomaterials are used to modify the microfluidic device
interface for exosomes isolation and downstream analysis, which is
capable to improve mass transfer and reaction characteristics, reduce
boundary effects. Due to the similar nanoscale of nanointerface with
exosomes, not only efficient exosomes isolation was achieved, but also
the sensitivity and selectivity of exosomes analysis in liquid biopsy have
been improved significantly. For example, Zhang and co-workers devel-
oped a nano-IMEX microfluidic platform for exosome capture [57]. As
demonstrated in Fig. 1c, the surface of the channel and Y-shaped
microposts was coated with a nanostructured GO/PDA film by a
layer-by-layer coating method to increase the surface area and antibody
immobilization density. This design markedly expedited the PDA depo-
sition kinetics which enhanced the anti-fouling property and provided
numerous reactive sites for the covalent coupling of protein G to
immobilize CD81 monoclonal antibodies in an oriented fashion. Such a
sandwich exosome ELISA assisted with enzymatic signal amplification
strategy afforded a detection limit as low as 80 aM with three marker
cocktails. In 2018, Huang's group designed a ZnO nanowires coated
three-dimensional (3D) polydimethylsiloxane (PDMS) scaffold chip de-
vice for effective immunocapture of exosomes [61]. The coated ZnO
nanowire array increased the surface area for exosomes specific antibody
immobilization as well as created size exclusion-like effect for exosomes
retaining. Combining the fluid flow with chaotic or vortex feature of
scaffold chip, efficient exosomes capture at a high flow rate can be ach-
ieved. Similarly, Tan group also introduced a ZnO nanowire modified
microfluidic chip for exosomes isolation [62]. Unlike the design of
Huang, they fabricated the herringbone microfluidic chip by maskless
photolithography and ZnO nanowire arrays were anchored on the
herringbone structure by chemical bathing. Such a design reduced the
flow rates, resulting in the mixing and contact of exosomes with ZnO
nanowire increased significantly. This easy-to-operate and low-cost
4

nanointerface offered highly efficient exosomes capture, but the isola-
tion method without specificity may lead to low purity in liquid biopsy
application.

Exosome-based diagnostics and therapeutics have drawn great at-
tentions in clinical application. Great efforts have been made to release
the high purity of captured exosomes with complete structure and
components. Suwatthanarak et al. reported multifunctional peptide-
functionalized ZnO nanowires within a microfluidic chip for the isola-
tion and release of exosomes [58]. The peptide consists of an
exosome-binding site, a linker, and a ZnO-binding site. As shown in
Fig. 1d, exosomes can be captured by the nanointerface specifically
through the specific interaction between CD9 of exosome and P238
peptide on the nanointerface. As a result of multifunctional peptide
modification, the proposed nanointerface significantly improved the
exosome isolation efficiency by the synergistic interactions. Moreover,
the captured exosome could be released from the nanointerface with
neutral salt, a non-damaging condition to both nanowires and exosomes.
Thus, exosomes can be trapped and released efficiently. Considering the
precise diagnosis and treatment are very important in exosomes based
liquid biopsy, a covalent chemistry-based hepatocellular
carcinoma-specific exosomes purification and release chip was devel-
oped by Sun and co-workers [63]. Through the synergistic interactions of
covalent binding, multimarker antibody cocktails, nanostructured sub-
strates, and microfluidic chaotic mixers originated from the
multi-functions of the chip, hepatocellular carcinoma derived exosomes
can be captured efficiently and specifically. More importantly, the click
chemistry-mediated specific exosomes capture can be released form the
nanointerface by breaking the embedded disulfide bond. Such a versatile
nanointerface provided an alternative foundation for developing nano-
materials modified microfluidic platforms for exosome-based preclinical
study of specific diseases.

Apart from the specificity and efficiency of exosomes isolation
increasing greatly, nanomaterials modified microchip interface also fa-
cilitates the integration of exosomes isolation and analysis into one
platform. Zhang et al. developed a 3D-nanopatterned microfluidic chip
with herringbone structure for ultrasensitive detection of tumor derived-
exosomes [44]. Silica colloids or silica nanorods were used to fabricate
the 3D-nanopatterned microfluidic chip through colloidal self-assembly
strategy. The unique structure of chip facilitated the mass transfer of
exosomes in microscale, improved the binding efficiency and speed, and
decreased the near-surface hydrodynamic resistance. Combining with
sandwich exosome enzyme-linked immunosorbent assay method, some
potential markers of ovarian cancer can be detected from low levels of
exosomes in plasma. Although the 3D-nanopatterned microfluidic chip
shows its great potential in liquid biopsy for cancer diagnosis, cancer
monitoring is also crucial to clinical implementation of precision medi-
cine. To solve the current challenges in the monitoring of tumor pro-
gression and metastasis, the same group reported a 3D nanoengineering
device fabricated by high-resolution colloidal inkjet printing method for
molecules and functions analysis of exosomes [64]. Compared with the
existing chips, boundary effects, fundamental limits in mass transfer, and
surface reaction can be overcome by the 3D nanoengineering device,
resulting in immense improvement of sensitivity for exosomes analysis.
Distinct from conventional approaches, the 3D nanoengineering device
integrates molecular and functional phenotyping of MMP14 for accurate
cancer classification and tumor metastasis monitoring. Therefore, the
developed nanointerface offered a useful liquid biopsy tool for longitu-
dinal surveillance of tumor evolution in patients, and increased cancer
management and precision medicine.

3. Nanomaterials enhanced exosomes analysis

Exosomes are thought to participate in tumor initiation, progression,
and metastasis, which have been regarded as a promising biomarker for
non-invasive cancer diagnosis and prognosis in liquid biopsy [65–68]. To
thoroughly reveal the clinical significance of circulating exosomes, a
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series of strategies have been developed for sensitive and multiplexed
detection of exosomal biomarkers, such as proteins and nucleic acids.
Conventional approaches including western blotting, enzyme-linked
immunosorbent assay ELISA, and mass spectrometry etc. have been
widely used for molecular analysis of exosomes [69–72]. Nevertheless,
these methods always turn out to be sample and time-consuming, as well
as involve cumbersome procedures. Therefore, there is growing need for
sensitive and reliable methods to probe tumor-derived exosomes rapidly
and specifically, yet with modest requirements for sample volumes.
Because of the intrinsic merits of biological compatibility, excellent
physicochemical features and unique catalytic ability, numerous re-
searchers attempt to establish novel nanomaterials based nanoprobes for
exosomes analysis with improve high sensitivity and selectivity. To meet
the increasing demands of ultrasensitive detection in liquid biopsy,
nanomaterials have been integrated with various detectors as powerful
nanoprobes for exosomes analysis. The advanced exosome analysis
nanoprobes typically require only trace amounts of exosomes and short
analysis time, relying on different detectors, such as electrochemistry,
fluorescence etc.
3.1. Nanomaterials based electrochemical probes for exosomes analysis

Electrochemical sensors have been recognized as excellent ap-
proaches for bioanalysis mainly due to their advantages of convenient
operation, rapid response, fast analysis, lost cost, sensitive recognition,
easy miniaturization and portability, as well as high selectivity and
simplicity [73–75]. Electrochemical analysis is achieved by monitoring
the change of electrical conductivity of electrode. The signal is generated
as a consequence of an electrochemical interaction between the electrode
surface and the analyte [76]. Thus, effective electron transfer and direct
attachment of biomolecules is in favor of improving the sensitivity of
electrochemical detection. Benefiting from the interesting properties of
nanomaterials, nanomaterial based-electrochemical sensor may provide
a promising platform for exosomes detection. Nanomaterials, such as
noble metals, quantum dots (QDs), metallic oxides, polymeric bio-
materials and carbon-based materials have been used in electrochemical
sensors, mainly act as electrode substrate to improve electron transfer
Fig. 2. Nanomaterials enhanced electrochemical analysis of exosomes. (A) The princ
[80]. (B) Schematic representation of the two-step isolation and analysis of exosomes
assay for direct exosome isolation and detection from cell culture media [90]. (D) Sche
system for tumor exosome detection [91].
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efficiency or functional tags for signal amplification [77–79].

3.1.1. Nanomaterials act as electrode substrate to enhance exosomes
analysis

Due to the inherent redox properties of certain nanomaterials, elec-
trochemical analysis can be achieved by directly monitoring the change
of electrode conductivity caused by the change of electrical signal
induced by the target. Such nanomaterial used in electrochemical sensor
can provide real-time signal response, resulting in simple and rapid
detection. In the past few decades, this type of sensor has attracted broad
interests and offered distinctive advantages in food, environmental,
medical, and other fields. Of course, such electrochemical sensors have
also been successfully applied to the detection of exosomes. For example,
Zr-Based Metal-Organic Frameworks (MOFs) based electrochemical
sensor was developed for Glioblastoma (GBM)-derived exosomes anal-
ysis [80]. The specific design of the MOFs ensured the electrode surface
to generate a high electrochemical signal. As shown in Fig. 2a, the
captured exosomes can be directly quantified by monitoring the elec-
trochemical signal inside Zr-MOF without extra recognition and ampli-
fication elements, while the sensor demonstrated very high sensitivity
and selectivity. GBM-derived exosomes with detection range from 9.5 �
103 to 1.9 � 107 particles/μL and detection limit of 7.83 � 103 parti-
cles/μL was demonstrated. Taking advantage of the excellent conduc-
tivity of gold nanoparticles (Au NPs) and good supramolecular
recognition ability of cucurbituril [7] towards ferrocene, a host-guest
interaction based electrochemical sensor was reported for exosomes
analysis with much lower detection limit [81]. Herein, cucurbit was
self-assembled on the Au NPs composed electrodes, and then the
captured exosomes by CD63 aptamer linked ferrocene was released from
the electrode, thereby leading to the decrease of electrochemical signal.
The host-guest based electrochemical sensor enables sensitive and se-
lective electrochemical detection of exosomes with the detection limit of
482 particles/μL. To realize more sensitive exosomes analysis, Zhang and
co-workers combined the g-C3N4 conjugated polydopamine coated
Galinstan nanoprobes and multivalent PAIVIAM-AuNPs electrode inter-
face for exosomes detection [82]. Benefiting from the excellent features
of the Galinstan NPs in inhibiting the g-C3N4 passivation during the
iple of the electrochemical biosensor for the detection of GBM-derived exosomes
and microsomes [86]. (C) Schematic representation of the Au–NPFe2O3NC based
matic illustration of the ratiometric immobilization-free electrochemical sensing
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electrochemical reduction process and accelerating electron transfer, the
antibody modified g-C3N4@Galinstan-PDA acted as both capturers of
exosomes and signal probes for exosomes analysis. The work showed
excellent performances in exosomes analysis with a detection limit of 31
particles/μL. In 2020, Kashefi-Kheyrabadi et al. realized ultra-low
detection limit of 17 particles/μL over a wide dynamic range (1 � 102

to 1 � 109) particles/μL by using a detachable microfluidic device
implemented with the electrochemical aptasensor [83]. The captured
exosomes were determined by MoS2 nanosheets, chitosan, and graphene
nanoplatelets fabricated gold electrode. Furthermore, Gao et al. devel-
oped a closed gold wireless nanopore electrode for single exosomes
phenotyping, which solved the heterogeneity issue of exosomes analysis
efficiently [84].

To obtain deep insight into the molecules and functions of exosomes,
nanomaterials based electrochemical sensors were further used for exo-
somal proteins analysis. In 2018, a low cost and single-used gold screen-
printed electrode was used for the research of lung cancer phosphopro-
teins with a sensitivity down to 15 ng/μL [85]. To search for much more
cancer related biomarkers, Kelley's group reported a chip-based approach
for electrochemical analysis of exosomal proteins [86]. As shown in
Fig. 2b, gold and copper were chosen as probes for electrochemical
readout due to their direct electro-oxidation of metal nanoparticles result
in the potentials fall in the potential window of the gold electrodes, and
the electrochemical signals were well separated, which allowed
multi-protein detection at the same time. Combining the specific capture
ability and excellent electrochemical features of the developed sensor
chip, surface markers associated with PCa directly from minimally
invasive serum samples were found and significant increase in the levels
of EpCAM and PSMA expressed on exosomes was also observed. The
work provides a successful nanomaterials-based electrochemical sensor
for protein marker detection from tumor-derived exosomes and shows
great potential in cancer diagnosis at early stage. To realize simultaneous
determination of tumor exosomal proteins, Zhang's group developed
magneto-mediated electrochemical sensor based on host-guest recogni-
tion for exosomal proteins analysis [87]. Stable complexes formed on
screen-printed carbon electrode through the host-guest recognition be-
tween graphene oxide-cucurbit [7] and N-(2-mercaptoethyl) ferrocene
carboxamide (FcNHSH), which effectively prevented the modification of
exosomes on the electrode. In this way, four tumors derived-exosomal
proteins were sensitively detected by the oxidation current signal of
FcNHSH. The developed nanomaterials based electrochemical sensor
shows great potential in clinical detection, early diagnosis and prognosis
of breast cancer.

The selectively encapsulated microRNA by exosomes plays an
important role in cell-to-cell communication, which have become reli-
able biomarker of disease progression. Therefore, sensitive detection of
exosomal microRNAs will allow for non-invasive detection in liquid bi-
opsy. Recently, multi covalent attachment p19 based electrochemical
sensor was developed by Ghazizadeh et al. for exosomal microRNA
analysis [88]. Due to the electrochemical induced reaction between
[Fe(CN)6]�3/�4 and positive charged biomarkers, captured exosomes
could covalently bind onto the electrode and make the sensor stable. The
developed nanomaterials based electrochemical sensor showed high
specificity and as low as 1 a.M. detection limit of exosomal miR-21. To
overcome the limitations of unique structure and heterogeneity of exo-
somes, a highly integrated electrochemical platform was developed for
accurate molecular profiling of tumorous exosomes [89]. Taking the
advantage of self-assembly of ZIF-8 on DNA-modified electrodes, the
proposed integrated strategy allowed low-abundant exosomes detection.
The detection limit reached as low as ~250 vesicles in 10 μL plasma
sample. Furthermore, exosomal protein and RNA molecules can be
simultaneously profiled with 100% sensitivity and specificity in a single
sensor chip. The integrated electrochemical platform provides a signifi-
cant tool for profiling tumorous exosome information in clinical cohorts.
6

3.1.2. Nanomaterials act as signal amplification element of electrochemical
probes to enhance exosomes analysis

Apart from electrode substrates, nanomaterials can also act as nano-
electrocatalysts, nanocarriers and electroactive tags for signal amplifi-
cation in electrochemical detection due to the inherent redox and
electrocatalytic properties of the materials. Different signal amplification
strategies have been proposed in electrochemical sensors, such as metal
NPs, MOFs, and DNA-based amplification assays. For example, Boriachek
and co-workers designed a multifunctional gold-loaded ferric oxide
nanocubes (Au–NPFe2O3NC) for electrochemical detection of exosomes
[90]. As shown in Fig. 2c, Au–NPFe2O3NC was employed for the
following enzyme-linked immunosorbent assay (ELISA)-based sensing
protocol due to the inherent peroxidase-like activity after accomplished
exosomes isolation and transferred to screen-printed electrode. The
captured exosomes were analyzed by naked-eye observation along with
UV–visible and electrochemical sensor. Such a low-cost approach
demonstrated good performance in the analysis of placental cell-derived
exosomes, which enabled to detect 103 particles/mL with a relative
standard deviation of <5.5%.

As a new type of material, MOFs used in electrochemical assay not
only provide much more active sites for reactions but also served as
nanocarriers to encapsulate other nanoparticles to increase the catalytic
activity. For example, MOFs with dual functions was presented for sen-
sitive exosomes analysis [92]. Herein, glucose dehydrogenase (GDH) and
anodic enzyme were encapsulated by zeolitic imidazolate framework-8
(ZIF-8) to form GDH@ZIF-8 composites, in which the stability and cat-
alytic activity of GDH improved significantly. On the other hand, another
zirconium MOFs (UiO-66-NH2) loaded with electroactive molecules
(K3[Fe(CN)6]) acted as nano-enrichment carriers to improve the capa-
bility of the cathode to transfer electrons from the anode. Benefiting from
the synergistic effects of the two MOFs composites, the sensitivity of the
as-proposed biosensor was further improved with 300 particle/mL
detection limit. To realize much lower detection limit, a novel
COFs-based nanoprobe named HRP-pSC4-AuNPs@COFs was designed
and fabricated for colorectal cancer-derived exosomes detection [93].
Excellent conductivity of Au improved the response of electrochemical
and a large amount of HRP loaded COFs endowed the composites with
high catalytic activity. The COFs-based nanoprobe highlighted excellent
analytical performance for CRC-derived exosomes in the linear range
from 5 � 102 to 107 particles/μL with a detection limit down to 160
particles/μL.

Due to the predictability and programmability, DNA nanotechnology
has become the most popular technology for signal amplification. In
general, the sensors were formed by controllable novel nanoscale struc-
tures, which were constructed by using the specific molecular properties
of DNA. In 2020, Yang et al. developed a dual-aptamer recognition sys-
tem and hyperbranched DNA superstructure signal amplification strategy
for direct quantification of tumor derived exosomes [91]. As shown in
Fig. 2d, the sandwich-like complex was generated by activating DNA
tetrahedron-based hyperbranched hybridization chain reaction after
cholesterol-modified DNA probe was anchored on the captured exo-
somes. And then numerous Ru(NH3)63þ (Ru(III)) were immobilized on the
sandwich complex resulting in the redox reaction between [Fe(CN)6]3–

(Fe(III)) and Ru(II) was significantly prevented. In this way, obvious
enhancement of IFe(III)/IRu(III) value was achieved. Consequently, highly
reliable and accurate exosomes analysis was obtained. The developed
signal amplification strategy also displayed good feasibility for clinical
sample analysis. Benefiting from their large surface area and excellent
biocompatibility, Au NPs have widely used as DNA carrier for signal
amplification. In 2019, Huang et al. developed a
hemin/G-quadruplex-assisted signal amplification approach for electro-
chemical analysis of gastric cancer exosomes [94]. Significant improve-
ment of electrochemical signal on gold electrode was generated through
the hemin/G-quadruplex DNAzyme induced H2O2 reduction and signal
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amplification produced by RCA reaction. This method allowed sensitive
detection of exosomes in the range of 4.8 � 103 to 4.8 � 106 particles/μL
with a detection limit of 9.54 � 102 mL�1. Similarly, An and co-workers
developed a DNA hybridization chain reaction (HCR) for signal ampli-
fication and click chemistry-based electrochemical sensor for sensitive
exosomes analysis with a detection limit of 96 particles/μL, which
demonstrated great potential for exosome analysis in clinical samples and
application in cancer diagnosis [95].

Not only sensitive quantification of exosomes can be achieved based
on the nanomaterials induced signal amplification in electrochemical
sensor, but also rapid and accurate profiling the exosomal molecules can
be realized. For example, Jin et al. reported a bioinspired exosome-
activated DNA molecular nanomachine (ExoADM) with multivalent cy-
clic amplification for the detection of exosomal markers [96]. Relying on
the high specificity of aptamer-exosome recognition and cyclic amplifi-
cation ability of ExoADM, the dynamic expression level changes of
ExoPD-L1 and ExoCD63 were tracked simultaneously induced by
signaling molecules. Moreover, they found the expression levels of the
two proteins on exosomes could well differentiate cancer patients from
normal individuals. In 2021, Park et al. reported an integrated
magneto-electrochemical device for rapid characterization of
cancer-derived exosomes [97]. Both exosomal proteins and microRNA
can be profiled simultaneously by the integrated device, which effec-
tively extended the clinical utility of exosomes for cancer diagnosis,
recurrence monitoring and prognosis. MicroRNAs in tumor-derived
exosomes have attracted rapidly growing interest due to their potential
in cancer diagnostic and prognostic applications. Zhang et al. reported
DNA walkers based ratiometric electrochemical biosensor for attomolar
detection of exosomal miR-21 [98]. Moreover, Guo et al. developed a
HCR based electrochemical sensor for sensitive detection of exosomal
miR-122 [99]. Herein, the gold electrode was modified with hairpin
DNA, and electroactive [Ru(NH3)6]3þ was used as an electrochemical
signal reporter for signal amplification, resulting in significant increase of
electrochemical signal. The proposed electrochemical assay also pro-
vided attomolar level detection of exosomal miR-122 with a linear range
with 9 orders of magnitude in different tumor-derived exosomes.

3.2. Nanomaterials assisted photoelectrochemical probes for exosomes
analysis

To further improve the sensitivity of exosomes analysis in liquid bi-
opsy, photoelectrochemical sensors have become a rapid developing
technology to replace the electrochemical assay [100,101]. In general,
the specific recognition between photoelectrochemically active nano-
materials and target molecules under illumination will cause the corre-
sponding change of electrical signal. Different from electrochemical
assay, the excitation light from the detection signal is separate. Thus,
photoelectrochemical assay not only inherits the advantages of electro-
chemical sensor, but also has many unique advantages, including excel-
lent detectivity, stability and sensitivity due to its low background signal
and high signal-to noise ratio [102,103]. Chen's group designed a 10-ben-
zyl-2-amino-acridone (BAA) based multifunctional signal probe, which
acted as a dual-modal aptasensor for photoelectrochemical detection of
exosomes [104]. Interestingly, the released Cu2þ for exosome capture
probe could inhibit the visible-light-induced oxidase mimic activity and
photoelectrochemical activity of BAA simultaneously. Because of the
changes of absorbance and photocurrent intensities are directly propor-
tional to the concentration of exosomes, thereby exosomes can be
quantified accurately with 1.38 � 103 particles/μL detection limit. In
2021, Pei et al. developed a NiO/BiOI/Au NP/CdSe composite based
cathodic photoelectrochemical sensor for exosomes detection. Taking
advantages of the synergistic effects of NiO/BiOI/Au NP/CdSe composite
to increase photocurrent signal, the cathodic photoelectrochemical
sensor showed good selectivity and sensitivity with 1.2 � 102 parti-
cles/μL detection limit in complex exosomes sample [105]. Furthermore,
the photoelectrochemical biosensors was also used for the quantitation of
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exosomal microRNA. For example, Pang et al. constructed a TiO2 nano-
silks (NSs)@MoS2 QDs based photoelectrochemical sensor and realized
sensitive microRNA analysis with as low as 5 fg/mL detection limit
[106]. Recently, Wang and co-workers presented a target
miRNA-powered λ-exonuclease induced amplification strategy for exo-
somal RNA detection [107]. As shown in Fig. 3a, the photoelectrode was
fabricated by MOFs-decorated WO3 nanoflakes. Meanwhile, both signal
quencher and electronic mediator can be acted by the programmed
release nanodevice with efficient target exosomal miRNA-responsive
release profiles of hemin, leading to the quench of photocurrent. Due
to the smart integration of these units to one device, the developed
photoelectrochemical sensor yielded a highly sensitive assay for the
detection of exosomal miRNAs with the detection limit as low as 0.5 fM.

3.3. Nanomaterials assisted electrochemiluminescence probes for exosomes
analysis

Electrochemiluminescence (ECL) is the combination of electrochem-
istry and chemiluminescence [108,109]. As a powerful analytical
method, ECL sensor has been widely applied in the field of biosensing
due to the remarkable advantages of high sensitivity, wide detection
range, good reproducibility and selectivity, strong anti-interference
capability, as well as simple equipment and operation [110]. To meet
the ultra-sensitive demands of exosomes detection, various nano-
materials were loaded with luminophores to boost the efficiency of ECL
and improve assay sensitivity. As QDs are facile in synthesis and modi-
fication, as well as possess stable optical and electrochemical properties,
they have become attractive ECL luminophores. For example, Feng and
co-workers developed a homogeneous sensing system for exosomes
analysis by using CdS QDs as ECL emitters [111]. The developed ECL
sensor demonstrated high sensitivity and selectivity, as well as wide
detection range in complex biological samples through the enzymatic
recycling binding of target amplification. To improve the sensitivity of
ECL sensor, a large amount of Ru(bpy)32þ were immobilized on silica NPs
by Li et al. used as an amplification strategy for exosomes assay [112].
The Ru@SiO2 NPs based ECL signal amplification displayed a wide
calibration range of 3.22 � 10�4 - 156 μg/mL with a 2.73 � 10�4 μg/mL
detection limit for exosomes. In the same year, Chen group synthesized a
g-C3N4 nanosheet loaded with luminol capped Au NPs
(Lum-AuNPs@g-C3N4) nanocomposite and used as signal nanoprobe for
the analysis of phosphatidylserine (PS)-positive exosomes, a potential
biomarker for early diagnosis of ovarian malignancy [113]. Herein, the
g-C3N4 nanosheets with large surface area acted as a catalyst to catalyze
the co-reactant H2O2 decomposition, resulting in the ECL signal ampli-
fication of luminol-H2O2 system. Thus, the ECL biosensor realized highly
sensitive PS-positive exosomes assay and enabled accurate quantification
of ovarian tumor-derived exosomes in complex sample. This year, Xiong
et al. constructed a localized surface plasmon resonance (LSPR) between
Au NPs and polymer dots based ECL immunosensor for exosomes analysis
[114]. As shown in Fig. 3b, the excited hot electrons were transferred to
conduction band of polymer dots after the hot electrons of Au NPs were
photoexcited to surface plasmon states by ECL emission of polymer dots,
resulting in significant improvement of ECL efficiency of polymer dots.
The ECL immunosensor exhibited linear responses in linear range of 1.0
� 103 to 1.0 � 106 exosomes/mL with a detection limit of 400 exoso-
mes/mL. Recently, nanomaterials based ECL have been used in down-
stream analysis of exosomes. Adhikari et al. developed a label-free ECL
nanoimmunosensor for CD63 protein detection by using carbon nano-
chips/iron oxide/nafion-nanocomposite modified mesoporous carbon
interface [115]. The ECL immunosensor not only showed notable sta-
bility and reproducibility, but also displayed a wide linear range and very
low detection limit in profiling of the target protein.

3.4. Nanomaterials assisted fluorescence probes for exosomes analysis

Due to the high sensitivity and versatility, simplicity, fast signaling



Fig. 3. (A) Schematic illustration for the detection mechanism of the MOFs-decorated WO3 nanoflakes based photoelectrochemical biosensing platform [107]. (B)
Principle of the localized surface plasmon resonance between Au NPs and polymer dots based electrochemiluminescence immunosensor for pancreatic exosome
detection [114]. Nanomaterials enhanced fluorescent analysis of exosomes (C–D). (C) Schematic illustration of the fabrication of polydiacetylene liposome immu-
nosensor for exosome detection [116]. (D) Schematic illustration of the facile “turn-on” fluorescence aptasensor for exosome surface proteins profiling [117]. (E)
Cy3-CD63 aptamer was mixed with MXenes aqueous solution and then added exosomes for the downstream analysis [118].
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speed, good tolerance to interference, as well as nondestructive way of
analyzing or tracking targets, fuorescence-based assays have become the
most popular technique applied in liquid biopsy [119]. Recently, the
rapid developments of fluorescent nanomaterials, such as QDs, upcon-
version NPs, and semiconducting polymer dots, have make them grad-
ually replaced conventional fluorophores as the signaling units in
fluorescence-based exosomes assay. Benefiting from the controllable
optical characteristics of nanomaterials, there is a diverse probe selection
to improve the detection throughput of exosomes assay. Moreover,
nanomaterials can act as solid support for the target recognition to
simplify fluorescence-based assays. Interestingly, nanomaterials can also
be used to eliminate interference in fluorescence assay. Therefore,
nanomaterials used in fluorescence biosensors can be used as direct or
stimuli-responsive signaling units to improve detection flexibility and
performance.

3.4.1. Nanomaterials act as direct signal units of fluorescence to enhance
exosomes analysis

QDs have been widely used in fluorescence-based assays due to their
brightness and tunable electronic and optical properties. For example,
Yuan and co-workers fabricated blinking silicon QDs and used to single
8

molecule localization imaging of exosomes [120]. However, one of the
obstacles for direct application of QDs in exosome analysis is that their
surface property may not be compatible with the salt concentration of
PBS buffers, which will likely cause aggregation or even dissolution.
Moreover, exosomes are often overwhelmed with other vesicles that
could nonspecifically adsorb onto the QDs. To overcome these limitations
of QDs in exosomes assay, surface modifications have been used to
change the surface properties and reduce nonspecific binding of QDs.
Bian's group developed a one-step quantification platform for exosomes
detection by using aptamer functionalized QDs [121]. The designed
nanoprobe was comprised of recognition aptamer and fluorescent ma-
terials. The specific capture of exosome with strong anti-interference
ability and fluorescent amplification effect was achieved, thereby
enabled robust quantification of exosomes in complex matrices.

As a new class of QDs, carbon dots (CDs) not only exhibit excellent
fluorescence property due to quantum confinement but also possess good
biocompatible, which effectively avoids the potential toxicity of QDs in
liquid biopsy application [122–124]. In general, CDs are mixed with
metal ions and fluorescent dyes to achieve ratiometric detection, so as to
improve the capability of the fluorescence-based assays. In 2018, Jiang
et al. synthesized gold-carbon quantum dots (GCDs) for fluorescence
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imaging of exosomes [125]. Through immuno-reactions, cancer-derived
exosomes were labeled by GCDs and thus facilitated fluorescent imaging
of exosomes. In the same year, DNA-labeled CDs and acridone derivate
were used as ratiometric fluorescent bioprobes for the detection of exo-
somal microRNA [126]. By combining the self-referencing capability of
ratiometric fluorescenc between 5,7-dinitro-2-sulfo-acridone and CDs, as
well as the strand displacement reaction-based target catalysis signal
amplification strategy, highly sensitive and stable exosomal miRNA-21
assay with as low as 3.0 fM detection limit could be realized. More-
over, the introduction of strand displacement reaction in the strategy also
promoted the remarkable improvement of detection selectivity in com-
plex sample and realized the monitoring of the dynamic change of exo-
somal miRNA-21 simultaneously. Therefore, the proposed ratiometric
fluorescent bioprobe showed great potential to distinguish non-
tumorigenic exosomes and cancer exosomes in liquid biopsy.

Apart from QDs and CDs, fluorescent silica NPs that prepared from
doping organic fluorophores with colloidal silica particles have been
developed [127,128]. Because the selection of particle sizes is wide, size
control during NPs synthesis is less strict, surface functionalization is
easy, as well as excellent biocompatibility and water solubility, fluores-
cent silica NPs are particularly promising in fluorescence-based assays.
For example, Yuan and co-workers developed blinking probe for exo-
somes imaging by using ultrasmall silica nanospheres as the scaffolds
[120]. Silica NPs were synthetized by hydrolysis reaction of tetraethy-
lorthosilicate and further modified by APTES. The reactive amines
functionalized silica NPs was further attached by organic dyes. The ob-
tained fluorescent silica nanospheres hold sustainable and excellent
fluorescence switching behavior, allowed long-term super-resolution
imaging of exosomes with high localization precision. Moreover, the
fluorescent silica nanospheres still maintained their intrinsic fluores-
cence behavior in cell culture medium, which confirmed their great po-
tential as biocompatible exosomes imaging agents in liquid biopsy.

Compared with the aforementioned inorganic nanomaterials, fluo-
rescent polymeric NPs prepared from doping with fluorophores or
intrinsically fluorescent characteristics provide some advantages, such as
exceptional brightness, remarkable stability, easy-controlled surface
properties [129–131]. Therefore, fluorescent polymeric NPs have
attracted great attentions in fluorescence-based exosomes assays. As
shown in Fig. 3c, Kim et al. fabricated a polydiacetylene based liposomal
biosensor for exosomes detection [116]. Taking advantages of its unique
fluorescent properties derived from the eneyne-conjugated backbone of
polydiacetylene, sensitive exosomes assay was achieved with a detection
limit of 3 � 108 particles/mL. Such a low detection concentration can be
used in clinical applications. In 2022, Hua and co-workers designed and
constructed a multisite-targeting polymer based fluorescence sensing for
exosomes recognition and target tumor lesions [132]. The prepared
fluorescent polymeric NPs could bind with exosomes without any
interference through Schiff segment, which showed strong selectivity
and sensitivity in in-vivo and in-vitro exosomes recognition.

3.4.2. Nanomaterials act as stimuli-responsive signaling units of fluorescence
to enhance exosomes analysis

To improve the sensitivity and flexibility of exosomes assay design, a
variety of novel fluorescent nanomaterials with thoughtful design have
been developed as energy acceptors to quench the fluorescence of diverse
dye molecules [133,134]. Typical nanomaterials employed in such sys-
tems for exosomes assay are 2D nanomaterials such as graphene oxide
and MoS2. For example, Li and co-workers developed a GO-based sensor
for exosomal proteins profiling [117]. As shown in Fig. 3d, fluorescence
was quenched when TPE-TAs/aptamer complex was absorbed by GO in
the absence of tumor-derived exosomes. In contrast, the specifically
recognized aptamer will preferentially bind with their targets when
exosomes are introduced. Therefore, the TPE-TAs/aptamer complexes
break away from GO surface, resulting in a “turn-on” fluorescence signal.
Not only sensitive exosomes detection with a detection limit of 3.43 �
105 particles/μL was achieved, but also exosomal proteins profiling with
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high sensitivity could be applied. The GO based sensor provided a
promising approach to profile tumor-derived exosomal proteins for the
early diagnosis in liquid biopsy. In 2022, Liao and co-workers reported an
aptamer/GO fluorescence resonance energy transfer system based se-
lective “turn-on” fluorescence igniting in sandwich mode for exosome
labeling [135]. Integrating GO and aptamer into one fluorescent apta-
sensor, which showed outstanding performance for the detection of
exosomes. Qualitative and quantitative analysis of exosomes with low
background interference was achieved. Exosomal microRNAs are ideal
biomarkers for the early diagnosis and prognosis of lung cancer.
Recently, MoS2 nanosheets have also been used as the energy acceptors
for fluorogenic quantitative detection of exosomal microRNAs [136].
MoS2 nanosheets adsorbed onto the dye labeled hairpin probes and
exhibited excellent quench ability. The MoS2 nanosheets based fluores-
cence sensor provided a rapid, simple, and highly specific quantitative
approach for exosomal miRNA.

In recent years, 2D transition-metal carbides and carbonitrides ma-
terials named as MXenes have attracted great attentions and offered
distinctive advantages in fluorescence-based assays. For instance, Zhang
and co-workers constructed a self-standard ratiometric fluorescence
resonance energy transfer nanoprobe for sensitive detection of exosomes
based on Cy3 labeled CD63 aptamer/Ti3C2 MXenes nanocomplex [118].
As illustrated in Fig. 3e, the Cy3 labeled CD63 aptamer can be selectively
adsorbed by the Ti3C2 MXene nanosheets through hydrogen bond and
metal chelate interaction between phosphate groups of aptamers and
Ti2þ of MXenes, hence the fluorescence signal of Cy3 labeled CD63
aptamer was quenched quickly due to the fluorescence resonance energy
transfer between MXene and Cy3. With the addition of exosomes, the
fluorescence signal of Cy3 recovered rapidly. Meanwhile, the fluores-
cence signal of MXenes could be used as a standard reference owing to its
little change in the whole process. As a result, a MXene based
self-standard turn-on fluorescence resonance energy transfer sensing
platformwas constructed for sensitive exosomes detectionwith 1.4� 103

particles/mL detection limit. What's more, the fluorescence sensor can
also be applied in the identification of exosomal biomarkers. The pro-
posed biosensing platform not only offered a universal strategy for exo-
somes, but also provided a new way for multiple biomarkers detection.

3.5. Nanomaterials assisted colorimetric probes for exosomes analysis

Colorimetric biosensors for exosomes detection have attracted
considerable attentions due to their convenience and simplification [137,
138]. Typically, the signal changes of colorimetric biosensors can be
easily and instantly observed with naked eye through color change,
which are very suitable for point-of-care diagnosis and on-site analysis
[139]. However, the analytical performance and application of conven-
tional colorimetric biosensors in harsh environments are seriously
restrained as natural enzymes are involved in the process of color change,
the well-known complex biological catalysts are temperature sensitive,
high cost, and low operational stability. With the rapid development of
nanotechnology, nanomaterials-based colorimetric exosomes assay
methods have been demonstrated to be promising alternatives to con-
ventional colorimetric biosensors [140,141]. Not only the drawbacks of
natural enzyme-based sensing can be overcome, but also the selectivity
and sensitivity of exosomes assay can be improved by the nanomaterials
based colorimetric biosensors. Based on these advantageous, a variety of
nanomaterials based colorimetric biosensors for exosomes detection
have been developed. In principle, nanomaterials employed in colori-
metric biosensors mainly paly two roles: colorimetric substrates and
signal transduction.

3.5.1. Nanomaterials act as colorimetric substrates of colorimetry to
enhance exosomes analysis

Owing to their extraordinary scattering and optical absorption
properties, noble metal nanoparticles, such as Au and Ag NPs have been
introduced as colorimetric substrates with localized surface plasmon
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resonance absorption. As early as 2017, Tan's group constructed an
aptamer/Au NPs based biosensor for colorimetric detection of exosomal
proteins through the assembly of Au NPs with a panel of aptamers tar-
geting ubiquitous or putative exosome surface proteins [142]. The weak
and non-specific binding equilibrium between Au NPs and aptamers is
broken in the presence of exosomes. Instead, the strong and specific
binding between aptamer and the exosome surface protein takes place,
leading to a rapid displacement of aptamers from the exosomes surface
and consequent aggregation of Au NPs. The aggregation of Au NPs can
induce interparticle plasmon coupling, resulting in the LSPR shift, and a
visible color change from red to blue, which can be used as a colorimetric
signal. Depending on the specific exosome surface protein-aptamer
interaction, multiple proteins on different cancer-derived exosomes can
be identified simultaneously, which opened the door to better under-
standing of cancer development. In the following year, Au NPs have also
been used by Liu et al. as colorimetric substrate for exosomes and their
biomarkers assay [143]. To further improve the performance of nano-
materials based colorimetric biosensors, noble metal NPs with various
modifications have been widely applied in designing colorimetric bio-
sensors. As shown in Fig. 4a, Zhang and co-workers designed gold
nanobipyramid@MnO2 nanosheets as plasmonic nanoparticle etching
substrates for colorimetric biosensor-based exosome detection [144].
The inherent enhanced sensitivity in plasmonic sensing of gold NPs and
further modification with poly(4-styrenesulfonic acid) ensured the
favorable sensitivity and stability for exosome assay. Thus, the proposed
gold nanobipyramid@MnO2 nanosheets based colorimetric biosensor
exhibited satisfactory sensitivity down to 1.35 � 102 particles/μL for
exosomes. Moreover, this method also showed good accuracy in the
analysis of human serum samples and great potential for exosome-based
tumor diagnosis.

The aggregation of nanoparticles can induce interparticle plasmon
coupling leading to the shift of localized surface plasmon resonance
(LSPR), which can also be induced by non-aggregation of nanomaterials.
Typically, the color change of such kind of colorimetric sensor is derived
from the growth of plasmonic nanoparticles on enzymes and
Fig. 4. Nanomaterials enhanced colorimetric analysis of exosomes. (A) Schematic i
reaction and etching of Au NBP@MnO2 NSs [144]. (B) Schematic illustration of t
enzyme-catalyzed metallization of Au NRs [145]. (C) Illustration of DNA aptamer acc
exosomes [146]. (D) Schematic representation of the mechanism for label-free detect
nanorods [147].
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nanostructured templates induced by LSPR shift. In this way, the above
group continued reporting a plasmonic colorimetric assay method for
exosomes detection [145]. As illustrated in Fig. 4b, the Au@Ag nanorod
was obtained by the enzyme modulated growth of Ag NPs on Au nano-
stars. In detail, the alkaline phosphatase boosted the ascorbic acid gen-
eration to reduce the deposition of silver shells on the surface of Au
nanostars, giving rise to a LSPR blue shift. Therefore, the color changes of
solutions and absorption blue shift of Au nanostars indicated the con-
centration of exosomes, which realized sensitive exosomes detection
with detection limit as low as 9 � 103 particles/μL by naked eyes. Most
importantly, clinical samples analysis also demonstrated satisfactory
results.

3.5.2. Nanomaterials act as signal transduction of colorimetry to enhance
exosomes analysis

Since Fe3O4 NPs were used as nanozymes, more and more nano-
materials with enzyme-mimicking characteristics have been designed
and applied in colorimetric assay [148,149]. Nanozymes can be served as
enzyme mimics to be signal-transduction tools and produce distinct color
changes in catalytic reaction. Compared to conventional natural en-
zymes, nanozymes show attractive advantages of low cost, improved
stability and ease of storage, which accelerate their practical applications
in liquid biopsy [150,151]. To date, peroxidase-mimicking nano-
materials have been widely used in colorimetric sensor for exosomes
assay. Benefiting from the excellent affinity of g-C3N4 NSs to
single-stranded DNA (ssDNAs) and promising capability of DNA in
improving the peroxidase-like activity of nanozymes, Wang et al.
developed an exosome sensing platform by coupling g-C3N4 NSs with
ssDNAs [146]. They demonstrated that ssDNA adsorbed on g-C3N4 NSs
could accelerate the intrinsic peroxidase-like activity of the nanosheets
through the aromatic stacking and electrostatic interactions between
ssDNAs and substrate. As shown in Fig. 4c, CD63, the surface marker of
exosome could competitively bind with ssDNAs aptamer, which pre-
vented the improvement of peroxidase-like activity and permitted sen-
sitive colorimetric assay of exosomes. The method could recognize
llustration of the plasmonic colorimetry for exosome detection via competitive
he mechanism for multicolor visual detection of exosomes based on HCR and
elerating the intrinsic peroxidase-like activity of g-C3N4 NSs for the detection of
ion of exosomes based on CD63 aptamer inhibiting oxidase activity of CuCo2O4
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differential expression and patients of exosomal CD63, which highlighted
the great value of the ssDNA-g-C3N4 NSs in clinical diagnosis using liquid
biopsy. Similarly, Chen's group also developed a colorimetric aptasensor
for exosomes assay based on DNA-capped single-walled carbon nano-
tubes (SWCNTs) [152]. The developed aptasensor achieved a detection
of limit of 5.2 � 105 particles/μL. Recently, nanozymes based colori-
metric sensors have been used to profile exosomal proteins. Di et al. re-
ported a nanozyme-assisted immunosorbent assay based on the
installation of peroxidase-like Exo@Au nanozymes onto the phospho-
lipid membranes of exosomes enabled sensitive detection of exosomal
proteins for rapid cancer diagnosis [153]. Such progress revealed
tumor-derived exosomal proteins can serve as promising biomarkers for
cancer diagnosis in a cooperative detection mode.

Most of the peroxidase-mimicking nanomaterial-based colorimetric
assays require H2O2 as an oxidant, which might lead to a harmful impact
on exosomes, while there is no impact on the oxidase-mimicking nano-
materials involved in catalytic reaction. For example, Zhang et al.
developed a label-free method for exosome detection based on the target-
responsive controllability of oxidase-like activity of Cu/Co bimetallic
MOFs (CuCo2O4 nanorods) [147]. As shown in Fig. 4d, CuCo2O4 nano-
rods could directly catalyze the oxidation of substrates with molecular
oxygen as the electron acceptor instead of volatile H2O2, which was more
stable, simple and eco-friendly. The negatively charged CD63 aptamers
absorbed by CuCo2O4 nanorods through electrostatic interaction,
resulting in the inhibition of oxidase-like activity. In contrast, the
oxidase-like activity would restore in the presence of exosomes because
of CD63 aptamers released from the CuCo2O4 nanorods by virtue of CD63
aptamer-exosome recognition. The established colorimetric method not
only realized sensitive exosomes detection over a range of 5.6 � 104 to
8.9 � 105 particles/μL with a detection limit of 4.5 � 103 particles/μL,
but also greatly avoided the interference of nonspecific adsorption,
thereby ensured the reliability of the method.

3.6. Nanomaterials assisted surface-enhanced Raman spectroscopy probes
for exosomes analysis

Raman spectroscopy biosensors have been used for various bio-
analytical studies because of their remarkable enhanced analytical sig-
nals, including single molecule-level sensitivity and tolerance to
quenching [154,155]. However, the signal intensity of Raman scattering
is very low to be distinguished. To overcome this problem, several
nanomaterials or metal nanostructure have been employed as signal
enhancers to enhance the electric field by surface treatment. Benefiting
from the excellent detectability and specificity, nanomaterials assisted
SERS sensors have been applied to the label free detection of exosomes.
Nanomaterials used in SERS sensors mainly act as SERS substrate or
SERS-active nanotags to enhance the signal intensity.

3.6.1. Nanomaterials act as SERS substrate to enhance exosomes analysis
Label free SERS assay of exosomes is mainly based on the use of

nanosized or roughened SERS substrate to enhance the low Raman signal
of exosomes particles. Metal nanomaterials such as Ag, Au have become
the most widely used SERS substrate due to their unique optical and
electrical properties, small size, as well as large specific surface area. For
example, silver NPs were used directly by Rojalin et al. as inexpensive,
biocompatible, and label free plasmonic substrates for SERS based liquid
biopsy diagnostics [156]. Gold NPs-coated plate was used by Shin and
co-workers for SERS signals collection of exosomes derived from normal
and lung cancer cell lines [157]. Combing with deep learning algorithm,
the proposed strategy predicted the presence and progression of lung
cancer. The same group also fabricated an aggregated gold NPs substrate
to form nanogaps for SERS based correlation between protein markers
and cancerous exosomes [158]. As shown in Fig. 5a, a strong electro-
magnetic field can be formed in the nanogaps between aggregated NPs
nanoparticles. To prevent the deformation of signal through damage to
the salt formation and exosome, the SERS spectra of exosomes was
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obtained in a liquid state. In addition, the gold NPs based SERS substrate
was modified with cysteamine to induce the electrostatic adsorption of
exosomes. Thus, exosomes could be captured by the cationic amino
groups of the cysteamine. In this way, the correlation of non-small cell
lung cancer cell-derived exosomes and potential protein markers was
demonstrated.

To provide much more hot spots between closely spaced metal NPs
leading to intense SERS enhancement, various structures of SERS sub-
strate were constructed from gold NPs for exosomes assay. In 2019, a
uniform plasmonic head-flocked gold nanopillar substrate was developed
by Lee et al. for highly specific and ultrasensitive detection of exosomal
miRNAs [162]. The specific structure of the proposed SERS substrate
created multiple hotspots, resulting in the enhancement of local plas-
monic fields. Therefore, the SERS sensor highlighted extremely low
detection limit without any amplification process, multiplex sensing
capability, wide dynamic range from 1 a.m. to 100 nm, as well as sound
miRNA recovery in serum sample. What's more, exosomal miRNA
expression patterns in breast cancer subtype can be recognized by the
SERS sensor, which provided a promising tool for early cancer detection
and monitoring for cancer recurrence after treatment or resection. In
2021, Kang and co-workers developed a close-packed gold octahedra
array as a SERS sensing platform for the quantitative determination of
exosomal miRNAs [163]. Because of Au octahedron in the array was
evenly located on its triangular surface, such kind of orientation pro-
duced numerous hot spots and greatly improved the assay uniformity and
sensitivity. The SERS sensor demonstrated a broad linear range from 10
aM to 10 nM and a low detection limit of 5.3 aM without any amplifi-
cation strategy. This year, a hierarchical SERS substrate (H-SERS sub-
strate) was constructed by Li et al. for SERS based exosomes detection
[159]. As demonstrated in Fig. 5b, the hierarchical SERS substrate can
provide much more hot spots due to the uniform layer of Au NPs and
ordered pyramid array. The H-SERS sensor not only achieved sensitive
detection of exosomes with a detection limit of 15 particles/μL, but also
improved the detection rate of pancreatic cancer by combing the
LRG1-positive exosomes and GPC1-positive exosomes. All these superi-
orities indicated that the proposed H-SERS sensor is of great promise to
facilitate the early diagnosis of pancreatic cancer. Inspired by the unique
SPR properties of gold NPs assembled in triangular pyramid DNA, Zhang
and co-workers prepared a similar structure and served as a novel Raman
probe for the determination of exosomes [164]. Due to strong electro-
magnetic hot spots appeared at the junctions between AuNPs, significant
enhancement of the SERS signals could be achieved. Under optimal
conditions, sensitive and selective detection of exosomes could be real-
ized with 1.1 � 102 particles/μL. Meanwhile, exosome extracted from
breast cancer patients and healthy individuals also could be distin-
guished by the strategy.

The construction of composites based on metal NPs is also an effective
strategy to improve the Raman detection signal. For example, Fraire and
co-workers developed Au@Ag NPs as SERS substrate for label-free
detection of individual exosome [165]. Compared with previous strate-
gies, the core-shell plasmonic Au@Ag NPs as SERS substrate showed
higher near-field enhancements, thereby resulting in the signal-to-noise
ratio of the SERS spectra improved obviously. Individual vesicles
derived from B16F10 melanoma cells and red blood cells could be suc-
cessfully discriminated with an unprecedented sensitivity and specificity.
Moreover, the Au@Ag NPs based SERS sensor also reduced the acquisi-
tion time because of the higher near field enhancement, which provided
a label free platform for high-throughput identification of single exo-
somes. Yan and co-workers designed a plasmonic hybrid SERS substrate
made of graphene overlaid on engineered periodic Au-pyramid nano-
structure for label-free identification of exosomes [166]. Benefiting from
the synergistic interaction of electromagnetic enhancement mechanism
though plasmonic Au-pyramid nanostructure and chemical enhancement
mechanism through the hybrid, obvious enhancement of SERS signal
could be enhanced by several orders of magnitudes. The established SERS
sensor realized the assay of single exosomes from different source.



Fig. 5. Nanomaterials enhanced Raman analysis of exosomes. (A) Detection of unique lung cancer cell-derived exosomes and comparison to the profiles of their
potential surface protein markers [158]. (B) The synthesis process of the H-SERS substrate and illustration of the construction of exosome capture system, the
fabrication of SERS detection probes, and the SERS detection of exosomes [159]. (C) Detection process and design inspiration of the Au-coated TiO2 MIO SERS probe
[160]. (D) The principle of the SERS-based simultaneous multiple detection method of exosomes [161].
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Similarly, Ray's group also developed a mixed-dimensional hetero-
structure SERS platform by using 2D graphene oxide and 0D plasmonic
gold nanostar for exosomes detection [167]. Through light-matter and
matter-matter interactions, 4 orders of magnitude of Raman signal
enhancement was achieved. The proposed mixed-dimensional hetero-
structure SERS sensor realized trace level identification of exosomes with
a detection limit of 3.8 � 102 exosomes/mL for TNBC-derived exosomes
and 4.4 � 102 exosomes/mL for HER2(þ) breast cancer-derived exo-
somes. Moreover, this sensor also showed great potential in the identi-
fication of cancer biomarkers. Inspired by the concept of beehives,
Au-coated TiO2 macroporous inverse opal (MIO) structure was
designed by Dong et al. and used as SERS substrate for label free assay of
exosomes (Fig. 5c) [160]. Taking advantage of the prominent “slow light
effect”, the Raman signals of exosomes enhanced significantly. Different
from the current liquid biopsy techniques, the MID based SERS sensor for
exosomes assay was noninvasive and time-saving, which made the vitro
cancer monitoring and diagnostics as simple as the common diseases.

3.6.2. Nanomaterials act as SERS-active nanotags to enhance exosomes
analysis

Owing to the unique LSPR characteristic, Ag and Au NPs have been
used as SERS-active nanotags to increase the weak signal of the common
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dyes in exosomes assay. For example, SERS-active exosome was devel-
oped by Chen et al. and used for the monitoring of intracellular traf-
ficking processes of exosomes [168]. The SERS-active exosome was
prepared by modifying Au nanoparticles with Raman reporter groups,
and then conjugated to an exosome. Herein, Au NPs acted as SERS-active
generators, while exosome was used as a vehicle for loading and delivery
of Au NPs into cells. By monitoring the SERS signals of exosomes, the
potential pathways involved in the internalization of exosomes were
investigated. Gold nanorods coated with QSY21 Raman reporters were
proposed by Kwizera and co-workers for SERS based molecular detection
and analysis of exosomes [169]. The SERS effects were facilitated by the
high electromagnetic fields at the ends of gold nanorods. HER2 and
EpCAM biomarkers on exosomes in plasma from HER2-positive breast
cancer patients were identified by the developed SERS-active nanotags.
To improve the specificity of exosomes, some antibody or aptamer
modified SERS-active nanotags have been reported for the detection of
exosomes through the formation of aptamer-exosomes-antibody sand-
wich-type immunocomplexes. Wang and co-workers developed a
microfluidic Raman biochip for exosomes analysis based on
EpCAM-functionalized Raman-active polymeric nanomaterials [170].
The biochip showed rapid analysis of exosome samples within 1 h and
low detection limit with 1.6 � 102 particles/mL with 20 μL exosomes
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samples. Gold NPs decorated with a Raman reporter and specific aptamer
were designed by Wang et al. for the screening and multiple detection of
tumor-derived exosome [161]. Three kinds of SERS probes were syn-
thesized by using different types of SERS reporters and aptamers for
simultaneous multiple detection. As demonstrated in Fig. 5d, only spe-
cific SERS probes could recognize the target exosomes and formed a
sandwich-type apta-immunocomplex the magnetic substrates when one
kind of target exosome was added to the mixture of SERS probes and
capturing substrates. And then the SERS signals of supernatant could be
detected once the complexes were precipitated by a magnet. With the
addition of exosomes, the signal intensity of the SERS probe become
weaker, while the signals intensity of other non-specific SERS probes kept
the same. Thus, SERS signal with a decreased intensity indicated the
existence of the target exosome. Similarly, gold nanoparticles function-
alized with Raman reporters and detection antibodies based SERS
nanotag was developed by Wang et al. for sensitive direct detection of
serum exosomes [171]. Unique Raman signals corresponding to the
molecular structures of Raman reporters could be generated form the
SERS nanotags under laser excitation. Not only the expression profiles of
protein biomarkers were multiplexed, the developed SERS sensor also
showed significantly higher signal intensities of protein biomarkers. The
hot spots generated in the metal NPs-metal NPs junctions because of the
plasmon coupling effect could improve the Raman signal intensity. In
view of this, Pang et al. developed anti-PD-L1 antibody modified
Au@Ag@MBA SERS tags for label free quantification of exosomal PD-L1
[52]. Coupling with Fe3O4@TiO2 isolation, the strategy realized accurate
and rapid quantification of exosomal PD-L1 by using only 4 μL clinic
serum sample and within 40 min. Meanwhile, the exosomal PD-L1 levels
from different clinical samples could be discriminated clearly based on
the SERS signal analysis. In the same year, Ning and co-workers also
developed gold-silver-silver core-shell-shell nanotrepangs (GSSNTs)
based SERS-active nanotags and achieved multiple and sensitive SERS
detection of cancer-derived exosomes [172].
Fig. 6. Nanomaterials assisted SPR analysis of exosomes. (A) Working principle of pla
exosomes via different recognition sites [177]. (B) Schematic illustration of TiN
GMs-derived exosomes. Nanomaterials assisted mass spectrometry analysis of exosom
LDI MS based metabolic analysis [184]. (D) Synthesis and application of MoS2/Au-N
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3.7. Nanomaterials assisted surface plasmon resonance probes for
exosomes analysis

Surface plasmon resonance (SPR) is a label-free, real-time analysis
technique that can detect molecular interactions on the surface of a gold
layer by monitoring the changes in its refractive index [173,174]. SPR is
extremely sensitive to the biological binding events occurring within 200
nm (wave depth) of the gold layer. Such distance closely matches the
dimension of exosomes [175]. Therefore, SPR-based biosensors are
perfectly suited for the study of exosomes. Recently, a various of label
free SPR sensors for exosomes assay have been reported.

Gold NPs are the commonly used signal amplification probe in SPR
biosensors. Wang et al. reported a SPR aptasensor for direct quantifica-
tion of cancerous exosomes with dual Au NP-assisted signal amplification
[176]. Exosomes were captured by the aptamers functionalized Au chip,
and then labeled by aptamer/T30 linked Au NPs on the Au film. Owing to
the electronic coupling between Au film and Au NPs, detection of exo-
somes in low concentration could be achieved. Fan et al. developed an
antibody-modified SPR chip for highly sensitive detection of non-small
cell lung cancer derived exosomes [177]. As shown in Fig. 6a,
antibody-functionalized Au NPs are injected into the flow chamber of
chip to form sandwich structures of antibodies/exosome/Au NPs hybrid,
resulting in amplification of SPR signal. The detection limit of the
SPR-based biosensing is 104 particles/μL. For increasing the specificity,
Mao and co-workers proposed a simple and ultra-sensitive SPR platform
for the detection of PD-L1 exosomes based on graphene modified gold
chip using multifunctional peptide as recognition supermolecule [178].
Not only sensitive detection of PD-L1 exosomes without prior labelling
could be achieved based on the direct SPR assay, but also the exosomes
could be quantified accurately. Apart from aforementioned SPR bio-
sensors, nanoplasmonic biosensors that employ nanoscale topographies
are a new category of SPR based biosensors. Liu and co-workers devel-
oped an intensity-modulated, compacted SPR biosensor by using con-
ventional SPR sensing mechanism and did not require fabrication of any
smonic AuNPs-enhanced SPRi biosensor for multiplex analysis of NSCLC-derived
functionalized by biotinylated anti-CD63 antibody for the detection of U251
es [183]. (C) Scheme of preparation and application of the plasmonic chip for
P�L-cysteine in exosomal glycopeptide enrichment [185].
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nanostructures [179]. With lung cancer as the disease model, the
compact SPR biosensor demonstrated much higher sensitivity than
traditional ELISA approach.

As an excellent alternative plasmonic supporting material compared
to silver and gold NPs, titanium nitride (TiN) showed tunable plasmonic
properties in visible and near-infrared spectra [180,181]. Moreover, TiN
is a nanomaterial with excellent biocompatibility and chemical stability
[182]. Benefiting from the unique features of TiN, Qiu and co-workers
developed a biotinylated antibody-functionalized TiN (BAF-TiN) based
SPR biosensor for label free detection of glioma-derived exosomes [183].
As illustrated in Fig. 6b, the biotinylated anti-EGFRvIII antibody was
immobilized on the TiN surface through high affinity biotin-TiN inter-
action. The obtained substrate could be used as a reporter in the SPR
biosensor to ensure the excellent sensitivity and selectivity toward
GMs-derived exosomes. Compared with traditional gold NPs based SPR
biosensors, the developed BAF-TiN biosensor exhibited satisfied sensi-
tivity and selectivity in the detection of glioma-derived exosomes. The
detection limit for epidermal growth factor receptor variant-III and CD63
were 2.75 � 10�3 μg/mL and 4.29 � 10�3 μg/mL, respectively. The
BAF-TiN biosensor showed great potential in the detection of cancer
biomarkers and monitoring the progression of malignant glioma.

3.8. Nanomaterials assisted mass spectrometry assay of exosomes

Matrix-assisted laser desorption/ionization mass spectrometry (LDI-
MS) has shown great potential in large-scale clinical use due to its fast
detection speed, low sample consumption, mass measurement for mo-
lecular identification, and high sensitivity with low costs. Notably, the
performance of LDI-MS is normally determined by the property of matrix.
To improve the detection ability of LDI-MS and overcome the short-
comings of traditional matrix, a few nanomaterials with excellent light
absorption and energy transfer properties have been developed as matrix
of LDI-MS for exosomes assay. For example, Sun and co-workers devel-
oped a plasmonic gold chips as a new matrix for direct LDI-MS detection
of small metabolites in exosomes. As shown in Fig. 6c, the gold chips
were prepared from gold nanoshells on the surface through a three-step
process including controlled particle synthesis, dip-coating, and gold
sputtering for mass production. Benefiting from the specific nanogaps
and nanocrevices of gold shells on-chip, the small metabolite molecules
could be trapped selectively and transfer the laser energy, thereby sen-
sitive, selective, and multiplex metabolic quantification was achieved by
LDI MS using 500 nL of exosomes. Moreover, in vitro metabolic diagnosis
of lung cancer patients using exosomes was demonstrated by the devel-
oped strategy for the first time [184]. Similarly, titania was used by Chen
et al. as the matrix of LDI-MS for urinary exosome metabolic analysis
[186]. Due to the excellent electron transferability, the mix-crystal titania
highlighted superior sensitivity, selectivity and reproducibility for
metabolic patterns of exosomes. The titania-assisted intact exosome mass
spectrometry assay revealed the clinical value of exosome metabolic
analysis, and provided a strategy for exosome-based diagnosis at
metabolomic level toward large-scale clinical use.

In light of the significance of exosomes in cancer diagnosis and
treatment, it is important to understand the components and functions of
exosomes. Growing evidence has shown that the components and func-
tions of exosomes are highly related to their carried proteins. Therefore,
comprehensive characterization of exosomal proteins will facilitate the
understanding of their functions and identification of more exosome-
based disease markers. As a powerful tool for proteome analysis, mass
spectrometry has been widely in most of biological samples, such as cell,
exosomes [187,188]. To improve the mass spectrometry identification
efficiency of low-abundant proteins, some nanomaterials have been used
as extractors or nanoreactors for exosomal proteins characterization. For
example, Zhang's group designed a novel MoS2/Au-NP-L-cysteine nano-
composite for exosomal glycopeptide enrichment [185]. As shown in
Fig. 6d, MoS2 nanosheets with large surface area were used as zwitter-
ionic hydrophilic interaction liquid chromatography (ZIC-HILIC)
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materials for immobilizing hydrophilic L-cysteine with low steric hin-
drance between the materials and glycopeptides. When the
MoS2/Au-NP-L-cysteine nanocomposites were applied for the analysis of
complex samples, 775 glycoproteins were identified from 50 μg of pro-
teins extracted from HeLa cell exosomes. Another effective way to
improve the low-abundant protein identification is to enhance the effi-
ciency of protein enzymolysis. In view of this, a versatile periodic mes-
oporous organosilica (PMO) nanomaterials was used by Fang et al. for the
analysis of exosomal membrane proteins [189]. Benefiting from the
amphiphilic porous structure of PMO, the lysed exosomal membrane
proteins were enriched by PMO directly through hydrobic-hydrobic
interaction, besides an extractor for exosomal proteins, the inherent
pores of PMO could be served as a nanoreactor for in situ proteolytic
digestion of the exosomal proteins. As a result, highly efficient identifi-
cation of exosomal membrane proteins was achieved. Such progress
provided a valuable tool for the study of exosomes markers and their
functions, thereby resulting in the development of exosomes in liquid
biopsy.

4. Conclusion and outlook

Exosomes are rapidly emerging as a new paradigm of liquid biopsy,
efficient isolation and sensitive analysis of exosomes are crucial for
promoting their application in clinical settings. Benefiting from the
variable chemical compositions and morphologis, as well as excellent
physicochemical characteristics, nanomaterials have been widely used in
exosomes research in recent years. Nanomaterials used in exosomes
provides a facile, low cost, but highly efficient and sensitive approach for
exosomes isolation and analysis, which is of great value to facilitate the
downstream analysis of exosomes in liquid biopsy. Despite significant
progress have been made in nanomaterials assisted exosome isolation
and analysis, there are still some challenges to be addressed which will
hinder their clinical application in liquid biopsy due to the nature of
exosomes. Therefore, there is still much room for the development of
nanomaterial assisted exosomes isolation and analysis to realize the
vision of exosomes based clinical diagnosis and therapeutic values in
liquid biopsy.

One interesting direction for novel nanomaterials application in
exosomes deserving more future research efforts is integrating specific
isolation and downstream molecular analysis of exosomes into one
platform. As the multifunctional design in nanomaterials assisted assays,
such nanomaterial permit exosomes isolation and analysis in one nano-
device, requiring no additional assay platforms. With proper design, the
specificity and efficiency of exosomes capture can be greatly increased
and the interference particles, such as microvesicle, proteins be
dramatically reduced, enabling quick and sensitive detection of exo-
somes. Another attractive feature of such designs, the cost and detection
time can be can be greatly decreased, thereby facilitates the simultaneous
detection of a great deal of clinical samples. Such progress will provide a
significant tool for the research of exosomes with important biological
significance and produce revolutionary development of exosomes based
clinical diagnosis and treatment of tumors. Ensuring accurate and reli-
able exosomes assay is another difficulty in nanomaterials assisted exo-
somes isolation and analysis. Due to the interdisciplinary characteristics
of nanomaterials coupled with different testing instruments, inconsistent
results of exosomes detection from different research group or operation
protocols are very common. One promising approach to solve these
problems is develop a feasible and practical standardization procedure,
including biological samples collection, exosomes isolation from biopsy
and analysis operation.
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