
Advanced Healthcare Materials

www.advhealthmat.de

REVIEW

How is Nanoarchitectonics Shaping Extracellular Vesicle
Research?
Madushani Dahanayake1 Md Shahriar A. Hossain1,2 Chia-Hung Liu3,4 Carlos Salomon5,6
Yusuke Yamauchi1,6,7 Mostafa Kamal Masud1

1Australian Institute of Bioengineering and Nanotechnology, The University of Queensland, Brisbane, Queensland, Australia 2School of Mechanical and
Mining Engineering, Faculty of Engineering, Architecture and Information Technology (EAIT), The University of Queensland, Brisbane, Queensland,
Australia 3TMU Research Center of Urology and Kidney and Department of Urology, School of Medicine, College of Medicine, Taipei Medical University,
Taipei, Taiwan 4Department of Urology, Shuang Ho Hospital, Taipei Medical University, New Taipei City, Taiwan 5Translational Extracellular Vesicles in
Obstetrics and Gynae-Oncology Group, Frazer Institute, Faculty of Health, Medicine and Behavioural Sciences, The University of Queensland, Herston,
Queensland, Australia 6UQ Centre for Extracellular Vesicle Nanomedicine, The University of Queensland, Brisbane, Queensland, Australia 7Department of
Materials Process Engineering, Graduate School of Engineering, Nagoya University, Nagoya, Aichi, Japan

Correspondence: Yusuke Yamauchi (y.yamauchi@uq.edu.au) Mostafa Kamal Masud (m.masud@uq.edu.au)

Received: 17 July 2026 Revised: 17 July 2026 Accepted: 10 August 2026

Keywords: EV-based diagnostics | EV engineering | extracellular vesicles | nanoarchitectonics | precision nanomedicine

ABSTRACT
Extracellular vesicles (EVs) have gained recognition as crucial mediators of cell-to-cell communication, holding immense
potential in diverse biomedical applications. Nanoarchitectonics, a multidisciplinary approach encompassing nanotechnology
and biomedicine, offers novel strategies for manipulating EVs at the nanoscale. This review explores the transformative influence
of nanoarchitectonics on EVs research, focusing on the current progress in integrating various nanostructures to engineer EVs for
enhanced therapeutic and diagnostic capabilities. The application of nanoarchitectonics has led to the fabrication of specialized
nanostructures, such as plasmonic, fluorescent, magnetic, carbon-based, and organic-framework-based nanostructures designed
explicitly for EVs research. This approach enables the engineering of EVs with improved targeting specificity, cargo loading
efficiency, and therapeutic efficacy, thus advancing their potential in precision medicine. The review addresses the opportunities
and challenges associated with the convergence of nanoarchitectonics and EVs research, underscoring the necessity for further
optimization, rigorous safety assessments, and interdisciplinary collaboration. Finally, the review concludes by discussing the
strengths and limitations of the nanoarchitectonics–EVs interface in nanomedicine and therapeutics, providing a strategic
roadmap for future advancements in this rapidly evolving field.

1

E
a
t
a
l
p

T
o
©

A
h

Introduction

xtracellular vesicles (EVs) have emerged as fundamental medi-
tors of intercellular communication due to their ability to
ransport bioactivemolecules such as proteins, lipids, and nucleic
cids, including miRNAs, between cells [1, 2]. These nanoscale,
ipid bilayer-enclosed structures (approximately 40–1000 nm)
articipate in a wide range of physiological and pathological
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processes, positioning them as key targets in diagnostics, thera-
peutics, and drug delivery research [3]. EVs represent a hetero-
geneous population of vesicles, broadly classified into exosomes,
microvesicles, microparticles, apoptotic bodies, and oncosomes,
which differ in their biogenesis, size, and molecular composition
[3, 4]. Exosomes arise from the endosomal pathway via mul-
tivesicular bodies (MVBs), which release intraluminal vesicles
upon fusion with the plasma membrane [5, 6]. MVBs encapsu-
se, which permits use, distribution and reproduction in any medium, provided the
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ate cytoplasmic material and cell-surface proteins, helping to
ediate signal transduction and modulation of the extracellular
nvironment. These vesicles are key players in inflammatory
esponses and pathological processes, including cancer and car-
iovascular diseases. Fusion ofMVBswith the plasmamembrane
eleases intraluminal vesicles into the extracellular space, thereby
enerating exosomes [7]. In contrast, microvesicles and related
ubtypes originate from direct outward budding of the plasma
embrane, often reflecting cellular activation or pathological
tress [8]. Microparticles are released by a variety of cells in
esponse to stress, activation, or injury and are involved in
ell signaling, inflammation, and coagulation. They carry sur-
ace markers and bioactive molecules from their parent cells,
nfluencing processes such as immune response and thrombosis
9]. Apoptotic bodies serve primarily to package and dispose of
ellular debris, whereas their clearance by phagocytes prevents
nflammation and contributes to immune tolerance and tissue
omeostasis [10]. Oncosomes are shed specifically by cancer cells,
specially those undergoing oncogenic transformation, as they
arry oncogenic proteins, mutated DNA, and signalingmolecules
hat promote tumor growth, invasion, andmetastasis. Oncosomes
lay a role in modifying the tumor microenvironment and have
he capacity to serve as biomarkers for cancer progression [11].
mong all EV subtypes, exosomes have garnered considerable
ttention owing to their unique biogenesis, selectively incorpo-
ating cytosolic and membrane components. These nanoscale
esicles are capable of interactingwith adjacent cells or relocating
o distant targets, facilitating communication and modulating
arious physiological processes. Upon reaching their destination,
xosomes deliver a cargo of miRNAs, mRNAs, proteins, and
ipids, inducing significant changes in the behavior and function
f recipient cells [3, 12]. The growing interest in EVs, particularly
heir miRNA profiles, has highlighted their potential as both
iomarkers and therapeutic targets [13]. Researchers are actively
xploringmethods to engineer EVs for enhanced loading of cargo
nd targeted delivery of therapeutic agents and imaging tracers
14]. Recent investigations have shown that EVs play a critical
ole in maintaining neural plasticity, neurovascular integrity, and
rain homeostasis, while also contributing to the progression
f neurological disorders such as stroke and neurodegenerative
iseases [15]. These findings underscore the immense diagnostic
nd therapeutic potential [16].

espite explosive growth in EV research, translation into clin-
cally robust technologies remains severely constrained. Major
ottlenecks persist in scalable production, purification fidelity,
olecular heterogeneity, unstable circulation behavior, ineffi-
ient cargo loading, and poor control over targeting specificity.
n parallel, the extreme nanoscale dimensions and low analyte
bundance of EVs continue to challenge conventional analytical
latforms such as ELISA, PCR, Western blotting, and flow
ytometry, limiting their sensitivity, reproducibility, and clinical
calability [17, 18]. Although emerging nanotechnology-based
ools have partially improved detection capability, a funda-
entally new design paradigm is required to move beyond
ncremental progress. Nanoarchitectonics has emerged as such
paradigm-shifting framework, fundamentally redefining how
V systems are conceptualized, engineered, and applied. By
ntegrating nanotechnology with chemistry, materials science,
nd biological self-organization principles, nanoarchitectonics
nables the construction of functional systems through con-
of 36
trolled hierarchical assembly, molecular precision, and emergent
nanoscale interactions [19, 20]. Crucially, this approach shifts EVs
research from passive observation to active structural engineer-
ing, where biological function is no longer merely interpreted
but rationally designed through nanoscale architecture. Within
this framework, EVs are no longer treated as static biological
carriers but as programmable nanostructures whose behavior
is governed by membrane organization, molecular composition,
andmechanical properties. EVmembrane stiffness, elasticity, and
curvature have emerged as decisive nanoarchitectural parameters
that dictate circulation stability, barrier penetration, cellular
uptake, intracellular trafficking, and cargo release [21]. These
mechanical and structural determinants open a new dimension
of EV engineering, enabling functional reprogramming through
lipid remodeling, membrane reorganization, and nanomate-
rial integration. This represents a conceptual shift from bio-
chemical modulation to mechanics-driven control of biological
function.

More importantly, nanoarchitectonics enables the creation of
next-generation hybrid EVs-nanomaterial systems that merge
biological intelligence with synthetic functionality [22, 23]. In
these architectures, EVs provide intrinsic biocompatibility and
targeting capability, while engineered nanomaterials introduce
optical, magnetic, and catalytic functionalities, collectively driv-
ing a paradigm shift in drug delivery and therapeutics through
nanoarchitectonics-enabled systems with unprecedented poten-
tial for precision medicine and personalized treatments [24, 25].
For example, hybrid EV-nanomaterial systems can be engineered
to combine the intrinsic targeting and biocompatibility of EVs
with the enhanced stability and functional properties of nanopar-
ticles (NPs). This synergy improves therapeutic efficacy while
reducing off-target effects. In cancer therapy, EVs loaded with
chemotherapeutic agents and functionalized with gold nanopar-
ticles (AuNPs) enable combined chemo-photothermal treatment,
where near-infrared (NIR) irradiation triggers localized hyper-
thermia to potentiate drug cytotoxicitywithin the tumormicroen-
vironment [26]. In neurological applications such as Alzheimer’s
disease, nanoarchitectonics-enabled EV systems integrated with
magnetic nanoparticles (MNPs) show enhanced blood–brain
barrier (BBB) penetration and enable targeted delivery to the
brain. The incorporation of MNPs further allows non-invasive
magnetic resonance imaging (MRI) tracking, enabling real-
time monitoring of biodistribution and therapeutic progression
[27]. Beyond delivery, meso- and nanoporous nanostructures,
particularly magnetic materials, are increasingly used for EV
isolation and analysis due to their high capture efficiency and
facile magnetic separation [6, 28].

Despite these advances, a unified understanding of how nanoar-
chitectonics systematically governs EV production, engineering,
and function remains incomplete. Addressing this gap is essential
for translating EV-based technologies into reliable clinical plat-
forms. Therefore, this review discusses how nanoarchitectonics
is shaping EV research across multiple dimensions, including
EV biogenesis, isolation, detection, engineering, and therapeutic
applications (Figure 1). By linking nanoscale design principles
with EV function, we highlight how nanoarchitectonics trans-
forms EV research from a biologically descriptive field into a
rational, design-driven discipline, with significant implications
for precision medicine.
Advanced Healthcare Materials, 2026



FIGURE 1 Nanoarchitectonics is reshaping extracellular vesicle research from biological discovery to precision nanomedicine. Exosome
biogenesis governs EV formation, cargo composition, and functional diversity. Rationally engineered nanoarchitectures provide advanced tools for EV
capture, analysis, modulation, and translation. By integrating nanoscale design with EV biology, nanoarchitectonics enables next-generation platforms
for diagnostics, therapeutics, and personalized medicine.
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Extracellular Vesicles

he role of EVs was initially uncertain, whether they served as
mechanism for regular cells to remove unnecessary material
nd maintain tissue balance or as a tool used by cancer cells
o drive tumor growth and metastasis [29]. However, current
nderstanding has evolved, recognizing the diverse and crucial
oles that EVs play in intercellular communication. These vesicles
acilitate communication by either transferring their internal
argo to recipient cells upon uptake or through interactions
etween surface proteins on the EVs and cellular receptors. This
ommunication is essential formaintaining normal physiological
unctions [30]. EVs are particularly notable for their ability to
arry bioactive molecules, mainly proteins, lipids, DNA, and
NA, especially miRNAs, positioning them as valuable biomark-
rs and therapeutic targets [31, 32]. Their biocompatibility, ability
o cross biological barriers, and intrinsic targeting capacities
ake them ideal candidates as disease biomarkers and drug deliv-
ry vehicles. EVs occur in several types categorized by their origin
nd methods of formation. Three major modes of biogenesis
re identified, namely apoptotic EVs, ectosomes, and exosomes.
s EV composition depends strongly on their cell of origin and
hysiological state, their functions varywidely and can be broadly
ivided into disease-associated and therapeutic roles (Table 1).
n addition, given the variety of EV types and uncertainties
egarding their biogenesis, the Minimal Information for Studies
f Extracellular Vesicles (MISEV) has categorized EVs practically
s either ‘large EVs’ (size > 200 nm) or ‘small EVs’ (size <

00 nm) [33]. Among these, exosomes are the most extensively
dvanced Healthcare Materials, 2026
studied, primarily because of their unique biogenesis. They
are formed within multivesicular endosomes (MVEs) through
an inward-budding process at the late endosomal membrane,
creating intraluminal vesicles (ILVs) [34, 35]. These ILVs are
ultimately released as exosomes (30–150 nm) upon fusion of
MVEs with the plasma membrane. The process incorporates the
Endosomal Sorting Complex Required for Transport (ESCRT)
machinery, which sorts proteins into ILVs. While traditionally
associated with exosome biogenesis, several proteins involved in
this process, such as TSG101 and ALIX, also play roles in outward
budding from the plasma membrane [31, 32]. Additionally, small
EVs containing tetraspanins (TSPANs) like CD63, CD81, and CD9
were initially considered exosomemarkers, but they can originate
directly from the plasma membrane, categorized as ectosomes
or microvesicles [36, 37]. The RAB class of small G proteins,
notably RAB7, RAB11, as well as RAB35, regulates secretion and
trafficking of exosomes, whereas RAB27A and RAB27B facilitate
the release of ILVs as exosomes. Membrane contact sites between
of endoplasmic reticulum (ER) and endosomes, facilitated by
RAB7, are implicated in exosome biogenesis [38]. Additionally,
some RAB proteins like RAB13 and RAB31 are involved in the
release of specific groups of EVs or in alternative pathways of
exosome biogenesis [39].

Ectosomes, generated via outward budding process of plasma
membrane, were initially thought to be large EVs but can also
exist as small EVs (<200 nm) [30]. They encompass various
subtypes, including classical microvesicles and small ectosomes.
Microvesicles are characterized byAnnexin A1 andA2 expression
3 of 36
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and can range from 150 nm to 1000 nm, while small ectosomes
like ARMMs and synaptic ectosomes have distinct protein mark-
ers and functions [40]. The biogenesis of microvesicles involves
rearrangement of the actin cytoskeleton, regulated by ARF6, and
can vary in size and cargo depending on the cellular context
[41]. Apoptotic EVs, released during apoptosis, include apoptotic
bodies and vesicles, distinguished by their size and molecular
cargo. Apoptotic bodies are larger (1–5 µm) and contain histones,
DNA, and cellular organelles, while apoptotic vesicles are smaller
(100–1000 nm) and express PS on their outer leaflet [42, 43]. Other
types of EVs, such as migrasomes, exophers, and autophagy-
related EVs, have been identified, each with specific biogenesis
pathways and functions (Figure 2) [24]. Owing to their excep-
tional attributes, EVs are emerging as a class of analytes for liquid
biopsy for diagnostics, prognosis, and treatment monitoring of
various diseases, especially cancer. EVs are constantly discharged
into the extracellular environment by almost all cell types, with
exosomes originating from endosomes, whereas microvesicles
from the plasma membrane. These tiny particles carry genetic
material and a range of proteins, such as tetraspanins, receptors,
and adhesion molecules, reflecting the molecular features of
their parental cells [44]. EVs derived from tumor cells have the
ability to promote carcinogenesis and progression via regulating
angiogenesis, immunology, and metastasis, as well as transfer-
ring oncogenic substances through intercellular communication.
Tumor-derived EVs circulate in blood and other biofluids, provid-
ing a robust reservoir of biomarkers for noninvasive liquid biopsy
inmedicine [29]. A summary of the functional roles of therapeutic
and disease-associated EVs is provided in Table 2.

3 Roles of Nanoarchitectonics on EVs Research

EVs have emerged as biologically significant carriers ofmolecular
information, with their diverse biogenesis pathways and cargo
profiles making them promising targets for cancer diagnostics
and therapeutics. However, their small size, structural fragility,
heterogeneity, and low abundance in biological fluids present
major challenges for efficient isolation, characterization, and
clinical application. Nanoarchitectonics provides a powerful
design framework to address these limitations by integrating
nanoscale building blocks into functional architectures that can
interact with EVs in a precise and controllable manner. The
fundamental design principles of nanoarchitectonics in EVs
research involve tailoring nanomaterials according to the unique
physicochemical characteristics of EVs, including their nanoscale
dimensions, lipid bilayer structure, surface proteins, and molec-
ular cargo. By controlling material composition, morphology,
surface chemistry, and hierarchical organization, nanoarchi-
tected systems can be engineered to selectively capture, enrich,
detect, track, or modify EVs. High surface-area nanomateri-
als with tunable surface functionalities enable enhanced EVs
binding and biomarker recognition, while biomimetic interfaces
facilitate membrane interactions, cargo loading, and targeted
delivery. Such rational material design allows seamless integra-
tion of nanostructures into EVs-based diagnostic and therapeutic
platforms.

Recent developments have demonstrated the successful inte-
gration of nanomaterials with EVs to create hybrid systems
that exhibit enhanced therapeutic and diagnostic performance
Advanced Healthcare Materials, 2026
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FIGURE 2 Ectosomes (30 nm–10 µm) form through outward budding of the plasma membrane and include microvesicles, large oncosomes
(malignant cells), small ectosomes, and ARMMs. Apoptotic bodies/vesicles (range from 100 nm to 5 µm) are released during apoptosis. Intraluminal
vesicles (ILVs) form via inward budding of late endosome membranes, creating multivesicular endosomes (MVEs), which release ILVs as exosomes
(30–120 nm) or fuse with autophagosomes. Migrasomes (500 nm–3 µm) are released from migrating cell retraction fibers. Exophers (3.5–4 µm) consist
of damaged mitochondria and protein aggregates, released under stress. Exomeres and supermeres (20–50 nm) are non-membranous extracellular
nanoparticles, biogenesis unknown, found in circulation from normal and cancer cells. Reproduced with permission from Ref. [29]. Copyright 2023,
Elsevier.
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ompared with either component alone [19]. Nanostructures can
e engineered to impart specific functionalities, including pho-
othermal therapy, magnetic hyperthermia, molecular imaging,
nd targeted drug delivery, thereby expanding the theranostic
apabilities of EVs-based platforms [59–61]. Conversely, EVs pro-
ide a biologically compatible carrier that protects nanostructures
rom immune clearance and facilitates transport across biological
arriers, including the blood–brain barrier. In addition, EVs offer
versatile bioengineering platform for gene delivery and func-
ional modification. For example, electroporation can transiently
ermeabilize the EV membrane, enabling efficient loading of
anomaterials and therapeutic cargo. Advances in nanotechnol-
gy, particularly inmicrofluidics andnanoscale engineering, have
urther improved EVs synthesis, isolation, characterization, and
etection, addressing key challenges related to scalability, sample
olume, and analytical sensitivity [62–65]. These advancements
old transformative potential for EVs-based diagnostics and
heranostic applications, supporting future precision-medicine
pplications.

.1 EVs Production

he initial step in employing EVs as therapeutic vehicles for
iverse diseases involves isolating/collecting EVs from culture
edia or biofluids. However, several challenges hinder EV
reparation from meeting clinical requirements [66]. Firstly,
calable EVs production is necessary to yield higher quantities
or targeted delivery. Secondly, both unmodified and modified
Vs must adhere to high-quality standards with standardized
of 36
protocols for practical applications. Over the past decade, various
approaches have been developed by scientists to enhance EVs
biogenesis and discharge from cultured cells by incorporating
genetic-engineering, stress-induction, chemical regulation, or
physical methods. Genetic-engineering methods, which employ
engineered genetic tools targeting multiple regulation pathways,
have shown the potential to increase EVs yield significantly
[67]. However, the complexity and expense of modulating donor
cells, coupled with the risk of unexpected mutations, pose
challenges. Stress-inducing conditions (e.g., hypoxia, acidic pH
levels, and starvation) and chemical regulators (e.g., mephenesin
and norepinephrine) offer convenient methods for large-scale
stimulation of donor cells but typically induce only modest
increases in EVs release (1.4–5.7-fold) [68, 69]. Conversely, certain
biological functions such as regeneration and anti-inflammatory
responses can be enhanced through exposure to stressors or
specific compounds. Similarly, physical methods such as electric
fields, ultrasound, mechanical forces, or ionizing radiation can
moderately increase EVs release (<10-fold) but require costly
instrumentation and may compromise cell integrity [70, 71].

Nanostructures have recently been explored to accelerate EV
manufacturing without compromising donor-cell integrity. The
structural, mechanical, and chemical characteristics of nanos-
tructures can actively modulate signaling pathways in these
cells and induce EV secretion [19]. For instance, nanostruc-
tures can influence EV production, as they have the ability to
modulate the intracellular vesicular system. Upon entry into
mesenchymal stem cells, a positively charged nanoparticle is
transported to lysosomes, initiating the secretion of EVs by
Advanced Healthcare Materials, 2026
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timulating autophagy-related dynamics [72]. A study by Shyong
t al. confirmed that upon the release of Ca2+ into cytosol,
alcium phosphate (CaP) particles could significantly increase
xosome secretion by more than two-fold. Furthermore, the
urface topography of nanostructures can also influence EV
iogenesis and generate bioactive signals [73]. For example, a
icro-/nano-textured hierarchical topography has been shown
o promote exosomal secretion by upregulating the expression
f SMPD3 and RAB27B [74]. These findings underscore the
otential of nanostructures in facilitating efficient EV produc-
ion, particularly for drug delivery applications. The advantages
f incorporating nanostructures include ensuring safety with
nsignificant changes in cell integrity, while also potentially
nhancing the presence of desired bioactive molecules within
Vs.Moreover, the combination of nanomaterials with bioreactor
ystems offers a convenient pathway for large-scale EV manufac-
uring. Nevertheless, this strategy faces challenges such as limited
nhancement of EV release. Consequently, there is a continued
eed to develop nanomaterials with efficient stimulating effects
hile elucidating the underlying mechanisms involved. Impor-
antly, beyond production efficiency, themechanical properties of
Vs, particularly their stiffness are emerging as crucial indicators
f their quality and functional potential [75]. Studies have shown
hat EV stiffness,which can bemodulated by altering the biophys-
cal environment of donor cells or incorporating nanomaterials,
lays a role in influencing biodistribution, cellular uptake, and
herapeutic efficacy. Softer EVs tend to exhibit enhanced fusion
nd internalization by target cells, while stiffer EVs may have
mproved circulation stability. Thus, optimizing EV stiffness
uring production is a promising strategy to tailor EVs for specific
linical applications.

o address the limitations of large-scale manufacturing while
ncreasing the yield of EVs, methods involving the fabrication
f EV-like nanovesicles have been developed. These techniques
nclude sonication, nitrogen cavitation, dissolution in high
H environments, extrusion through porous membranes, or
iomimetic artificial synthesis [76]. These approaches involve
isintegrating cells and reconstituting the resulting cellular
omponents to produce nanovesicles. The yield of EV-like
anovesicles is typically tens to hundreds of times more efficient
n comparison to naturally secreted EVs, subjected to the specific
echnique employed. However, despite the advantages of EV-like
anovesicles in terms of yield, they may lack the therapeutic
ontent present in natural EVs, potentially compromising their
herapeutic efficacy [77–79]. Additionally, EV-like nanovesicles
ontain numerous cytoplasmic constituents, which could lead to
nforeseen effects such as immune responses and tumorigenicity
n vivo. Yang et al. introduced a cellular nanoporation (CNP)
iochip featuring a nanochannel array for the mass production
f exosomes [80]. These nanochannels, approximately 500 nm
n diameter, provided focal and transient electric stimulation to
ttached cells, resulting in a significant increase in both exosome
elease (50-fold increase) and the loading of transcribed mRNAs
1000-fold increase). mRNA-encapsulated exosomes were capa-
le of effectively restoring tumor-suppressor function in a glioma
ouse model that was PTEN-deficient (Figure 3). While this
ellular nanoporation method offers a means to achieve large-
cale EVs production with minimal alteration to cell integrity,
hallenges remain, including the engineering of such biochips
nd maintaining consistent EVs production. Nevertheless, this
dvanced Healthcare Materials, 2026
approach offers convenience and can be integratedwithmicroflu-
idics for scaled-up generation. While promising, these strategies
are still in early development and require further refinement
before they can be applied clinically. The future of EVs-based
therapies lies in the ability to produce uniform, therapeutically
potent EVs on a large and cost-effective scale. Overall, nanoarchi-
tectonics is expanding the toolbox for scalable and functional EVs
production; however, current approaches remain constrained by
limited standardization and translational readiness. Addressing
downstream challenges in EVs isolation and purification is
therefore equally important for realizing clinically relevant EVs
technologies.

3.2 Drug Delivery

EVs including exosomes, microvesicles, and apoptotic bodies,
have garnered attention as useful carriers for drug delivery, partic-
ularly in cancer therapy and other medical conditions [81]. These
vesicles excel in intercellular communication, leveraging their
membrane-bound structures enriched with adhesive proteins to
transport therapeutic cargo directly into target cells [82]. The
bilayer membrane of EVs allow controlled and sustained drug
release, improving stability and solubility while safeguarding
cargo from degradation in the bloodstream. Importantly, EVs
exhibit low immunogenicity and cytotoxicity, which makes them
a safe, non-toxic option for therapeutic use, especially when
derived autologously [83]. An emerging aspect of EV functionality
in drug delivery is the mechanical property of EV stiffness. EVs’
stiffness plays a crucial role in determining their uptake by recip-
ient cells, biodistribution, and ability to navigate physiological
barriers. Stiffer EVs are often associated with reduced cellular
uptake, while softer EVs display enhanced membrane fusion,
improving internalization efficiency [84]. Therefore, engineering
EVs’ stiffness through lipid composition modulation or cargo
loading strategies could optimize their therapeutic performance,
tailoring them for specific clinical applications. Among all EVs,
exosomes, commonly found in bodily fluids like blood, urine,
and culture media, offer exciting potential when combined with
nanostructures [44]. By fusing with these nanostructures, exo-
somes gain enhanced targeting precision, increased permeability,
and reduced toxicity, all while benefiting from the enhanced
permeability and retention (EPR) effect. Originating from spe-
cific cell types, exosomes effectively transfer molecular cargo,
such as RNA, microRNA, and chemotherapeutics, between cells
[85, 86]. They can be loaded with drugs and NPs to augment
targeting abilities, effectively delivering RNA, small interfering
RNA, microRNA, and chemotherapeutics for enhanced cancer
treatment. Despite these advantages, challenges such as isolation,
EV heterogeneity, and characterization impede their widespread
use, particularly in clinical settings. Further studies are needed to
improve their stability and loading capacity during drug-loading
and surface-modification processes [44].

Nanostructures have long been utilized in clinical drug delivery,
offering enhancements in stability, solubility, and circulation
time [87]. These engineered NPs, equipped with targeting agents,
have been pivotal in improving cell-specific targeting and intra-
cellular drug transport [88]. However, synthetic nanostructures
face limitations, such as nonspecificmolecular targeting and poor
bioavailability, which can lead to inefficiencies in clinical trials
7 of 36



FIGURE 3 Schematic illustration of EVs produced via cellular nanoporation (CNP) for targeted delivery of nucleic acids. The CNP system
comprises a nanochannel array (depicted as red rectangles), with each nanochannel measuring up to 500 nm in diameter (top inset). Plasmid DNA
introduced into the buffer enters adherent cells through the nanochannels under transient electrical pulses. The transfected cells subsequently release
abundant exosomes containing the transcribedmRNA, which can be harvested for targeted delivery across the blood–brain barrier (BBB) or blood–brain
tumor barrier (BBTB) (right). Reproduced with permission from Ref. [80]. Copyright 2019, Springer Nature.
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89]. To address these hurdles, a hybrid approach that combines
Vs and nanostructures is proposed. EVs-coated nanostructures
ypass immune responses, offer superior tumor targeting, and
xhibit better drug-loading capabilities than purely synthetic
ectors. While EVs variability based on donor cells remains
challenge, these hybrid systems show immense promise in
linical applications, particularly for personalized therapies. This
ultifunctional carrier offers diverse sizes and shapes relying
n drug conjugation or encapsulation abilities. However, EVs
omposition variability based on donor cell sources influences
rug targeting. Despite ongoing clinical trials, EVs, especially
xosomes, show promise as drug/gene carriers, suggesting their
otential therapeutic efficacy in personalized medicine. Further-
ore, integrating stiffness tuning into EVs-nanostructure hybrid
latformsmay amplify drug delivery efficacy [90]. Bymodulating
echanical stiffness, researchers can design EVs optimized for
ifferent tissue environments or pathological conditions. For
xample, softer EVs may be more effective for penetrating tumor
issues or the blood–brain barrier, while stiffer EVs might exhibit
onger circulation times.

n recent years, nanostructures have emerged as promising
arriers for drugs and therapeutic agents. Nanostructures offer
ontrollable structure, composition, and pore size, allowing for
ailored applications. To enhance interactions with biological
tructures, various types of functional groups can be introduced
o their exterior and interior surfaces. NPs possess a large surface
rea and high porosity, facilitating high drug loading capacity and
ontrolled release. By combining nanostructures with exosome
hells, a novel drug delivery platform with unique features
uch as highly ordered porous networks, size homogeneity, and
ustomizable surfaces is envisioned. These hybrid structures
old promise for personalized medicine and targeted thera-
ies, offering enhanced efficacy, specificity, and safety profiles.
owever, challenges such as selecting specific EVs for coating,
fficient encapsulation of exosomes, stability in bodily fluids,
nd engineering nanostructures for desired properties need to
e addressed for clinical translation. Collaborative efforts among
esearchers, clinicians, and industry stakeholders are crucial for
dvancing these technologies and improving patient outcomes.
of 36
In recent years, MOFs have emerged as versatile carriers for
drugs or therapeutic agents, offering controllable composition,
structure, and pore size ideal for tailored drug delivery applica-
tions [91–94]. MOFs can be modified with functional groups on
their internal and external surfaces to enhance interactions with
biological structures, allowing for high drug loading capacity.
Illes et al. demonstrated the synergistic potential of MOFs and
exosomes for targeted drug delivery by coating iron oxide-
based MOFs with exosomes obtained from HeLa cell culture,
resulting in effective drug release and significant cell death [95].
Similarly, Cheng and colleagues synthesized exosome-coated
protein-loaded MOF nanostructures, showing promise for tumor
targeting and suppression [96]. Nanosized MOFs (NMOFs) have
also shown potential for gene delivery, enhancing therapeutic
efficacy in drug-resistant cancer cells [97]. However, addressing
challenges such as efficient encapsulation and stability in bodily
fluids is crucial for clinical translation. Collaborative efforts are
essential for advancing MOF-based drug delivery systems and
realizing their therapeutic potential in clinical practice. Recent
studies have explored combining Au nanostructures, especially
AuNRs, with exosomes for the purpose of tumor-targeted chemo-
photothermal therapy [98, 99]. By attaching AuNRs to exosomes,
localized laser-induced hyperthermia enhances exosome mem-
brane instability, facilitating drug encapsulation and selective
tumor cell destruction. Further functionalization of the sur-
face of these AuNR-coated exosomes with targeting ligands
enhances tumor cellular uptake and therapeutic outcomes. In
another approach, nanovehicles comprising Au NPs, exosomes
resembling passion fruit, and photosensitizer molecules were
developed for real-time fluorescence imaging, as well as targeted
photodynamic therapy [100]. These nanovehicles efficiently tar-
geted tumor cells, penetrated deeply, and released photosensitizer
molecules upon laser irradiation, effectively inhibiting tumor
growth.

Superparamagnetic iron oxide nanostructures (SPIONs) offer
precise drug delivery with externalmagnets [101–104]. They show
promise in cardiovascular diseases, with MSC-derived exosomes
enhancing cardiac repair. SPION-based exosome platforms also
target cancer cells, combining with TNF-α for enhanced therapy
Advanced Healthcare Materials, 2026
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nd overcoming the blood–brain barrier in glioma treatment.
hese systems improve drug retention, reduce side effects, and
nhance therapeutic efficacy, suggesting their potential in diverse
edical applications [101]. Semiconductor quantum dots (QDs),
wing to their photothermal properties, are also attractive,mainly
n the NIR-II window, enabling deeper tissue penetration in
omparison to NIR-I range [105, 106]. Recent research by Cao
t al. displayed the potential of vanadium carbide (V2C) QDs
s photothermal agents (PTAs) for low-temperature nucleus-
argeted photothermal therapy (PTT) in the region ofNIR-II [107].
y modifying PEGylated V2C QDs with cell nucleus-targeting
AT peptides and encapsulating them into exosomes functional-
zed with Arg-Gly-Asp (RGD) peptides, they achieved effective
ell necrosis at low temperatures upon laser irradiation. Other
ypes of QDs, for instance Si QDs and gold-carbonQDs, have been
oaded onto the outer membrane of exosomes to enable high-
esolution imaging of live cells and target tumor cell metastasis
ith minimal cytotoxicity [108, 109]. Nevertheless, the large size
f QDs poses challenges for encapsulation within exosomes [110].
o overcome this limitation, a DNA hinge ligament has been
mployed to bind QDs to the surface of exosomes, enabling
ptimal fluorescent emission while facilitating cellular uptake
nd visualization of exosome-QD complexes in tumor cells. This
nnovative strategy of labeling exosomes with DNA-bound QDs
ffers a biocompatible approach for achieving efficient delivery
nd fluorescence imaging benefits, highlighting the potential
f exosome-QD complexes in biomedical applications. Simi-
arly, mesoporous silica nanostructures (MSNs) are structured
aterials ideal for targeted drug delivery due to stability and bio-
ompatibility [111]. Recent innovations include exosome-coated
SNs, promising in tissue engineering and therapeutics. Yong
nd his research team fabricated tumor exosome-coated lumi-
escent porous silicon nanoparticles (PSiNPs) for chemotherapy
1]. PSiNPs, synthesized via electrochemical etching, were coated
ith exosomes (E-PSiNPs), demonstrating efficient drug uptake
nd cytotoxicity against cancer cells (Figure 4). A biomimetic
anoparticle (ID@E-MSNs) using tumor cell-derived exosomes
nd porous Si nanoparticles delivered indocyanine green (ICG)
nd doxorubicin (DOX), enhancing tumor cell uptake and ther-
peutic effects [112]. In vivo studies confirmed ID@E-MSNs’
fficacy in inhibiting tumor growth and metastasis, showcas-
ng their potential in cancer treatment. Thus, the combination
f EVs and nanostructures represents a powerful and versa-
ile approach to overcoming the limitations of current drug
elivery systems. These hybrid platforms offer precision, target-
ng specificity, and reduced side effects, suggesting significant
otential for revolutionizing personalized medicine and can-
er treatment. Nevertheless, challenges like selecting specific
Vs for coating, ensuring efficient drug encapsulation, and
aintaining stability in bodily fluids need to be addressed
efore these technologies can be fully integrated into clinical
ractice.

.3 Isolation and Separation

he primary challenge in utilizing EVs for clinical applications is
he efficient isolation of EVs from small sample volumes within
short time frame. Current methods, for instance ultrafiltration
UF), ultracentrifugation (UC), size exclusion chromatography
SEC), density gradient centrifugation (DGC), and polymer-based
dvanced Healthcare Materials, 2026
precipitation (PBP), depend on physical properties of EVs such
as size, density, and solubility [113], but are often unsuitable for
clinical diagnosis [19]. For instance, UF is prone to clogging and
can rupture EVs due to applied pressure. UC, a widely used
technique, separates particles at high speeds (≈100 000× g) but is
time-consuming and impractical for small sample volumes [114].
DGC, which separates particles based on their density, yields
higher purity but demands substantial time, biofluid volume, and
technical expertise [115]. PBP is effective for low-input samples
but has been associated with contamination [116]. While SEC
separates particles by size, its purity is lower than that of UC or
DGC [117]. Combining methods such as UC with DGC or SEC
with UC/DGC can enhance both efficiency and purity. However,
these combinations are often impractical for routine clinical
use [118, 119]. Recently, advancements in nanotechnology have
paved the way for the development of several EVs separation
methods. Numerous nanoarchitectures have been designed for
advanced EVs capture technologies, offering high affinity for EVs
and enhancing the likelihood of contact between EVs and the
capture interface [120–125]. They can be efficiently functionalized
with certain ligands, antibodies, or aptamers that selectively bind
to surface markers on EVs like tetraspanins (e.g., CD9, CD63,
CD81), proteins responsible for transport and fusion (e.g., flotillin,
caveolin-1), heat shock proteins (e.g., Hsp90), phospholipids, or
several lipid-related proteins. This targeted approach significantly
improves the capture efficiency of EVs from complex biological
fluids, such as blood or urine [126].

Chemical affinity-based EV isolation can be categorized into
two categories, namely nontargeted and targeted capture. Non-
targeted capture uses lipid probes, phosphatidylserine affinity
molecules, and TiO2, whereas targeted capture uses antibodies,
aptamers, and peptides. Lipid molecules located on EV surfaces
are crucial anchors in affinity-based isolation. In 2017, Zheng’s
research group devised a lipid nanoprobe system capable of label-
ing EVs for enrichment [127]. The system includes 1,2-distearoyl-
snglycero-3-phosphorylethanolamine (DSPE), PEG, and biotin,
with an optimized cholesterol-PEG1000-biotin probe [127, 128].
This approach minimizes damage to EVs and can be combined
with functional assays. The outermembranes of EVs are enriched
in cone-shaped lipids such as phosphatidylserine, which have
been utilized in EV capture due to their affinity. Annexin A5,
a common cellular protein observed in annexin family, has
been utilized for cell apoptosis detection and improved EVs
isolation efficiency [129, 130]. T-cell membrane protein 4 (TIM-
4) is categorized as a natural receptor for PS molecules, leading
to the development of a TIM-4-based EV capturing process [131].
For potential EVs isolation research, other PS-philic compounds,
like MFGE8, have also been investigated [132]. Moreover, the
hydrophilic surface of TiO2 can bind efficiently to phosphate
groups on EV surfaces, making them potential targets for EV
capture. In 2019, Gao and the team used micron-sized TiO2
particles to enrich exosomes through bidentate binding between
the phosphate groups on the lipid bilayer surface and TiO2
(Figure 5) [133]. This coordinate-based selective enrichment offers
several advantages, including enhanced isolation efficiency and
minimized nonspecific adsorption, as well as reduced sample
processing times due to its simplicity and strong binding affinity.
Antibodies targeting EVs biomarkers, including CD9, CD63, and
CD81 and cancer-specific membrane proteins, namely EpCAM,
EGFR, and GPC-1, are other popular tools for EVs capture and
9 of 36



FIGURE 4 Illustration depicting exosome-sheathed porous silicon nanoparticles (E-PSiNPs) as carriers for targeted cancer chemotherapy.
(a) Doxorubicin-loaded E-PSiNPs (DOX@E-PSiNPs) are internalized into cancer cells via endocytosis after incubation, subsequently localizing in
multivesicular bodies and autophagosomes. (b) Upon intravenous administration of DOX@E-PSiNPs into tumor-bearingmice, the substances effectively
accumulate in cancer tissues, penetrating deeply into tumor parenchyma to be internalized into bulk cancer cells and cancer stem cells, leading to potent
anticancer effects. Reproduced with permission from Ref. [1]. Copyright 2019, Springer Nature.

FIGURE 5 Mechanism for TiO2-based exosome isolation. TiO2 particles are utilized for exosome enrichment through bidentate binding between
phosphate groups on the lipid-bilayer surface and TiO2. Reproduced with permission from Ref. [133]. Copyright 2019, Royal Society of Chemistry.
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solation [134–136]. Additionally, aptamers, an effective substitute
or antibodies for protein targeting, are bound to antigens such as
D63, EpCAM, PTK7, PSMA, PDGF, and HER2, and have been
tilized in EVs isolation due to their lower dissociation constant
nd reduced risk of triggering undesirable immune responses
ompared to antibodies [137–139]. Similarly, peptides comprising
specific affinity for proteins on the surfaces of EVs have also
een employed in EVs isolation, including a peptide ligand for
GFR and tumor antigenic peptides for capturing MHC-I+ EVs
140].

lthough chemical affinity-based EV isolation strategies have
ignificantly advancedEV-based liquid biopsies, there are still sig-
ificant challenges to making these techniques clinically viable.
0 of 36
Incorporating nanostructures in EV isolation not only enhances
reaction efficiency but also addresses issues like interfacial EVs
binding, microscale mass transfer limitations, and boundary
effects. Thus, combining nanostructures with chemical affinity
represents a novel paradigm for highly efficient EV isolation.
Nanowires, nanowire-on-micropillars, porous structures, wrin-
kled structures, stacked nanospheres, and other on-demand
structures are highly efficient examples of the structural designs
of micro/nanoscale interfacial materials that have been created
for EV capture. Graphene-based materials are used for wrinkled
nanostructures [141, 142], while a porous silicon nanowire-
on-micropillar structure is used for effective trapping of EVs
by interstitial locations between the ciliated micropillars [143].
Similarly, a PDMS substrate embedded with silicon nanowires
Advanced Healthcare Materials, 2026
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an be utilized for electrostatic collection of urinary EVs.
anointerfaces can be constructed from nanostructured SiO2,
nd synthetic materials like poly(amidoamine) dendrimers can
rovide sufficient steric contact with EVs [125, 138, 144].

hysical property-based EV isolation relies on size distribution,
eading to various isolation strategies [145]. The immunoaffinity
ethod uses distinct antibodies to capture EVs, allowing for their
solation in microfluidic devices. For example, Chen and his
esearch group designed amicrofluidic immunoaffinity approach
o separate EVs from serum samples of glioblastoma patients,
roviding genetic information about the corresponding tumors
146]. RNA extracted from these EVs offered insights into the
enetic profile of the analogous tumor. Reategui and colleagues
eveloped an immunoaffinity-based herringbone microfluidic
evice featuring a thermally sensitive nanoarchitectured sub-
trate, enhancing the capture specificity of tumor-derived EVs
rom serum and plasma of glioblastoma patients [147]. Using
he EVHB-Chip, they accomplished 94% specificity for tumor
Vs with an LoD of 100 EVs/µL. In a separate study, Ko and
he team introduced a microchip comprising an ion track-etched
olycarbonate membrane containing pores of 600 nm diameter
reated with a soft magnetic film (Ni80Fe20) [148]. They utilized
his strategy to isolate brain-derived circulating EVs labeled with
mmunomagnetic nanostructures and utilized it to differentiate
pecific states of TBI by quantifying miRNA biomarkers encap-
ulated within these EVs. While this immunoaffinity approach
ffers high specificity, especially for molecularly defined sub-
ypes, challenges involve the availability of high-affinity anti-
odies and the associated high cost. In filtration-based methods,
Vs are isolated based on size using nanoporous membranes
r nanowires as filters. Serial filtration is identified as the most
idespread approach, however, channel blockage due to similarly
ized impurities and fluid shear force hinders its extensive usage
149, 150]. Liang and colleagues engineered a combined double-
iltration microfluidic device followed by a microchip ELISA,
ttaining a sensitivity of 81.3% along with a specificity of 90%
or diagnosing bladder cancer [151]. Despite its fast processing
nd high throughput, this method lacks specificity and may face
ssues like filter blockage.

oreover, EVs can also be distinguished depending on their
ydrodynamic characteristics using asymmetric flow field-flow
ractionation (AF4) technology [152]. Although AF4 can separate
oluble particles at the nanoscale based on their density and
ydrodynamic characteristics, its use in biomedical research has
een restricted due to the devices’ complex construction and
peration [153, 154]. Other hydrodynamic separation techniques
nclude deterministic lateral displacement (DLD) or viscoelastic
low [155, 156]. DLD is a conventional method that uses pillar
rrays to separate microscale particles. It has been used to isolate
nd separate EVs, integrating into microfluidic platforms [155,
57]. While viscoelastic flow enables good EV purity and recovery
ith a straightforward chip design, DLD offers a rapid and high-
esolution alternative for EV separation. For example, Wunsch
nd colleagues employed manufacturable silicon processes to
reate nano-DLD pillar arrays, achieving high-resolution separa-
ion of EVs ranging between 20 nm and 110 nm [157]. However,
ther EV characteristics like density and stiffness can interfere
ithDLD-based EV isolation [158]. Electrokinetic techniques like
lectrophoresis, electromigration, and electroosmosis are used
dvanced Healthcare Materials, 2026
for EV isolation in microfluidics [159, 160]. Electrophoresis is a
method that shows distinctive migration rates under an electric
field according to charge-to-size ratios (Figure 6) [161]. Similarly,
Marangoni flow, a contact-free method, generates a surface
tension gradient on the liquid surface, resulting in recirculation
flow [162, 163]. Thesemethods provide rapid and cost-effective EV
separation from small sample volumes but may affect EV struc-
ture or content and require additional instruments for generating
electric fields. Dielectrophoretic (DEP) force, which incorporates
electrochemical technology, allows nanoparticles to mov in an
asymmetrical electric field. In 2017, Heller’s research group devel-
oped a technique to isolate EV bymeans of an alternating current
electrokinetic microarray chip using DEP separation force [160].
Other groups have used PDMS-based microfluidic designs and
tools. In 2019, Moore’s team demonstrated selective microflu-
idic fortification of EVs with various antigens [164]. However,
DEP’s potential biological effects could influence downstream
analysis.

Surface acoustic waves (SAW) are elastic mechanical waves that
can be exploited to isolate EV depending on their mechanical
properties. The method could be further modified to isolate EVs
under 200 nm with over 99.999% removal of blood cells in whole
blood (Figure 7) [165, 166]. SAW-based acoustic nanofilters offer
a contact-free, size-tunable approach for EV isolation; however,
they cannot separate heterogeneous/coarse cell debris as well as
protein aggregates. Thermophoresis is a liquid-phase-based iso-
lation technique in which nanoparticles move via a temperature
gradient, from high to low temperature regions because collisions
with solvent molecules occur in high-temperature regions. This
method has been used to profile surface biomarkers and detect
miRNAs inside EVs [167, 168]. Furthermore, thermophoresis-
based EVs-derived PD-L1 detection provides suggestive data for
early cancer diagnosis and immunotherapeutics prediction [169,
170]. Additional liquid phase-based detection strategies, includ-
ing artificial Vir-FV and droplet digital ExoELISA chips, can
detect EVs in the liquid phase, providing a homogeneous basis
for EVs counting and biomarker studies, making it a promising
approach for EV isolation [139, 171]. Overall, the field is transi-
tioning from purely physical separation toward multifunctional,
nanoengineered, and hybrid isolation systems that combine
affinity recognition with controlled nanoscale interfaces. The
key future requirement is not merely higher capture efficiency,
but the development of standardized, clinically robust platforms
that balance purity, scalability, cost, and automation. Without
addressing these translation barriers, even themost sophisticated
nanostructured EV isolation technologies will remain largely
confined to research environments rather than becoming routine
tools in precision diagnostics.

3.4 Detection

Emerging as significant intercellular communication mediators,
EVs are involved in a number of physiological and pathological
processes, such as immunological responses, cancer, and neu-
rodegenerative disorders. Detection and analysis of EVs hold
significant promise for disease diagnosis, prognosis, monitoring,
and understanding their biological functions. However, EVs’
small size, heterogeneity, and low abundance present chal-
lenges for their accurate detection and characterization [172].
11 of 36



FIGURE 6 Schematic diagram of sizes and zeta potentials of EVs and lipoproteins. The diagram illustrates the overlap between HDL, LDL, and
VLDL in size and zeta potential with EVs, and the isolation of EVs from lipoproteins using agarose electrophoresis. Reproduced with permission from
Ref. [161]. Copyright 2020, American Chemical Society.

FIGURE 7 Acoustic nanofilter for microvesicles (MVs) label-free separation. (A) SEM image of MVs produced by human brain tumor cells
(GBM20/3). (B) Schematic of filter operation. MVs in the acoustic region are moved to nodes of the acoustic field section while under acoustic radiation
pressure (inset). Since the acoustic force is related to theMV volume, larger MVs travel faster and they get eliminated by sheath flows that are positioned
in the node region, whereas small MVs are retained by the center flow. (C) Schematic of the device. An acoustic wave is generated across the flow
direction employing two interdigitated transducers (IDT) electrodes. Smaller MVs are gathered at the middle outlet, while large MVs are gathered at the
two side outlets. (D) Micrographs showing a working prototype. A piezoelectric (LiNbO3) substrate served as the substrate on which the IDT electrodes
were patterned. The substrate and the fluidic channel were irreversibly fused. Reproduced with permission from Ref. [166]. Copyright 2015, American
Chemical Society.
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he three main categories of traditional EV detection tech-
iques are quantification, visualization, and biochemical testing
113]. Performance of quantification techniques, such as tunable
esistive pulse sensing (TRPS), dynamic light scattering (DLS),
nd nanoparticle tracking analysis (NTA), is mostly reliant on
he effectiveness and purity of these isolation methods [173].
owever, artifacts introduced during sample handling might
mpact the outcomes of imaging techniques such as scanning
lectron microscopy (SEM), transmission electron microscopy
2 of 36
(TEM), and cryo-electron microscopy (cryo-EM) [3]. Biochem-
ical measurement assays, mainly Western blotting, PCR, and
ELISA, are highly specific but are hindered by the heterogeneity
of EVs, where nonspecific signals can obscure disease-specific
biomarkers [174]. Additionally, clinical factors like age and
sex further complicate detection and analysis. Although guide-
lines like MISEV2018 have improved the standardization of
EV research, the complexity of evolving technologies contin-
ues to introduce new challenges [175]. Nanoarchitectonics has
Advanced Healthcare Materials, 2026



s
b
m
h
i
T
r
a
t

A
w
a
[
Q
T
g
a
t
s
h
q
d
w
o
f
t
w
s
f
p
o
a
a
m
q
h
m
v
N
E
c
u
d
d
3
t

R
i
a
p
t
s
o
t
p
f
d
h
r

A

ignificantly contributed to advancing EV detection methods
y providing innovative strategies for sensitive, specific, and
ultiplexed detection. Advanced sensors and single EV detection
ave decreased the LoD for EVs, addressing their heterogene-
ty and the crucial needs for sensitive detection technologies.
hese innovations have facilitated the development of label-free,
apid, and sensitive detection techniques for EVs, enabling their
pplications in biomedical research, clinical diagnostics, and
herapeutics.

s one approach, optical sensors are used in EV detection
hich include fluorescent and spectral signals. Linking probes to
ptamers or antibodies allows the detection of fluorescent signals
113]. Antibody-conjugated nanostructures, including AuNPs,
Ds, upconversion nanoparticles, graphene oxide (GO), and
i3C2 nanosheets, have enabled selective fluorescence signal
eneration by binding to EVs surface markers [176–178]. These
dvancements have made it possible to profile the surface pro-
eins of EVs and quantify them using improved fluorescence
ignals. Numerous strategies for generating fluorescence signals
ave been adopted to improve the LoD of EVs. Fluorescence
uenching is a method for detecting EVs more sensitively than
irect imaging. GO was among the first 2D material identified
ith fluorescence quenching capabilities, as it binds to aptamers
n its surface through strong π–π stacking interactions, where
luorescence is quenched via fluorescence resonance energy
ransfer (FRET) between dyes and GO [137]. This allows EVs
ith specific surface proteins to compete and display fluorescent
ignals [179]. Fluorometric nanosensors have also been developed
or this purpose using MoS2-incorporated MWCNTs, quenching
hycoerythrin-conjugated CD63 antibodies, achieving a LoD
f 1480 EVs/µL [180]. In addition, nucleic acid base pairing
lso has the capability to control fluorescent signals. When it
ttaches to a complementary sequence, such as EVs-derived
iRNA, a molecular beacon, a hairpin-shaped ss-DNA with a
uenched fluorophore can restore fluorescence [181]. Researchers
ave designed molecular beacons for simultaneous detection of
iRNAs and surface proteins, such as virus-mimicking fusogenic
esicles [133, 181]. Likewise, spectral signal sensing, including
IR, SPR, and SERS, is also employed to enhance the LoD of
Vs. Nanostructures possessing inherent optical properties or
atalytic effects, such asAuNPs or Fe3O4 nanoparticles, have been
tilized for colorimetric EV detection. For example, Chen’s group
eveloped a visual and label-free method for detecting tumor-
erived EVs using Fe3O4 nanoparticles, achieving a low LoD of
.58 × 106 particles/mL through catalyzing the color change of
etramethylbenzidine [4].

esearch on metal nanomaterials has led to a significant decline
n the cost of SPR biosensors. Through dual AuNPs signal
mplification, the LoD for exosomes was lowered to 5 × 103
articles/mL [182]. Additionally, SPR biosensors constructed on
itanium nitride (TiN) nanofilm have demonstrated low LoDs for
pecific biomarkers in glioma exosomes, CD63 and EGFRvIII,
ffering potential for monitoring tumor progression [183]. With
heir amplified and stable Raman signals, metal nanostructures-
articularly nanoparticles, nanorods, nanopillars, and films—
acilitate the use of surface-enhanced Raman scattering (SERS) to
etect EVs proteins or RNAs [26, 184]. SPR and SERS techniques
ave proven successful in detecting EVs biomarkers due to their
apid response, enhanced sensitivity, and specificity. Park and
dvanced Healthcare Materials, 2026
colleagues demonstrated a detection threshold of 106 particles/µL
for EVs by employing AuNPs as a substrate to produce SERS
signals [185]. Metal-enhanced fluorescence (MEF) is another
advanced optical sensing method for detecting EVs. MEF uses
an antibody-conjugated magneto-plasmonic nanorod to capture
EVs, allowing the release of miRNAs and detecting them by
molecular beacons binding to the nanorods [186]. This fluorescent
signal could be further amplified by the use of Au plasmons.
Similarly, QDs have unique optical properties, including broad
and intense absorption and flexible excitation, allowing for
greater fluorescence quantum yield. They have been applied to
the analysis of EVs-derived miRNAs and the identification of
EVs biomarkers linked to pancreatic cancer, including EpCAM
and EphA2 [187]. Self-powered TiO2@MoS2 QD-based probe is
capable of ultrasensitive analysis of HOTTIP RNA derived from
EVs, accomplishing a detection limit of 5 fg/mL [188]. QDs
can be easily enhanced, and their combination with photonic
crystals could lead to diagnostic biochips for EVs detection [189].
As spectral signals offer a reduced background and superior
LoD compared to fluorescence, this property can be applied for
accurate identification of circulating EVs for cancer diagnosis.
For instance, by adding quencher-tagged aptamers to an NIR
semiconducting polyelectrolyte complex, Lyu’s group created a
NIR afterglow luminous nanosensor.When the targeted EVs bind
to the aptamers, the distance between the polyelectrolyte complex
and the quencher increases, activating the afterglow signal [189].
Another sensitive label-free technique for multiplex detection of
EVs produced from lung cancer cells is SPR signal detection,
which senses molecular interactions on Ag/Au surfaces [190].
The design can be further modified to achieve a higher sensi-
tivity using dual-AuNPs or Au nanocluster membrane-EVs-Au
nanorod complex [182, 191].

Moreover, electrochemical sensors have benefited from nanoma-
terial probes such as Ti3C2 nanosheets, SiO2 nanoparticles, and
CuS-enclosed microgels [192, 193]. For example, Sun’s research
team developed an electrochemical biosensor utilizing Zr-based
MOFs (Zr-MOFs) for detecting glioblastoma multiforme (GBM)-
derived exosomes, achieving a LoD of 7.83 × 103 particles/µL
[194]. This newly invented biosensor had the capability of
quantitative and qualitative analysis of exosomes in human
serum samples, which were EGFRvIII-positive, allowing for the
differentiation between patients with GBM and healthy individ-
uals. Electrochemical luminescence and colorimetry based on
horseradish peroxidase are commonly employed for EV detection
on a 3,3′′,5,5′′-tetramethylbenzidine substrate [195]. Ultrasensi-
tive nanoprobes like ferrocene, Ti3C2 MXene, and metal ions
can improve performance. Dual signal detection systems like
nanointerdigitated electrodes and CG-quadruplex/Hemin, and
aptamer-conjugated Ti3C2 MXenes have been explored for EVs
detection due to their increased surface area and catalytic activity
[193]. However, an enhanced LoD of 30 EVs/µL was achieved
using AuNP-enhanced Ti3C2 MXenes for EVs detection [196].
Moreover, a methylene blue (MB)-labeled aptamer has been used
in ultrasensitiveHRPnanoprobes for EVs detection,with a LoDof
0.1 EVs/µL achieved by doping ferrocene onto a ZIF-67/ITO film
and immobilizing black phosphorus nanosheets [197]. Likewise,
A range of metal ions with HRP activity, such as Cu2+, Fe3+,
and Ru(bpy)32+ ions, have been employed as electrochemical sen-
sors for EVs detection. Techniques include antibody-conjugated
CuS-enclosed microgels [27], aptamer-capped Fe3O4 NPs [4],
13 of 36



FIGURE 8 Investigation conducted by Shao involving EVs labeling with target-specific magnetic nanoparticles (MNPs) on a separate microfluidic
chip and profiling of human glioblastoma cells (GBM) biomarkers utilizing a miniaturized micronuclear magnetic resonance (µNMR) arrangement. (a)
Schematic of the two-step labeling procedure employed to optimize MNP binding onto target proteins on microvesicles (MVs). (b) Microfluidic system
designed for on-chip detection of circulating MVs, aimed at detecting MNP-targeted MVs, concentrating MNP-tagged MVs (while eliminating unbound
MNPs), and enabling in-line µNMR detection. Reproduced with permission from Ref. [203]. Copyright 2012, Springer Nature.
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nd Au-loaded Fe3O4 nanocubes [6]. Another highly selective
nd sensitive strategy for cancer-derived EV detection is the
emin/G-quadruplex DNAzyme-based electrochemical aptasen-
or developed by Li’s group. The platform comprises an anti-CD63
ntibody-modified gold electrode and a gastric cancer exosome-
pecific aptamer linked to a primer sequence complementary to a
ircular G-quadruplex template. Target exosome binding triggers
olling-circle amplification, generating multiple G-quadruplex
nits that bind hemin to form horseradish peroxidase-mimicking
NAzymes. These DNAzymes catalyse H2O2 reduction and
enerate an amplified electrochemical signal. Through this dual-
mplification strategy, the aptasensor achieved a detection limit
f 0.954 EVs µL-1, demonstrating its potential for the sensitive
etection and early diagnosis of gastric cancer [198].

part from optical and electrochemical sensors, several other
ensors can also be used to analyze EVs in body fluids, includ-
ng field-effect transistor (FET) sensors, magnetic sensors, and
echanical sensors. Electric fields regulate conductivity and
ransform biological signals into electrical signals, making FET
ensors highly sensitive. Two such examples are a reduced
raphene oxide (rGO) FET nanosensor coated with AuNP for
abel-free plasma EVs quantification and a rGO-based FET
iosensor for EVs detection with a LoD of 20 EVs/µL [199, 200].
ET sensors can also be used to detect miRNAs in EVs [201].
dvanced plasmonic approaches have also further expanded the
apabilities of EV analysis. For example, a nanoengineeredmeso-
orous gold (mAu)-based surface-enhanced Raman spectroscopy
SERS) platform enabled rapid and ultrasensitive detection of
LAP-positive EVs in patients with ovarian cancer [202]. In
nother study, circulating microvesicles were profiled directly
rom glioblastoma patients’ blood samples using a rapid and
ighly sensitive analytical technique (Figure 8) [203]. A minia-
urized nuclear magnetic resonance (µNMR) technology is used
o identify MVs after they have been embedded onto a modified
icrofluidic chip and labeled with magnetic nanoparticles that
4 of 36
target particular markers. The system integrates on-chip micro-
filtration with µNMR techniques to permit quantitative detection
of MV amount and protein expression. It performs analysis on
small sample volumes, eliminating the requirement for extensive
purification or lengthy detection methods. By using a bioorthog-
onal targeting strategy to selectively bind and densely coat
magnetic nanoparticles onto MVs, this technique achieves detec-
tion sensitivity that exceeds traditional ELISA and flow cytometry
by a number of orders of magnitude. Similarly, electrokinetic
and mechanical sensors demonstrate promising results for EV
detection offering potential alternatives with unique advantages
in sensitivity and specificity [204, 205].

The heterogeneity of EVs presents significant challenges in
analyzing them from body fluids. High-resolution techniques,
such as density gradient centrifugation (DGC), have revealed
a more confined range of molecules within EVs, and pro-
teins in EVs of different sizes exhibit distinct glycosylation
and phosphorylation levels [206]. Single-cell EV analysis has
provided insights into EV characteristics from specific cells, but
traditional population measurements still obscure the diversity
of EVs discharged from the same cell, highlighting the need
for single EV detection. Other detection techniques such as
total internal reflection fluorescence (TIRF) microscopy, DNA
point accumulation for imaging in nanoscale topography (DNA–
PAINT), and advanced platforms like ExoELISA chips have
been developed to enable single EV detection [139, 207, 208].
However, multiplex profiling at the single-EV level continues
to be a significant challenge. Innovations like next-generation
sequencing (NGS)-based platforms and microbead-assisted flow
cytometry (FCM) are opening new possibilities [209–211]. While
capturing detailed information from individual EVs remains chal-
lenging, continued advancements in analytical tools hold promise
for future breakthroughs in single-EV detection. Despite major
advances in nanoarchitectonics-enabled optical, electrochemical,
and microfluidic sensing, EV detection remains fundamentally
Advanced Healthcare Materials, 2026
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imited by biological heterogeneity, low abundance, and lack
f standardized analytical workflows. Most current platforms
chieve impressive sensitivity in controlled settings, yet struggle
ith reproducibility, multiplexing at single-EV resolution, and
eliable performance in complex clinical samples.

.5 Therapeutics

eyond diagnostics, nanoarchitectonics is increasingly trans-
orming EVs into programmable therapeutic nanoplatforms
y integrating structural engineering with biological function-
lity. Through surface functionalization, cargo engineering,
iomimetic design, and hybrid nanoengineering, engineered
Vs have emerged as highly efficient carriers for nucleic acids,
roteins, gene-editing systems, and small-molecule therapeutics.
ecent advances include bone-targeted engineered bacterial EVs
or miRNA delivery in osteoporosis, exosome-based targeted
elivery systems for restoring osteoblastic bone formation, and
ngineered exosomes as promising vectors for CRISPR/Cas-
ediated gene-editing therapies [212–214]. These studies demon-
trate how nanoarchitectonic strategies can precisely regulate
Vs composition, targeting capability, and biological function to
mprove therapeutic efficacy while minimizing off-target effects.

y harnessing the unique characteristics of nanostructures,
anoarchitectonics holds immense promise in overcoming key
hallenges associated with EVs-based therapeutics, including
calability, stability, targeting efficiency, cargo loading capacity,
nd controlled release of therapeutic molecules. Importantly,
anoarchitectonics extends beyond conventional delivery design
y treating EVs as dynamic nanoscale architectures whose
unction emerges from hierarchical organization of lipids, pro-
eins, and engineered nanomaterials. From this perspective, EVs
erformance can be rationally tuned through structural and
hysicochemical design principles rather than solely through
iological modification. A key advancement in this framework
s the recognition of EVs membrane mechanics as fundamental
anoarchitectural parameters.Membrane stiffness, elasticity, and
urvature critically regulate vesicle stability, circulation behav-
or, cellular uptake, intracellular trafficking, and cargo release.
embrane stiffness governs EVs deformability and transport
cross biological barriers, whereas membrane curvature controls
rotein recruitment, membrane fusion, and vesicle–cell inter-
ctions [215]. These interdependent structure–function relation-
hips enable rational nanoarchitectural engineering, where lipid
omposition, membrane organization, and hybrid nanomaterial
ntegration can be systematically tuned to modulate EVs behav-
or. Softer EVs generally exhibit enhanced deformability and
issue penetration, while stiffer EVs provide improved structural
ntegrity and cargo protection during systemic circulation. In
arallel, curvature-sensitive design strategies offer opportunities
or selective targeting of disease-associated EVs populations or
ontrolled disruption of pathological vesicular communication.
ithin this framework, EVs-based therapeutic nanoarchitectures
an be broadly categorized into three complementary strategies:
i) cargo-engineered EVs systems that enhance loading efficiency
nd controlled release of therapeutic agents, (ii) membrane-
ngineered EV systems that optimize targeting, biodistribution,
nd biological interactions through modulation of structural and
echanical properties, and (iii) hybrid EVs-nanomaterial archi-
dvanced Healthcare Materials, 2026
tectures that integrate inorganic or polymeric nanostructures
with the intrinsic biocompatibility and biological functionality of
EVs. In EVs-based therapeutics, ensuring biocompatibility, safety,
and biodegradability is essential for clinical translation. Nanoar-
chitectonics enables the design of nanocarriers and scaffolds that
minimize immunogenicity and cytotoxicity while maintaining
high therapeutic performance (Figure 9). Surface engineering
with biocompatible coatings and biomimetic ligands improves
stability in biological environments and reduces off-target effects.
Additionally, modular design principles allow incorporation of
biodegradable components, enabling controlled degradation and
efficient clearance of residual nanomaterials from the body [216].

In EVs-based therapeutics, ensuring biocompatibility, safety,
and biodegradability remains essential for clinical translation.
Nanoarchitectonics enables the design of nanocarriers and scaf-
folds that minimize immunogenicity and cytotoxicity while
maintaining high therapeutic performance. Surface engineering
with biocompatible coatings and biomimetic ligands improves
stability in biological environments and reduces off-target effects,
while modular design allows incorporation of biodegradable
components for controlled degradation and safe clearance. For
instance, Zhang et al. developed an EVs-utilized Au nanostruc-
ture resembling a popcorn-like architecture [218]. Initially, EVs
served as carriers for doxorubicin (DOX), a commonly used
chemotherapeutic drug, followed by self-assembly of AuNPs
around EVs, forming a popcorn-like nanostructure. The resulting
nanopopcorn maintained the photothermal conversion capabili-
ties of AuNP assemblies and theDOX cytotoxicity. Upon exposure
to NIR irradiation, the Au nanoplatform generated hyperthermia
to ablate tumors and release the drug, enabling combined chemo-
photothermal therapy. This nanoarchitecture showed optimized
cellular uptake, controlled drug release, enhanced antitumor
efficiency with a tumor inhibition rate of 98.6%, and minimized
side effects. Pan et al. reported a non-invasive method to obtain
high-purity urinary exosomes on a gram scale from patients with
gastric cancer [100]. These exosomes were functionalized with
multifunctional PMA/Au-BSA@Ce6 (chlorin e6) nanoparticles
using a rapid electroporation approach, forming passion fruit-like
Exosome–PMA/Au-BSA@Ce6 nanovehicles. These engineered
vesicles exhibited efficient tumor cell uptake, prolonged circula-
tion due to immune evasion, and enhanced tumor accumulation.
Under acidic tumor microenvironment conditions and 633 nm
laser irradiation, the nanoplatform disassembled to release
functional components, producing singlet oxygen for effective
photodynamic therapy. In vivo studies demonstrated deep tumor
penetration and strong therapeutic efficacy in MGC-803 tumor-
bearing models. Similarly, Niu et al. developed biomimetic EVs-
drug nanostructures by attaching doxorubicin-loaded heparin-
based nanoparticles onto natural grapefruit-derived EV surfaces
[219]. This strategy significantly increased drug-loading capacity
by approximately four-fold compared to conventional EVs encap-
sulation. The engineered EVs-DNs could cross the blood–brain
barrier and blood–brain tumor barrier via receptor-mediated
transcytosis and membrane fusion, enabling efficient delivery
into glioma tissues. The system showed prolonged circulation
time, enhanced cellular uptake, and strong antiproliferative
activity, resulting in superior antiglioma efficacy in vivo. Nanoar-
chitectonics is also expanding the role of EVs in regenerative
medicine through the development of organoid-derived EVs.
Organoid EVs recapitulate tissue-specific signaling and provide
15 of 36



FIGURE 9 Schematic illustration depicting nanotherapeutics using nanoliposomes and EVs for drug delivery purposes. Additionally, the figure
outlines the cellular uptake mechanisms employed by these drug delivery vehicles and highlights clinical parameters crucial for monitoring toxicity in
patients. Reproduced with permission from Ref. [217]. Copyright 2024, Taylor & Francis Group, LLC.
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hysiologically relevant therapeutic cargos, offering new oppor-
unities for disease modeling and tissue repair. Organoid-derived
Vs have shown considerable promise in bone regeneration by
romoting osteogenesis and modulating the bone microenviron-
ent, illustrating the convergence of stem cell biology, organoid
echnology, and nanoarchitectonics for next-generation regenera-
ive therapies [214, 220]. However, nanoarchitectonics-driven EVs
herapeutics offer a powerful but still immature platform where
argo loading, targeting, and controlled release can be tuned
hrough rational membrane and hybrid nanostructure design.
hile membrane mechanics and hybrid EVs-nanomaterial sys-

ems significantly improve delivery efficiency and therapeutic
otency, most reported strategies remain constrained to preclin-
cal models with limited translational validation. Critically, the
ield is still fragmented, with a strong dependence on complex
ngineering strategies that may compromise scalability, repro-
ucibility, and regulatory acceptance. Future progress should
rioritize simplified, modular, and clinically manufacturable EVs
anoarchitectures with well-defined safety profiles, rather than
ncreasingly complex multi-component systems that are difficult
o standardize for real therapeutic use.

Nanoarchitectonics: Engineered
anostructures for EVs Research

anoarchitectonics has emerged as a powerful and multidis-
iplinary strategy for advancing EVs research by integrating
6 of 36
concepts from nanotechnology, supramolecular chemistry, mate-
rials science, and biotechnology. Rather than focusing solely on
the synthesis of nanomaterials, nanoarchitectonics emphasizes
the rational design and integration of nanoscale building blocks to
construct functional systems with precisely controlled structural
and physicochemical properties [221]. This approach encom-
passes a broad range of processes, including atomic and molec-
ular engineering, organic synthesis, physical material transfor-
mation, self-assembly, external-field-directed organization, and
nano/microfabrication. Unlike conventional equilibrium-based
self-assembly, nanoarchitectonics exploits both equilibrium and
nonequilibrium processes to generate hierarchical and asym-
metric nanostructures with functionalities that are difficult to
achieve using traditional material design strategies [222]. The
unique advantages of nanoarchitectonics are particularly rele-
vant to EVs research, where conventional analytical platforms
continue to face significant challenges arising from the intrinsic
heterogeneity, low abundance, and nanoscale dimensions of
EVs populations. These limitations often compromise isolation
efficiency, molecular specificity, analytical sensitivity, and repro-
ducibility, thereby restricting both mechanistic studies and clin-
ical translation. Nanoarchitectonics addresses these challenges
by enabling the rational engineering of nanostructures with
tunable morphology, surface chemistry, and physicochemical
properties that can selectively interact with EVs, facilitating
their efficient capture, enrichment, characterization, and manip-
ulation [221]. Importantly, this design philosophy establishes a
direct relationship between material architecture and biological
Advanced Healthcare Materials, 2026
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unction, allowing nanostructures to be optimized for specific
Vs applications rather than relying on universal sensing plat-
orms. Building upon the functional insights discussed in the
revious section, this section focuses on how nanoarchitecton-
cs enables the rational design of engineered nanostructures
or EVs research. By tailoring material composition, hierarchi-
al architecture, and interfacial properties, nanoarchitectonic
latforms can substantially improve target recognition, signal
mplification, and molecular accessibility. Consequently, these
ngineered systems have accelerated the development of highly
ensitive biosensors, targeted drug delivery systems, and multi-
unctional therapeutic platforms for cancer and other diseases
18]. For example, nanoarchitectonics-based sensing platforms
ntegrating gold nanoparticles and graphene oxide have demon-
trated enhanced sensitivity and specificity for detecting cancer-
ssociated EVs in blood samples, highlighting the potential of
ational nanomaterial engineering for early disease diagnosis
18]. Similarly, nanostructures engineered to selectively bind EVs
ave enabled more efficient loading and targeted delivery of
herapeutic agents, improving treatment efficacy while minimiz-
ng off-target effects. Furthermore, nanoarchitectonics-driven
latforms provide valuable tools for investigating fundamental
Vs biology, including biogenesis, cargo loading, intercellular
ommunication, and immune modulation, thereby facilitating
he discovery of disease mechanisms and novel therapeutic
argets [44].

espite these significant advances, no single nanoarchitectonic
latform simultaneously satisfies the full spectrum of require-
ents for efficient EVs isolation, ultrasensitive detection, mul-
iplexed molecular profiling, scalability, and clinical translation.
nstead, each class of nanomaterial leverages distinct optical,
lectrical, magnetic, catalytic, or porous properties, offering spe-
ific analytical advantages while also introducing inherent trade-
ffs. As a result, the selection of appropriate nanoarchitecture is
ighly application-dependent and requires careful balancing of
ensitivity, specificity, stability, throughput, and manufacturabil-
ty. In response to these limitations, hybrid nanoarchitectures that
ntegrate complementary material properties are increasingly
merging as a rational strategy to enhance overall analytical
erformance and functional versatility. Importantly, these sys-
ems should not be viewed as competing technologies, but rather
s synergistic platforms that exploit different transduction and
ecognition mechanisms to advance EVs analysis. The following
ubsections critically examine the major classes of nanoar-
hitectures including plasmonic, fluorescence-based, magnetic,
arbon-based, and organic framework materials, emphasizing
ow structural design governs analytical performance, and high-
ighting their respective strengths, limitations, and evolving roles
n clinically translatable EVs technologies.

.1 Plasmonic Nanostructures

lasmonic nanoarchitectonics is a field focused on engineering
anomaterials with unique optical properties for applications
n molecular sensing and diagnostics. The foundation of this
echnology lies in surface plasmon resonance (SPR), a phe-
omenon where incident light excites conduction electrons at
he interface of materials, triggering resonant oscillations known
dvanced Healthcare Materials, 2026
as surface plasmons. These waves propagate non-radiatively on
the metal–dielectric interface, offering exceptional sensitivity to
molecular changes, particularly at the nanoscale. The transi-
tion of plasmonic materials to the nanoscale level unlocks a
range of possibilities, notably through the utilization of localized
surface plasmon resonance (LSPR). The structural properties
of plasmonic nanomaterials such as particle size, shape, and
surface architecture are critical determinants of their optical
behavior and sensitivity. These parameters directly influence field
confinement and resonance conditions, thereby allowing precise
tuning for effective EV detection and molecular profiling.

Among the plethora of plasmonic nanomaterials, colloidal gold
nanoparticles (AuNPs) have emerged as a cornerstone due to
their intriguing LSPR-enhanced optical characteristics [18]. Tai-
loring the size, shape, and structure of AuNPs enables precise
control over their optical response, extending from the visible to
theNIR region. The applications of plasmonic nanoarchitectonics
inmolecular sensing, particularly for the detection and analysis of
EVs, have received considerable attention. Traditional techniques
such as SPR sensing, utilizing Au-coated sensor chips, have
paved the way for sensitive and rapid detection of EVs [223–
225]. By functionalizing these chips with specific antibodies,
researchers can capture and detect EVs based on their surface
protein markers, enabling potential applications in the field of
cancer diagnosis and monitoring. To further enhance sensitivity
and throughput, SPR-based nano-plasmonic exosome (nPLEX)
sensors have been developed, incorporating periodic nanohole
arrays for improved electromagnetic enhancement [226]. The
system relied on optical transmission through periodic nanoholes
instead of total internal reflection, a process commonly employed
in commercial SPR systems. The chip consisted of a lattice of
nanoholes on 200-nm-thick gold film with detection antibodies
attached via a polyethylene glycol (PEG) linker. Exosomes were
introduced into the flow cell, and the corresponding spectral shift
was calculated to detect target-specific proteins on the exosomes.
The probing depth (<200 nm) of plasmonic nanoholes aligned
well with the size of exosomes, thus exhibiting remarkable
sensitivity, permitting the detection of EVs at concentrations
as low as 103 per mL, surpassing conventional methods by 104
times with Western blot and 102 times with ELISA. Integration
with microfluidic platforms further enhances their utility for
high-throughput analysis ofmultiple samples concurrently. Addi-
tionally, the transmission setup facilitates systemminiaturization
and the creation of densely packed sensing arrays. Intriguingly,
advancements such as the intravesicular nanoplasmonic system
(iNPS) offer a preview into the future of EVs analysis, enabling the
interrogation of both intravesicular and transmembrane proteins
on a single device [15]. In particular, the signal is amplified by first
capturing the molecular targets in EV lysates on the plasmonic
device and then labeling themwith AuNPs. This technique offers
a unified format for high-throughput and automated detection,
independent of the target protein’s position within the EVs.
Protein markers in cancer-derived EVs can be screened using
iNPS, which shows that EVs have cytosolic and membrane
proteins whose expression levels match those in the parent cells.
Furthermore, the research group discovered that drug treatments
altered the amount of intravesicular proteins, suggesting that
EV analysis could be useful for monitoring treatment responses
(Figure 10).
17 of 36



FIGURE 10 (a) EVs are lysed to discharge molecular cargos, collected on the iNPS chip using affinity ligands, and tagged with AuNPs. The assay
accommodates both transmembrane and intravesicular proteins. (b) SEM image displaying AuNPs after iNPS steps. (c) FDTD simulation illustrating
AuNPs on the surface of iNPS concentrating electrical fields, enhancing field intensity up to 70-fold compared to protein or EVs binding. (d) Signal
enhancement: Spectral shift is nine-fold higher with AuNPs (100 nm) on the iNPS chip compared to EVs binding alone. (e) iNPS assay validation:
AuNPs enhance detection of membrane proteins (EpCAM, CD63) and intravesicular protein (AKT1) with improved spectral shifts. Reproduced with
permission from Ref. [15]. Copyright 2018, American Chemical Society.
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nother SPR-based sensor employing a self-assembled mono-
ayer of gold nano-islands (SAM-AuNIs) on an Au-coated glass
ubstrate achieved a LoD of 0.194 µg/mL while enabling dis-
rimination between exosomes and microvesicles across diverse
iological samples [227]. Building on this plasmonic ampli-
ication strategy, dual AuNP-supported signal enhancement
as been introduced, where aptamer/T30-functionalized AuNPs
re linked to exosome surface proteins, yielding a markedly
mproved LoD of 5 × 103 exosomes/mL, substantially outper-
orming conventional ELISA [182]. Extending this concept to
patially resolved formats, AuNP-enhanced SPR imaging (SPRi)
icroarrays have enabled multiplexed exosome profiling with a
eported LoD of 107 exosomes/mL [190]. Beyond SPR, plasmonic
anostructures have also been integrated into scattering-based
etection. A nanoplasmon-enhanced scattering (nPES) assay
tilizing antibody-functionalized spherical AuNPs and AuNRs
nabled simultaneous detection of exosomal surface markers
y exploiting dark-field scattering signals, achieving sensitiv-
ty down to single-particle levels [228]. In parallel, surface-
nhanced Raman scattering (SERS) platforms have enabled
oth label-free profiling of exosomal molecular fingerprints
nd targeted detection using SERS-active nanotags, allowing
iscrimination between healthy and tumor-derived exosomes. In
ddition to spectroscopic approaches, plasmonic nanomaterials
8 of 36
have been widely adapted into point-of-care formats. Lateral
flow assays (LFAs) leverage the strong optical absorbance of
AuNPs (∼520 nm) to enable rapid colorimetric detection of EVs
withinminutes, supporting decentralized diagnostic applications
[229, 230]. In LFAs, antibody-functionalized AuNPs serve as
recognition and reporting elements for specific exosomal antigens
[229, 231, 232]. More recently, engineered AuNP-based “smart
probes” have further expanded colorimetric EVs detection, where
target-induced aggregation produces a visible color shift, while
catalytic AuNP activities enable enzyme-like signal amplification
for disease-relevant biomarkers such as hepatocellular carcinoma
[29]. Complementing these optical approaches, electrochemical
biosensors incorporating Cu and Ag nanostructures have demon-
strated high analytical sensitivity for EVs detection, including
applications in prostate cancer diagnostics [233]. In parallel,
mechanical transduction strategies such as cantilever arrays and
surface acousticwave (SAW)-based amplification have broadened
plasmonic sensing toward dynamic EVs tracking and in vivo
imaging [234]. These plasmonic and plasmon-coupled nanos-
tructures leverage localized electromagnetic field enhancement
and related transduction mechanisms to achieve highly sen-
sitive and, in many cases, multiplexed detection of exosomal
biomarkers. Their compatibility with microfluidic integration
and portable readout formats further supports their translation
Advanced Healthcare Materials, 2026
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oward point-of-care diagnostics. In contrast to these primarily
ptical signal-amplification strategies, fluorescence-based nanos-
ructures provide complementary advantages through tunable
mission,multicolor encoding, and real-time visualization of EVs
ynamics.

.2 Fluorescent Nanostructures

luorescent nanostructures, especially quantum dots (QDs) and
pconversion nanoparticles (UCNPs), have revolutionized EVs
esearch by providing sensitive, multiplexed, and versatile detec-
ion platforms. These nanostructures are particularly powerful
or EVs analysis because their advanced optical design enables
igh-sensitivity detection of low-abundance EVs and theirmolec-
lar cargo, which is crucial for early disease diagnosis and
onitoring therapeutic responses. Importantly, their structural
ttributes, including size, crystallinity, and surface functional-
zation critically determine optical output, biocompatibility, and
olloidal stability, thereby directly influencing detection perfor-
ance and targeting efficiency. In addition, their ability to enable
eal-time tracking of EVs in living cells and organisms allows
ystematic investigation of EV dynamics and their roles in inter-
ellular communication. Furthermore, the intrinsic multiplexing
apability of QDs and UCNPs supports simultaneous profiling of
ultiple EVs-associated biomarkers, thereby providing a more
omprehensive understanding of EV molecular composition
nd functional heterogeneity. Collectively, these innovations in
luorescent nanostructure design are driving significant progress
n EVs research, offering powerful analytical tools for diagnostics,
herapeutics, and personalized medicine.

mong fluorescent nanostructures, QDs represent a class of
emiconductor nanocrystals with unique optical properties, mak-
ng them ideal candidates for EV detection. Owing to their
ize-dependent electronic structure, QDs (typically 2–10 nm in
iameter) can generate bright multicolor fluorescence under
ingle-wavelength excitation, due to their narrow emission
pectra and broad absorption profiles [235]. In addition, QDs
xhibit excellent photostability, enabling prolonged imaging and
epeated measurements without significant signal degradation.
hese attributes, together with their commercial availability and
acile conjugation with a range of ligands, make QDs highly
fficient fluorescent labels for EV detection through both imaging
nd spectroscopic approaches [189, 236–241]. One notable appli-
ation of QDs in EV research is their utilization in multiplexed
etection platforms. In an excellent study, queued beads contain-
ng QDs in a microarray configuration were used to multiplex
he detection of tumor exosomes (Figure 11a) [239]. After extrac-
ion, the exosomes were affixed to magnetic microbeads, which
ere then confined within micropillars on a microfluidic chip.
luorescence imaging was then used to identify the presence
f QDs attached to the exosomes adhered to the microbeads.
he micropillar arrangement facilitated the individual partition
f microbeads, ensuring that the fluorescence signals emitted
rom QDs were evenly distributed across each bead. This setup
ffectively prevented optical interference, thereby enhancing the
ccuracy of the test results. By employing QDs of diverse colors
nd sizes conjugated with specific cancer markers, they achieved
imultaneous detection of exosomes derived from various cancer
ell lines. This innovative approach enabled the accurate quantifi-
dvanced Healthcare Materials, 2026
cation of cancer markers on exosomes, showcasing the potential
for clinical diagnosis and monitoring.

Beyond multiplexed sensing, QDs have also been widely applied
in live-cell and tissue imaging of EVs. One study utilizedQDs con-
jugated to exosomes via click chemistry (4FB, 4-formylbenzoate
to HyNic, 6-hydrazinonicotinate acetone hydrazone) to visualize
semen-derived EVs in human vaginal mucosa and brain-derived
EVs in real time (Figure 11b) [238]. This chemistry is sensitive
under mild conditions and can be tailored, leading to high
labeling efficiency while preserving the optical properties of QDs
and the function of the biological target. This QD-EV conjugate
exhibited remarkable resistance to photobleaching in comparison
to EV labeled with DiI, a frequently used EV staining dye. QD-
EV conjugation can be optimized by adjusting the initial QD
to EVs ratio and using catalysts to accelerate the hydrazone
formation process. More significantly, the QD-EVs conjugates
demonstrated ex vivo fixed-imaging ability and high-resolution
live-imaging capability for EVs in vitro. This technique allowed
for the colocalization of semen EVs with human vaginal cells in
fixed tissue sections as well as the live imaging of the interaction
of brain EVs with BV-2 microglial cell membranes. The study
of EV localization and function in cellular and tissue contexts
was simplified by this labeling technique, which also yielded
valuable insights into disease pathophysiology and intercellular
communication.

In addition to imaging-based applications, QDs have been exten-
sively integrated into quantitative assays for EV surface protein
detection. By combining magnetic separation with QD-based
labeling, researchers achieved sensitive detection of exosome
surface markers associated with cancer (Figure 11c) [242]. In
this approach, magnetic beads functionalized with CD81 anti-
bodies were used to isolate exosomes from cell culture media
and human plasma samples, while QD655 indirectly labeled
cancer-associated markers via secondary antibody binding using
streptavidin–biotin chemistry. Fluorescence signals were mea-
sured using a standard fluorometer, enabling quantitative analy-
sis of exosomal biomarkers. Thismethod demonstrated enhanced
sensitivity with a LoD of 4.7 × 107 exosomes/mL and showed
strong agreement with ELISA (Pearson correlation coefficient:
0.986). Moreover, differential expression analysis of EpCAM,
HER2, CD44, and CD24 across breast cancer cell lines enabled
clear discrimination from healthy controls, while clinical valida-
tion confirmed HER2-positive exosomes as a strong diagnostic
indicator for HER2-positive breast cancer (AUC ≈ 0.97). The
simplicity of this workflow comprising magnetic isolation, anti-
body incubation, QD labeling, and fluorometric readout makes
it particularly attractive compared with more complex analytical
platforms.

Beyond optical and immunoassay-based strategies, QDs have
also been extended into electrochemical and electroluminescent
EVs sensing platforms. In 2017, Boriachek et al. developed an
electrochemical detection strategy in which CdSe QDs func-
tionalized with anti-HER2 and anti-FAM134B antibodies were
used to selectively target breast and colon cancer-derived exo-
somes [243]. By dissolving the QDs under acidic conditions,
they quantified the release of Cd2+ ions using anodic stripping
voltammetry at a bare glassy carbon working electrode. This
approach demonstrated high sensitivity, achieving a LoD of 105
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FIGURE 11 Fluorescent detection of exosomes utilizing QDs. (a) Exosomal tumor markers are isolated and detected in a multiplexed manner
employing QDs and magnetic beads within a microarray chip. The schematic depicts exosome separation with single magnetic beads trapped in
microfluidic pillars and multiplexed detection with multicolor QDs. Fluorescence images display exosomes from different cell lines labeled with three
target-specific QDs: QD525, QD585, and QD625. Reproduced with permission from Ref. [239]. Copyright 2019, Springer Nature. (b) Exosomes are labeled
and visualized usingQDs. The schematic illustrates EVs labelingwithQDs, showcasing the photostability of QDs compared to traditional DiI (lipophilic)
organic dyes. Fluorescence imaging reveals the distribution of QD-labeled EVs (red) on lectin-stained BV-2 cells (green). Reproduced with permission
from Ref. [238]. Copyright 2020, American Chemical Society.(c) Breast cancer detection is demonstrated with QDs combined with immunomagnetic
separation. The schematic depicts immunomagnetic isolation with magnetic beads and fluorescence detection of surface protein markers by QD655.
The fluorescence spectrum of exosomes from HER2-positive breast cancer patients and healthy donors, labeled with HER2-targeted QDs, highlights
the diagnostic potential of QDs for detecting HER2-positive breast cancer. Reproduced with permission from Ref. [242]. Copyright 2021, MDPI, Basel,
Switzerland.
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xosomes/mL. Additionally, QDs have been utilized to improve
lectrochemiluminescence signals (ECL) through self-assembly
ith Ru(dcbpy)32+ to minimize energy wastage and reduce the
istance for electron transfer [244]. Furthermore, MoS2 QDs
ere employed to construct a self-driven photoelectrochemical
iosensor for detecting exosomal RNA, in conjunction with TiO2
anosilks [188]. Beyond QDs, other fluorescent nanostructures,
uch as upconversion nanoparticles (UCNPs), have also shown
romise in EVs detection [178, 245–248]. For instance, a lumines-
ence resonance energy transfer (LRET) aptasensor was designed
hat usedUCNPs and plasmonic gold nanorods (AuNRs) to detect
xosomes [178, 246]. This strategy enables efficient energy transfer
odulation and quantitative EVs analysis with high specificity,
ighlighting the versatility of UCNP-based systems in biosens-
ng applications. Moreover, recent advances in super-resolution
luorescence microscopy have enabled single-EV detection and
haracterization, where UCNPs can be resolved at the level of
0 of 36
individual small EVs, allowing nanoscale mapping of surface
antigen distribution and heterogeneity [249].While fluorescence-
based systems primarily rely on optical signal generation and
multiplexed imaging,magnetic nanostructures provide a comple-
mentary strategy by enabling efficient EVs isolation, enrichment,
and detection through external magnetic manipulation and
separation.

4.3 Magnetic Nanostructures

Magnetic nanostructures, including magnetic nanoparticles and
magnetic nanowires, have emerged as powerful tools in EVs
research due to their unique magnetic properties and versatile
applications [6]. Their structural characteristics such as core-shell
morphology, surface coating, magnetic core size, and functional-
ization play a pivotal role in influencingmagnetic responsiveness,
Advanced Healthcare Materials, 2026
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iocompatibility, and binding efficiency for EVs capture and
etection. Rational engineering of these structural parameters
s therefore essential to maximize capture efficiency while min-
mizing nonspecific adsorption and preserving EVs integrity.
onsequently, magnetic nanostructures have become one of the
ost widely employed nanoarchitectures for the separation and
urification of EVs from cell culture supernatants and complex
iological fluids [250–255]. By functionalizingMNPswith specific
igands targeting EV surface markers, researchers can selectively
apture and concentrate EVs from complex biological matrices
104]. Compared with conventional ultracentrifugation, mag-
etic separation offers several important advantages, including
igh isolation efficiency, rapid processing, reduced sample han-
ling, and seamless compatibility with downstream analytical
echniques. Nevertheless, the performance of magnetic capture
emains highly dependent on the choice of affinity ligand and the
eterogeneous expression of EV surface biomarkers, which may
ntroduce isolation bias toward specific EV subpopulations and
otentially overlook biologically relevant vesicle subsets.

eyond EVs enrichment, magnetic nanostructures have enabled
he development of integrated analytical platforms capable of
ombining isolation, labeling, and quantitative detectionwithin a
ingle workflow. Lee and colleagues pioneered the development
f microfluidic devices integrated with micro-nuclear magnetic
esonance (µNMR) technology for the isolation and analysis of
NP-bound EVs [256]. Utilizing the µNMR principle based on
ransverse decay rate measurement (R2), which correlates with
NP concentration, the method enables quantification of target
Vs via MNP labeling [256–258]. With enhanced sensitivity, it
utperformed Western blotting, ELISA, and nanoparticle track-
ng analysis (NTA) by factors of 104, 103, and 102, respectively. By
ntegrating rapid isolation, a new miniaturized nuclear magnetic
esonance (µNMR) system with a membrane filter and capillary
uide allows for efficient microvesicle (MV) isolation from blood,
NP labeling, and detection, all on-chip (Figure 12) [259].
lthough the device enrichedMVs directly frompacked red blood
ell (pRBC) units and labeled them with target-specific MNPs,
he platform was able to detect MVs in pRBC units with speed
nd accuracy. The identification of important molecular markers
CD44, CD47, and CD55) and precise MV quantification were
ade possible by subsequent detection utilizing a µNMR tech-
ique. Importantly, the device enabled longitudinal monitoring
f MV accumulation in stored blood units, demonstrating that
V concentration progressively increases during storage and
ay serve as a reliable indicator of blood aging. The platform
lso revealed the oxidative stress potential and nitric oxide-
elated activities associated with stored blood products. This
tudy highlights how magnetic nanoarchitectures can transform
Vs analysis from a labor-intensive laboratory procedure into
n integrated, miniaturized, and clinically translatable diagnostic
latform. However, despite their impressive analytical perfor-
ance, widespread clinical implementation will require further
mprovements in device standardization, assay reproducibility,
hroughput, and cost-effective manufacturing.

agnetic nanostructures also serve as versatile signal amplifi-
ation and readout agents for detecting molecular constituents
f EVs. Chen et al. demonstrated the use of functionalized
e3O4 nanoparticles as nanocarriers of EpCAM-specific aptamers
or the detection of targeted exosomes [4]. Upon binding to
dvanced Healthcare Materials, 2026
exosomes, the aptamer-conjugated MNPs exhibited altered cat-
alytic activity, enabling quantitative measurement of targeted
exosomes based on colorimetric changes. This approach provides
a rapid and sensitive method for detecting specific subpopula-
tions of EVs, offering potential applications in disease diagnosis
and monitoring. Beyond molecular recognition-based sensing,
magnetic nanostructures also enable integrated EVs enrichment
and detection workflows. For example, functionalized super-
paramagnetic mesoporous flower-shaped nickel ferrite spheres
(SMNFs) were developed as a rapid and highly sensitive sensing
platform for pregnancy complication screening through the
detection of placental EVs biomarkers. The high surface area
and magnetic responsiveness of these nanostructures facilitated
efficient EVs capture while enhancing analytical sensitivity for
colorimetric detection [260]. Furthermore, magnetic nanostruc-
tures have been incorporated into lateral flow immunoassay
(LFIA) platforms to achieve rapid and instrument-free EVs
detection [261]. The peroxidase-like activities of MNPs coated
with fatty acids of varying chain lengths (oleic acid, myristic
acid, and lauric acid) were assessed in solution using H2O2 and
3,3,5,5-tetramethylbenzidine (TMB) and on strips via a biotin-
neutravidin affinity assay. By conjugating Fe3O4 nanozymes with
specific antibodies targetingEVs surfacemarkers, researchers can
visualize EVs capture on LFIA strips based on the brown color of
the MNPs. Consequently, MNPs coated with oleic acid were uti-
lized as colorimetric labels to detect plasma-derived EVs in LFIAs
due to their nanozyme effects. This simple yet effective detection
method offers rapid and point-of-care detection of EVs, making it
suitable for decentralized diagnostic settings and resource-limited
environments. Despite these advantages, LFIA-based platforms
generally exhibit lower multiplexing capability and quantitative
precision than laboratory-based analytical methods, highlighting
the need for further integration with advanced nanomaterials to
enhance analytical sensitivity and multiplexed detection.

Superparamagnetic iron oxide nanoparticles (SPIONs) repre-
sent a subset of nanostructures recognized for their magnetic
properties and high safety profiles [262]. When functionalized
with bioactive agents or incorporated into composites, SPIONs
exhibit promising theranostic potential for diverse diseases, espe-
cially central nervous system disorders [263]. Their remarkable
superparamagnetic characteristics allow them to accumulate in
specific tissues when exposed to an external magnetic field. By
introducing SPIONs, engineered EVs gain improved targeting
abilities, facilitating their accumulation in desired tissues via
magnetic guidance. For example, EVs filled with SPIONs and
curcumin were directed to gliomas using an external magnetic
field, eliciting potent antitumor effects [264]. Similarly, Kim
et al. developed SPION-incorporated EVs-like nanovesicles for
systemic treatment of spinal cord injuries, with magnetic field
guidance significantly increasing their presence at the injury
site [265]. This magnetic navigation approach was also effec-
tive in enhancing EVs localization to ischemic lesions in mice
with ischemic stroke. Additionally, SPION uptake induced the
expression of therapeutic growth factors in donor mesenchymal
stem cells (MSCs) and their resultant hybrid EVs [266]. Moreover,
these hybrid EVs possess magnetic hyperthermia capabilities due
to SPION incorporation, demonstrating a synergistic antitumor
effect on glioma cells when combined with curcumin and
magnetic hyperthermia [264]. Overall, magnetic nanostructures
combine EVs isolation, detection, and guided delivery, but chal-
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FIGURE 12 Construction of magnetic nanosensor for the detection and profiling of microvesicles (MVs) derived from red blood cells (RBCs).
(A) Scanning electron micrograph of an erythrocyte with budding MVs from a packed RBC unit (pRBC). (B) Assay design scheme: MVs are detached
from blood and captured by antibody-coated microbeads (1 µm in diameter). Immunomagnetic labeling renders the beads superparamagnetic, followed
by a cycloaddition reaction between trans-cyclooctene (TCO) and tetrazine (TZ) to couple magnetic nanoparticles (MNPs) to antibodies (mAbs). (C)
Exploded view of the micro-NMR (µNMR) system, displaying the membrane filter and capillary guide sandwiched between two ring magnets, allowing
for easy replacement of the filter set during sample processing. (D) Device components include two inlets for blood loading, torque-assisted valves for
fluidic management, a herringbone mixer, and an embedded filter for microbead capture. MVs are accumulated into the reservoir before other reagents
(microbeads, mAb-TCO, MNP-TZ) are serially loaded. (E) Photograph of a prototype device measuring 76 × 52 mm2, capable of filtering 300 µL (150 µL
per inlet) of pRBCs from a single sample load. (F) Size dispersion of filtered MVs analyzed by nanoparticle tracking analysis (NTA), with an average
size of 167 nm. (G) Electron microscopy confirms effective capture of MVs by microbeads following labeling with the fabricated microfluidic device.
Reproduced with permission from Ref. [259]. Copyright 2013, American Chemical Society.
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enges such as capture bias, functionalization variability, and
imited multiplexing still need to be addressed. Hybrid systems
hat pair magnetic enrichment with complementary sensing are
herefore promising. In this context, carbon-basednanostructures
ffer high conductivity, large surface area, chemical stability, and
unable surface chemistry, making them especially valuable for
ext-generation EVs biosensing, as discussed in the following
ection.

.4 Carbon Nanostructures

arbon nanostructures, namely carbon nanotubes (CNTs),
raphene, and graphitic carbon nitride nanosheets (g-C3N4 NSs),
ave garnered outstanding attention in EVs research due to their
nique properties and versatile applications. Unlike magnetic
anostructures, which primarily rely onmagnetic responsiveness
or EVs enrichment and manipulation, carbon-based nanoarchi-
ectures provide unique physicochemical advantages for signal
mplification, charge transfer, and ultrasensitive biosensing.
heir structural characteristics, including surface area, aspect
atio, layer thickness, porosity, defect density, and degree of func-
2 of 36
tionalization, critically determine their electrical conductivity,
catalytic activity, biomolecular affinity, and analytical perfor-
mance. Therefore, rational engineering of carbon nanostructures
enables the development of advanced platforms for EVs isolation,
molecular profiling, and highly sensitive detection, contributing
significantly to biomarker discovery, diagnostics, and therapeutic
monitoring [267–270].

CNTs, characterized by their tubular SP2 structures represent a
class of nanomaterials with immense potential in EVs research.
Single-walled carbon nanotubes (SWCNTs) and multi-walled
carbon nanotubes (MWCNTs) are the two leading categories of
CNTs, each offering unique properties and applications. One
prominent application of CNTs in EVs research is their use in
the development of colorimetric sensors for EVs detection. One
colorimetric sensor utilizing CD63-specific aptamer-conjugated
SWCNTs, which exhibit peroxidase activity, resulted in a bright
blue color from the TMB solution (Figure 13a) [271]. The aptamers
bind with CD63 on exosomes, which caused the exosomes to
separate from the SWCNTs when they were exposed to them.
This led to a decrease in the peroxidase activity of the SWCNTs
and a corresponding decrease in the color intensity of TMB. This
Advanced Healthcare Materials, 2026



FIGURE 13 Exosome detecting technique incorporating CNTs. (a) Schematic of a colorimetric aptasensor developed using DNA-capped SWCNTs
for exosome detection. Reproduced with permission from Ref. [271]. Copyright 2017, Elsevier. (b) Schematic of the detection mechanism of a MoS2-
MWCNT-based nanosensor for identification and quantitative analysis of exosomes. Reproduced with permission from Ref. [180]. Copyright 2019, Royal
Society of Chemistry. (c) Schematic of the detection procedure of exosomal miRNA-21 using DNA-modified CNT FET biosensor. Reproduced with
permission from Ref. [272]. Copyright 2021, American Chemical Society. (d) Schematic of an electrochemical aptasensor for the multiplexed detection
of exosome biomarkers. Reproduced with permission from Ref. [275]. Copyright 2022, Elsevier.
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ensor enables the detection of exosomes with a LoD of 5.2 ×
08 exosomes/mL based on changes in color intensity, offering a
imple and accessible method for EVs detection. Moreover, CNTs
ave been utilized as quenchers in fluorometric nanosensors for
ensitive and quantitative detection of exosomes. A nanosensor
as been developed employing MoS2-MWCNT modified with R-
hycoerythrin (PE) conjugated CD63 antibody (Figure 13b) [180].
dditionally, exosomes produced fromMCF-7 breast cancer cells
ould be examined using this method. It was discovered that
he fluorophore’s recovered fluorescence, which showed a linear
esponse range of 0%–15% v/v (0 to 11.1 × 106 particles/mL)
nd a LoD of 2.0408 v/v% (14.8 × 105 particles/mL), could
e used to evaluate CD63 expression. Furthermore, exosomes
ith different surface biomarker expressions can be quantified
sing this nanosensing technique, which has demonstrated that
xosomes released from MCF-7 breast cancer cells express more
D24 than CD63 and CD81. Additionally, CNT-based field-
ffect transistor (FET) biosensors have been constructed for the
etection of miRNA from tumor exosomes. Li et al. fabricated
n FET biosensor utilizing polymer-sorted semiconducting CNT
ilms on top of Si/SiO2 substrate, followed by deposition of a
dvanced Healthcare Materials, 2026
3 nm thin film of yttrium via electron beam evaporation (EBE)
and oxidizing it to generate an insulating layer (Figure 13c)
[272]. Subsequently, gold (Au) was deposited to create AuNPs
for anchoring the oligonucleotide probe. Through hybridization,
this probe binds to miRNA, causing current changes that allow
for the high sensitivity and specificity of exosome identifica-
tion and quantification, providing a promising tool for disease
diagnosis and biomarker detection. Furthermore, CNTs have
found applications in electrochemical-based EVs sensors, such as
DNA/ferrocene-functionalized SWCNTs for the detection of lung
cancer exosomes [273]. For the sensitive detection of exosomes,
Sahraei et al. devised a biodegradable electrochemical paper-
based device (ePAD) that incorporates synthetic carbon and
AuNPs [274]. The surface of the nanocomposites was coated
with CD9 antibodies for detection, thus demonstrating remark-
able sensitivity and specificity, displaying a LoD of 7 × 104
exosomes/mL, making them valuable tools for EVs analysis in
clinical settings. In research conducted by Hashkavayi et al., a
screen-printed carbon electrode was customized with MWCNT,
an ionic liquid, and chitosan, and further functionalized with
CD63 to facilitate the capture of exosomes (Figure 13d) [275].
23 of 36
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ubsequently, EpCAM or HER2 positive exosomes were attached
o EpCAM or HER2 aptamers, respectively, incorporating primer
equences that initiated a rolling circle amplification (RCA)
eaction. Due to their complexation with the RCA products, the
ntroduction of Cu and Pb ions resulted in robust electrochemical
ignals that were detected by differential pulse voltammetry
DPV) after RCA.

raphene, a two-dimensional sheet of sp2 hybridized carbon
toms, has also emerged as a promising platform for EVs recog-
ition and analysis [276, 277]. Graphene-based FET biosensors
unctionalized with CD63 antibodies have been exploited for
fficient analysis of exosomes in serum samples [278]. The
icrofluidic channel in the framework divides the graphene
nto sample-containing and sample-free zones, exhibiting distinct
lectrical properties to sense exosome binding through changes in
urrent and achieved a LoD of 0.1 µg/mL. Another research group
evised a reduced graphene oxide (RGO) FET modified with
D63 to identify and detect exosomes, boasting a low LoD of 3.3 ×
04 exosomes/mL [279]. This label-free technique enables direct
xosome quantification in serum samples, showing promise for
iagnosis of prostate cancer. Moreover, the porous assembly has
acilitated exosome isolation both including and excluding addi-
ional isolation materials and devices [142, 280, 281]. Similarly,
raphitic carbon nitride nanosheets (g-C3N4 NSs) have been
tilized for colorimetric detection of exosomes based on their
eroxidase-like activities [282–284]. Wang et al. demonstrated
he use of g-C3N4 NSs for detecting exosomes by monitoring
hanges in color intensity, offering a sensitive and selective
ethod for EVs analysis [285]. The research group discovered that
sDNA could get adsorbed on g-C3N4 NSs which significantly
ccelerated their catalytic activity. The maximum reaction rate
f H2O2-mediated 3,3′,5,5′- tetramethylbenzidine (TMB used as
chromogenic substrate) oxidation catalyzed by the ssDNA-NSs
ybrid was at least four times faster than that achieved with
nmodified NSs. The high catalytic activity of the ssDNA-NSs
ybrid enabled sensitive colorimetric detection of exosomeswhen
n aptamer against CD63 was incorporated into the hybrid. The
ensor was successful in differentiating between the exosomes
enerated by the MCF-7 breast cancer cell line and the MCF-10A
ontrol cell line in terms of CD63 expression. As research in this
rea continues to evolve, carbon nanostructures are expected to
lay an increasingly important role in unlocking the full potential
f EVs for biomedical applications. Despite their advantages,
hallenges related to reproducibility, biocompatibility, nonspe-
ific interactions, and scalable fabrication remain. Beyond carbon
anomaterials, porous organic frameworks offer further struc-
ural tunability through programmable pore architecture and
odular chemical functionalities, providing new opportunities
or selective EV recognition, capture, and advanced biosensing.

.5 Organic Frameworks

eyond carbon-based nanostructures, organic frameworkmateri-
ls represent a further evolution of nanoarchitectured platforms
y providing precisely tunable pore structures, modular chem-
cal functionalities, and programmable host–guest interactions.
etal–organic frameworks (MOFs) represent a class of versatile
D and 3Dmetal–organic crystalline porous nanostructures com-
osed of organic linkers and metal ions, forming highly tunable,
4 of 36
porous, and stable structures [285, 286]. Their unique structural
characteristics, including high surface area, tunable pore size,
abundant active sites, and adjustable metal–ligand coordination
environments, enable precise control overmolecular recognition,
catalytic activity, and signal transduction, making them highly
attractive for EVs capture and biosensing applications. These
properties have allowed MOFs to be explored extensively in
diverse fields, including solar energy conversion, drug delivery,
catalysis, and cancer diagnostics [287].

InEVs research,MOFs offer several advantages over conventional
nanomaterials because their porous structures can simultane-
ously facilitate biomarker enrichment, signal amplification, and
molecular recognition. The ability to incorporate functional
molecules, electroactive species, and affinity ligands within their
frameworks provides opportunities to design multifunctional
biosensors with improved analytical performance. Consequently,
MOF-based platforms have emerged as promising candidates for
electrochemical and optical EVs detection, particularly for point-
of-care diagnostics and personalized medicine [288]. However,
challenges including framework stability in aqueous biologi-
cal environments, controlled biomolecule accessibility within
nanopores, and large-scale reproducible synthesis remain impor-
tant considerations for clinical translation.

Utilizing a functional hybrid thin-film technology, Sun and the
team fabricated a unique dual-signal and intrinsic self-calibration
aptasensor for exosome detection [197]. Black phosphorus
nanosheets (BPNSs) and ferrocene (Fc)-doped metal–organic
frameworks (ZIF-67) were assembled on an indium tin oxide
(ITO) slice, after which a ssDNA aptamer tagged with methylene
blue was incorporated. The produced aptamer-BPNSs/Fc/ZIF-
67/ITO platform showed dual redox-signal responses from Fc
(doped into ZIF-67) and MB (labeled on the aptamer) (Figure 14).
The redox current of MB dropped in the presence of particular
exosomes produced from cancer cells, whereas that of Fc (as a
reference) did not fluctuate. With a LoD of only 100 particles/mL,
this novel intrinsic self-calibration aptasensor was able to identify
exosomes with high precision. Moreover, it successfully detected
particular exosomes generated from cancer cells in human serum
and plasma samples taken from patients with breast cancer as
well as healthy controls. Owing to its exceptional capabilities, this
aptasensor can be tailored to identify several biomarkers from
diverse exosomes generated from cancer cells, thereby improving
early cancer screening and clinical diagnosis methodologies.

A highly porous Zr-based MOFs (UiO-66-NH2) loaded with
methylene blue, a commonly used electroactive redox indicator,
were utilized as an electrochemical biosensor for capturing
glioblastoma multiforme (GBM) exosomes [194]. A specifically
fabricated protein was then manufactured on the electrode
surface to identify EGFR and its variant EGFRvIII, which
are biomarkers for GBM. This facilitated the capture of GBM
exosomes. Subsequently, the MB@Zr-MOFs attached to the cap-
tured exosomes, generating an enhanced electrochemical signal
through the interaction between the Zr4+ from the MOFs and the
phosphate head of the exosomes’ lipid membrane. The sensor
reached a LoD of 7.83 × 106 exosomes/mL whereas the exo-
some concentration may be quantitatively analyzed by directly
monitoring the electroactive molecules within the MOFs, with a
detection range from 9.5 × 103 to 1.9 × 107 particles/µL. Utilizing
Advanced Healthcare Materials, 2026



FIGURE 14 Illustration of the fabrication procedure and application of a dual-signal and intrinsic self-calibration aptasensor for exosomes,
based on a functional hybrid thin-film sensing platform aptamer-BPNSs/Fc/ZIF-67/ITO. Reproduced with permission from Ref. [197]. Copyright 2020,
American Chemical Society.
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his sensor, the research group successfully differentiated GBM
atients from healthy individuals by detecting and quantify-
ng EGFR/EGFRvIII positive exosomes in serum samples. This
ensor exhibited high sensitivity, enabling the detection and
uantification of GBM exosomes from serum samples with a
ow LoD. Furthermore, MOFs have been integrated into portable
aper-based electrochemical biosensors for exosome detection,
ffering rapid and sensitive analysis. Liu et al. developed a
aper-based sensor by coating Zr-MOFs on paper surfaces to
apture exosomes, followed by the addition of aptamers for
pecific recognition of exosomal markers [289]. This sensor
tilized hybridization chain reaction (HCR) amplification to
nhance sensitivity, achieving a low LoD for exosome detection.
dditionally, Cao et al. introduced a pH-sensitiveMOF system for
lectrochemical detection of exosomes, utilizing hyperbranched
olling circle amplification (HRCA) to amplify electrochemical
ignals [290]. These innovative biosensors offer high sensitivity
nd specificity, enabling the detection of exosomes with superior
erformance. Moreover, MOFs offer versatility in signal readout
trategies and functionalization approaches for EVs detection,
acilitating the development of tailored biosensing platforms
or protein and RNA markers [291, 292]. By combining MOFs
ith other detection techniques, such as magnetic nanoparticles,
esearchers have achieved efficient capture and purification of
xosomes from complex biological samples [293]. For instance,
OF-based immunoaffinity flakes have been utilized for cap-
uring and separating exosomes in samples obtained from both
ealthy individuals and patients with lung adenocarcinoma,
emonstrating high capture and recovery rates [294].

n parallel with MOFs, covalent organic frameworks (COFs)
ave recently emerged as another important class of organic
ramework materials for EVs research. Unlike MOFs, COFs are
onstructed entirely from covalently bonded organic building
locks, generating highly ordered 2D and 3D crystalline porous
tructures with excellent chemical tunability and stability [295].
heir metal-free composition, predictable pore architecture, and
ich organic functionality provide additional opportunities for
dvanced Healthcare Materials, 2026
molecular recognition and catalytic signal amplification. Wang
et al. showcased the application of COFs in colorectal can-
cer exosome detection [296]. In this study, they constructed
HRPpSC4-AuNPs@COFs, a novel COF-based nanoprobe by
functionalizing the COF structure with horseradish peroxidase
(HRP) and AuNPs treated with p-sulfocalix[4]arene hydrate
(pSC4). This nanoprobe could be used to electrochemically
identify colorectal cancer-derived exosomes. With its exceptional
conductivity, the AuNPs accelerated charge carriermigration and
improved biosensor responsiveness, while the pSC4 served as
a flexible linker in this arrangement, recognizing and binding
to a variety of amino acid residues on the exosome surface.
Furthermore, COFs’ high porosity enabled them to load a sig-
nificant amount of HRP, resulting in strong catalytic activity.
Additionally, the COF exoskeleton sustained HRP functionality
with noticeably increased stability.With a LoD as low as 160 parti-
cles/µL, this novel approach demonstrates outstanding analytical
performance for detecting CRC-derived exosomes over a linear
range of 5 × 102 to 107 particles/µL. Furthermore, the approach
has demonstrated great potential for clinical diagnosis as it has
been successfully used for the analysis of clinical serum samples,
efficiently differentiating CRC patients from healthy controls.
Despite the advantages of organic framework nanomaterials,
including MOFs and COFs, challenges related to biological
stability, scalable fabrication, and standardized characterization
remain important considerations for clinical translation. Through
precise structural design and multifunctional sensing capabil-
ities, organic frameworks represent a significant advancement
in nanoarchitectonics for next-generation EV diagnostics and
precision nanomedicine.

5 Conclusions and Outlook

Nanoarchitectonics plays a crucial role in the production of
EVs, especially exosomes, by providing a platform for precise
control over the properties and characteristics of these vesicles.
In this context, nanoarchitectonics encompasses various strate-
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ies to engineer the environment in which EVs are produced,
arvested, and manipulated. Nanoarchitectonics enables the
esign of specialized bioreactors or culture systems optimized
or EVs production. These systems may incorporate nanoscale
eatures such as tailored surfaces, microfluidic channels, or
orous scaffolds to enhance cell growth, EVs secretion, and
solation efficiency. For instance, researchers have developed
icrofluidic devices with nanostructured surfaces to enhance
ell growth and EVs secretion, resulting in higher yields of
Vs. In addition, nanostructured surfaces can be designed to
imic the extracellular matrix or cellular microenvironment,
romoting cell adhesion, proliferation, and EVs release. Surface
odifications with specific ligands or functional groups can
lso facilitate the selective capture or enrichment of EVs from
omplex biological samples. It has been stated that nanotex-
ured substrates coated with antibodies have been shown to
fficiently isolate EVs frombiological samples.Moreover, nanoar-
hitectonics contributes to the fabrication of advanced isolation
nd purification systems for EVs. This includes the design of
anomaterial-based separation platforms such as nanoparticles,
anofibers, or nanostructured membranes with high affinity and
electivity for EVs, enabling efficient isolation from biofluids
r cell culture media. Nanomaterial-based separation platforms,
uch as magnetic nanoparticles functionalized with aptamers,
ave been employed for rapid and selective isolation of EVs from
omplex biological fluids.

anoarchitectonics enables the loading of therapeutic cargo,
uch as drugs, nucleic acids, or imaging agents, into EVs for
argeted delivery. Nanoparticle-based carriers or nanoscale deliv-
ry platforms can be engineered to encapsulate cargo molecules
nd facilitate their incorporation into EVs during biogenesis or
ost-isolationmodification. Lipid nanoparticles containing small
nterfering RNAs (siRNAs) can be fused with EVs membranes,
llowing the efficient loading of siRNAs into EVs for targeted
elivery to recipient cells. Nanoarchitectonics facilitates the
urface functionalization of EVs with targeting ligands, imaging
robes, or stimuli-responsivemoieties for enhanced functionality.
his may involve the conjugation of nanoparticles, lipids, or
olymers to EVs membranes to impart specific properties or
nable controlled release of cargo upon environmental cues.
or example, EVs can be decorated with gold nanoparticles
onjugated with targeting ligands for enhanced cellular uptake
nd targeted drug delivery. Furthermore, nanoarchitectonics con-
ributes to the development of nanoscale analytical techniques for
haracterizing EVs, including size, morphology, surface charge,
nd cargo content. These techniques, such as nanoparticle
racking analysis (NTA), atomic force microscopy (AFM), or
ingle-particle interferometric reflectance imaging sensing (SP-
RIS), provide valuable insights into EV properties and behavior.
verall, nanoarchitectonics plays a multifaceted role in advanc-
ng EV production and manipulation, offering opportunities to
ngineer EVs with tailored properties for a range of biomed-
cal applications, comprising drug delivery, diagnostics, and
egenerativemedicine. By harnessing nanotechnology principles,
esearchers can exploit the unique features of EVs and unlock
heir full therapeutic potential in biomedical research and clinical
ractice.

hile nanoarchitectonics holds great potential in advancing EVs
esearch and therapeutics, there are still a number of challenges
6 of 36
to be overcome. To enhance targeted delivery, nanomaterials
should be engineered, mainly by optimizing their structure
and arrangement, to improve the targeting specificity of EVs,
allowing for more precise and efficient delivery of therapeutic
substances to diseased cells or tissues. Innovative engineering of
EVs likewise involves designing EVs with functionalized surfaces
that can interact selectively with target cells or tissues and
creating hybrid EVs that combine natural vesicles with synthetic
nanoparticles to achieve unique properties and functionalities.
Additionally, engineering EVs with nanoarchitectures should
enhance their stability and longevity in the bloodstream. Cus-
tomizable cargo loading is another crucial aspect; nanomaterials
should have surfaces optimized or loading specific therapeutic
agents. Nanoarchitectonics can also enhance the sensitivity and
specificity of EVs-based diagnostic assays, enabling earlier and
more accurate detection of diseases. This enhancement facilitates
the easy identification and validation of novel biomarkers within
EVs through advanced nanoscale analysis techniques.

Tailoring EVs-based therapies to individual patients based on
their unique biological profiles leverages the precision of nanoar-
chitectonics, moving toward personalized medicine. Further-
more, establishing standard protocols for the characterization
anduse of nanoengineeredEVs is essential to ensure their efficacy
and safety. Additionally, comprehensive studies on long-term
safety, pharmacokinetics, and biodistribution of nanomaterial-
based EVs therapeutics are essential for clinical translation.
Collaboration between researchers in nanotechnology, materials
science, and biomedical engineering will drive innovation and
accelerate the construction of next-generation EVs-based thera-
peutics for a wide range of diseases, including neurological dis-
orders, cancer, and inflammatory conditions. Beyond medicine,
exploring the use of nanoengineered EVs in fields such as envi-
ronmental science, agriculture, and biotechnology holds promise.
They can be applied for pollutant monitoring and remediation
via targeted delivery of degradative chemicals and enzymes [297].
Furthermore, these engineered EVs have the potential to enhance
crop protection and growth by delivering pesticides or growth
regulators more efficiently [298]. In conclusion, nanoarchitec-
tonics offers unprecedented opportunities to revolutionize EVs
research and therapeutics by providing versatile tools for precise
manipulation of EV properties and behavior. By integrating nano-
materialswithEVs biology, researchers can overcomekey barriers
and unlock the full therapeutic potential of EVs for precision
medicine applications. Continued interdisciplinary research and
technological advancements in nanoarchitectonics will pave the
way for transformative breakthroughs in EVs-based therapeutics
and diagnostics.

Acknowledgements

This study was supported by the Cancer Council Queensland through
the Next Generation Cancer Council fellowship awarded to M.K.M
(CCQ; 2027070). Y.Y. acknowledges financial support from JST-ERATO
Yamauchi Materials Space-Tectonics Project (JPMJER2003). C.S. is sup-
ported by the National Health and Medical Research Council (NHMRC;
1195451). This work used the Queensland node of the NCRIS-enabled
Australian National Fabrication Facility (ANFF).
Advanced Healthcare Materials, 2026



O
p
C

F

T
t
(
Y
p
1
A

C

T

D

D
o

R

A
1

2
P
3

3
B
1

4
T
1

5
“
a
o

6
S
E
A
a

7
O
A

8
A
M
1

9
“
o
(

1
b
(

1
D
T
h

1
F

A

pen access publishing facilitated by The University of Queensland, as
art of the Wiley - The University of Queensland agreement via the
ouncil of Australasian University Librarians

unding

his study was supported by the Cancer Council Queensland through
he Next Generation Cancer Council fellowship awarded to M.K.M
CCQ; 2027070). Y.Y. acknowledges financial support from JST-ERATO
amauchi Materials Space-Tectonics Project (JPMJER2003). C.S. is sup-
orted by the National Health and Medical Research Council (NHMRC;
195451). This work used the Queensland node of the NCRIS-enabled
ustralian National Fabrication Facility (ANFF).

onflicts of Interest

he authors declare no conflicts of interest.

ata Availability Statement

ata sharing not applicable to this article as no datasets were generated
r analyzed during the current study.

eferences

1. T. Yong, X. Zhang, N. Bie, et al., “Tumor Exosome-Based Nanoparticles
re Efficient Drug Carriers for Chemotherapy,” Nature Communications
0 (2019): 3838, https://doi.org/10.1038/s41467-019-11718-4.

. Y. Yuana, A. Sturk, and R. Nieuwland, “Extracellular Vesicles in
hysiological and Pathological Conditions,” Blood Reviews 27 (2013):
1–39, https://doi.org/10.1016/j.blre.2012.12.002.

. G. van Niel, G. D’Angelo, and G. Raposo, “Shedding Light on the Cell
iology of Extracellular Vesicles,” Nature Reviews Molecular Cell Biology
9 (2018): 213–228, https://doi.org/10.1038/nrm.2017.125.

. J. Chen, Y. Xu, Y. Lu, and W. Xing, “Isolation and Visible Detection of
umor-Derived Exosomes From Plasma,” Analytical Chemistry 90 (2018):
4207–14215, https://doi.org/10.1021/acs.analchem.8b03031.

. A. L. Stahl, K. Johansson, M. Mossberg, R. Kahn, and D. Karpman,
Exosomes and Microvesicles in Normal Physiology, Pathophysiology,
nd Renal Diseases,” Pediatric Nephrology 34 (2019): 11–30, https://doi.
rg/10.1007/s00467-017-3816-z.

. K. Boriachek, M. K. Masud, C. Palma, et al., “Avoiding Pre-Isolation
tep in Exosome Analysis: Direct Isolation and Sensitive Detection of
xosomes Using Gold-Loaded Nanoporous Ferric Oxide Nanozymes,”
nalytical Chemistry 91 (2019): 3827–3834, https://doi.org/10.1021/acs.
nalchem.8b03619.

. L. M. Doyle andM. Z. Wang, “Overview of Extracellular Vesicles, Their
rigin, Composition, Purpose, and Methods for Exosome Isolation and
nalysis,” Cells 8 (2019): 727, https://doi.org/10.3390/cells8070727.

. Y. Lv, J. Tan, Y. Miao, and Q. Zhang, “The Role of Microvesicles and Its
ctive Molecules in Regulating Cellular Biology,” Journal of Cellular and
olecular Medicine 23 (2019): 7894–7904, https://doi.org/10.1111/jcmm.
4667.

. S. Montoro-García, E. Shantsila, F. Marín, A. Blann, and G. Y. Lip,
Circulating Microparticles: New Insights Into the Biochemical Basis
f Microparticle Release and Activity,” Basic Research in Cardiology 106
2011): 911–923, https://doi.org/10.1007/s00395-011-0198-4.

0. I. K. H. Poon, C. D. Lucas, A. G. Rossi, et al., “Apoptotic cell clearance:
asic biology and therapeutic potential,” Nature Reviews Immunology 14
2014): 166–180, https://doi.org/10.1038/nri3607.

1. V. R. Minciacchi, S. You, C. Spinelli, et al., “Large Oncosomes Contain
istinct Protein Cargo and Represent a Separate Functional Class of
umor-Derived Extracellular Vesicles,” Oncotarget 6 (2015): 11327–11341,
ttps://doi.org/10.18632/oncotarget.3598.

2. N. Godbole, A. Lai, F. Carrion, et al., “Extracellular Vesicle miRNAs
rom Three-Dimensional Ovarian Cancer In Vitro Models and Their
dvanced Healthcare Materials, 2026
Implication inOverall Cancer Survival,”Heliyon 11 (2025): e42188, https://
doi.org/10.1016/j.heliyon.2025.e42188.

13. C. M. Fader and M. I. Colombo, “Autophagy and Multivesicular
Bodies: Two Closely Related Partners,” Cell Death & Differentiation 16
(2009): 70–78, https://doi.org/10.1038/cdd.2008.168.

14. Y. Zhang, Y. Liu, H. Liu, and W. H. Tang, “Exosomes: Biogenesis,
Biologic Function and Clinical Potential,” Cell & Bioscience 9 (2019): 19,
https://doi.org/10.1186/s13578-019-0282-2.

15. J. Park,H. Im, S.Hong, C.M.Castro, R.Weissleder, andH. Lee, “Analy-
ses of Intravesicular Exosomal ProteinsUsing aNano-Plasmonic System,”
ACS Photonics 5 (2018): 487–494, https://doi.org/10.1021/acsphotonics.
7b00992.

16. O. G. de Jong, S. A. A. Kooijmans, D. E. Murphy, et al., “Drug Delivery
With Extracellular Vesicles: From Imagination to Innovation,” Accounts
of Chemical Research 52 (2019): 1761–1770, https://doi.org/10.1021/acs.
accounts.9b00109.

17. T. A. Hartjes, S. Mytnyk, G. W. Jenster, V. van Steijn, and M. E.
van Royen, “Extracellular Vesicle Quantification and Characterization:
Common Methods and Emerging Approaches,” Bioengineering 6 (2019):
7, https://doi.org/10.3390/bioengineering6010007.

18. M. L. Taylor, A. G. Giacalone, K. D. Amrhein, R. E.Wilson Jr., Y.Wang,
and X. Huang, “Nanomaterials for Molecular Detection and Analysis of
Extracellular Vesicles,” Nanomaterials (Basel) 13 (2023): 524, https://doi.
org/10.3390/nano13030524.

19. T. Tian, S. Qiao, and B. A. Tannous, “Nanotechnology-Inspired
Extracellular Vesicles Theranostics for Diagnosis and Therapy of Central
Nervous System Diseases,” ACS Applied Materials & Interfaces 15 (2023):
182–199, https://doi.org/10.1021/acsami.2c07981.

20. A. Azhar, Y. Li, Z. Cai, et al., “Nanoarchitectonics: a New Materials
Horizon for Prussian Blue and Its Analogues,” Bulletin of the Chemical
Society of Japan 92 (2019): 875–904, https://doi.org/10.1246/bcsj.20180368.

21. S. Hallal, Á. Tűzesi, G. E. Grau, M. E. Buckland, and K. L. Alexander,
“Understanding the Extracellular Vesicle Surface for Clinical Molecular
Biology,” Journal of Extracellular Vesicles 11 (2022): 12260, https://doi.org/
10.1002/jev2.12260.

22. K. Ariga, “Nanoarchitectonics: a Navigator From Materials to Life,”
Materials Chemistry Frontiers 1 (2017): 208–211, https://doi.org/10.1039/
C6QM00240D.

23. T. A. Pham, A. Qamar, T. Dinh, et al., “Nanoarchitectonics for
Wide Bandgap Semiconductor Nanowires: Toward the Next Genera-
tion of Nanoelectromechanical Systems for Environmental Monitor-
ing,” Advanced Science 7 (2020): 2001294, https://doi.org/10.1002/advs.
202001294.

24. M. Caldorera-Moore, N. Guimard, L. Shi, and K. Roy, “Designer
Nanoparticles: Incorporating Size, Shape and Triggered Release Into
Nanoscale Drug Carriers,” Expert Opinion on Drug Delivery 7 (2010):
479–495, https://doi.org/10.1517/17425240903579971.

25. J. K. Patra, G. Das, L. F. Fraceto, et al., “Nano Based Drug Deliv-
ery Systems: Recent Developments and Future Prospects,” Journal of
Nanobiotechnology 16 (2018): 71, https://doi.org/10.1186/s12951-018-0392-
8.

26. J. U. Lee, W. H. Kim, H. S. Lee, K. H. Park, and S. J. Sim, “Quantitative
and Specific Detection of Exosomal miRNAs for Accurate Diagnosis of
Breast Cancer Using a Surface-Enhanced Raman Scattering Sensor Based
on Plasmonic Head-Flocked Gold Nanopillars,” Small 15 (2019): 1804968,
https://doi.org/10.1002/smll.201804968.

27. S. Rayamajhi, R. Marasini, T. D. T. Nguyen, et al., “Strategic Recon-
struction of Macrophage-Derived Extracellular Vesicles as a Magnetic
Resonance Imaging Contrast Agent,” Biomaterials Science 8 (2020):
2887–2904, https://doi.org/10.1039/d0bm00128g.

28. S. Zhang, R. Geryak, J. Geldmeier, S. Kim, and V. V. Tsukruk,
“Synthesis, Assembly, and Applications of Hybrid Nanostructures for
Biosensing,” Chemical Reviews 117 (2017): 12942–13038, https://doi.org/10.
1021/acs.chemrev.7b00088.
27 of 36

https://doi.org/10.1038/s41467-019-11718-4
https://doi.org/10.1016/j.blre.2012.12.002
https://doi.org/10.1038/nrm.2017.125
https://doi.org/10.1021/acs.analchem.8b03031
https://doi.org/10.1007/s00467-017-3816-z
https://doi.org/10.1021/acs.analchem.8b03619
https://doi.org/10.3390/cells8070727
https://doi.org/10.1111/jcmm.14667
https://doi.org/10.1007/s00395-011-0198-4
https://doi.org/10.1038/nri3607
https://doi.org/10.18632/oncotarget.3598
https://doi.org/10.1016/j.heliyon.2025.e42188
https://doi.org/10.1038/cdd.2008.168
https://doi.org/10.1186/s13578-019-0282-2
https://doi.org/10.1021/acsphotonics.7b00992
https://doi.org/10.1021/acs.accounts.9b00109
https://doi.org/10.3390/bioengineering6010007
https://doi.org/10.3390/nano13030524
https://doi.org/10.1021/acsami.2c07981
https://doi.org/10.1246/bcsj.20180368
https://doi.org/10.1002/jev2.12260
https://doi.org/10.1039/C6QM00240D
https://doi.org/10.1002/advs.202001294
https://doi.org/10.1517/17425240903579971
https://doi.org/10.1186/s12951-018-0392-8
https://doi.org/10.1002/smll.201804968
https://doi.org/10.1039/d0bm00128g
https://doi.org/10.1021/acs.chemrev.7b00088


2
V
B

3
E
j

3
R
C
C
3

3
o
C
d

3
a
a
1

3
R
5

3
d
v
s

3
S
C
1

3
S
a
1

3
R
6

3
“
E
o

4
T
S
e

4
a
t
h

4
A
P
7
a

4
R
S
5

4
N
(

4
C

T

2

9. D.K. Jeppesen,Q. Zhang, J. L. Franklin, andR. J. Coffey, “Extracellular
esicles and Nanoparticles: Emerging Complexities,” Trends in Cell
iology 33 (2023): 667–681, https://doi.org/10.1016/j.tcb.2023.01.002.

0. D. K. Jeppesen, A. M. Fenix, J. L. Franklin, et al., “Reassessment of
xosome Composition,” Cell 177 (2019): 428–445, https://doi.org/10.1016/
.cell.2019.02.029.

1. G. van Niel, D. R. F. Carter, A. Clayton, D. W. Lambert, G.
aposo, and P. Vader, “Challenges and Directions in Studying Cell–
ell Communication byExtracellular Vesicles,”NatureReviewsMolecular
ell Biology 23 (2022): 369–382, https://doi.org/10.1038/s41580-022-00460-
.

2. M. Mathieu, L. Martin-Jaular, G. Lavieu, and C. Théry, “Specificities
f Secretion and Uptake of Exosomes and Other Extracellular Vesicles for
ell-to-Cell Communication,” Nature Cell Biology 21 (2019): 9–17, https://
oi.org/10.1038/s41556-018-0250-9.

3. B. Li, W.Wu,W. Xu, et al., “Advances of extracellular vesicles isolation
nd detection frontier technology: from heterogeneity analysis to clinical
pplication,” Journal of Nanobiotechnology 23 (2025): 678, https://doi.org/
0.1186/s12951-025-03768-2.

4. K. Choudhuri, J. Llodrá, E.W.Roth, et al., “PolarizedRelease of T-Cell-
eceptor-EnrichedMicrovesicles at the Immunological Synapse,”Nature
07 (2014): 118–123, https://doi.org/10.1038/nature12951.

5. H. W. Choi, J. Suwanpradid, I. H. Kim, et al., “Perivascular Den-
ritic Cells Elicit Anaphylaxis by Relaying Allergens to Mast Cells
ia Microvesicles,” Science 362 (2018): aao0666, https://doi.org/10.1126/
cience.aao0666.

6. M.Mathieu, N. Névo,M. Jouve, et al., “Specificities of ExosomeVersus
mall Ectosome Secretion Revealed by Live Intracellular Tracking of
D63 and CD9,” Nature Communications 12 (2021): 4389, https://doi.org/
0.1038/s41467-021-24384-2.

7. F. K. Fordjour, C. Guo, Y. Ai, G. G. Daaboul, and S. J. Gould, “A Shared,
tochastic Pathway Mediates Exosome Protein Budding Along Plasma
nd Endosome Membranes,” Journal of Biological Chemistry 298 (2022):
02394, https://doi.org/10.1016/j.jbc.2022.102394.

8. M. F. Baietti, Z. Zhang, E. Mortier, et al., “Syndecan–Syntenin–ALIX
egulates the Biogenesis of Exosomes,”Nature Cell Biology 14 (2012): 677–
85, https://doi.org/10.1038/ncb2502.

9. N. Jaé, D. G. McEwan, Y. Manavski, R. A. Boon, and S. Dimmeler,
Rab7a and Rab27b Control Secretion of Endothelial microRNA Through
xtracellular Vesicles,” FEBS Letters 589 (2015): 3182–3188, https://doi.
rg/10.1016/j.febslet.2015.08.040.

0. M. A. Rogers, F. Buffolo, F. Schlotter, et al., “Annexin A1-Dependent
ethering Promotes Extracellular Vesicle Aggregation Revealed with
ingle-Extracellular Vesicle Analysis,” Science Advances 38 (2020):
abb1244, https://doi.org/10.1126/sciadv.abb1244.

1. D. G. Saliba, P. F. Céspedes-Donoso, Š. Bálint, et al., “Composition
nd Structure of Synaptic Ectosomes Exporting Antigen Receptor Linked
o Functional CD40 Ligand From Helper T Cells,” Elife 8 (2019): 47528,
ttps://doi.org/10.7554/eLife.47528.

2. M. Dieudé, C. Bell, J. Turgeon, et al., “The 20S Proteasome Core,
ctive Within Apoptotic Exosome-Like Vesicles, Induces Autoantibody
roduction and Accelerates Rejection,” Science Translational Medicine
(2015): 318ra200–318ra200, https://doi.org/10.1126/scitranslmed.

ac9816.

3. C. Tucher, K. Bode, P. Schiller, et al., “Extracellular Vesicle Subtypes
eleasedFromActivated orApoptotic T-lymphocytesCarry a Specific and
timulus-Dependent Protein Cargo,” Frontiers in Immunology 9 (2018):
34, https://doi.org/10.3389/fimmu.2018.00534.

4. S. Sharma, M. K. Masud, Y. V. Kaneti, et al., “Extracellular Vesicle
anoarchitectonics for Novel Drug Delivery Applications,” Small 17
2021): 2102220, https://doi.org/10.1002/smll.202102220.

5. D. Kumar, D. Gupta, S. Shankar, and R. K. Srivastava, “Biomolecular

haracterization of Exosomes Released FromCancer StemCells: Possible

8 of 36
Implications for Biomarker and Treatment of Cancer,” Oncotarget 6
(2014): 3280–3291, https://doi.org/10.18632/oncotarget.2462.

46. L. Carvalho Ferraz, P. Pereira, and J. V. Ferreira, “Molecular Mecha-
nisms of Extracellular Vesicle Biogenesis and Their Impact on the Design
of Custom EVs,” Advanced Healthcare Materials 14 (2025): 2501349,
https://doi.org/10.1002/adhm.202501349.

47. R. Tenchov, J. M. Sasso, X. Wang, W.-S. Liaw, C.-A. Chen, and Q. A.
Zhou, “Exosomes─Nature’s Lipid Nanoparticles, a Rising Star in Drug
Delivery and Diagnostics,” ACS Nano 16 (2022): 17802–17846, https://doi.
org/10.1021/acsnano.2c08774.

48. M. Yáñez-Mó, P. R.-M. Siljander, Z. Andreu, et al., “Biological
Properties of Extracellular Vesicles and Their Physiological Functions,”
Journal of Extracellular Vesicles 4 (2015): 27066, https://doi.org/10.3402/
jev.v4.27066.

49. C. D. Gregory andM. P. Rimmer, “Extracellular Vesicles Arising From
Apoptosis: Forms, Functions, and Applications,” Journal of Pathology 260
(2023): 592–608, https://doi.org/10.1002/path.6138.

50. L. Yu, G. Zhu, Z. Zhang, et al., “Apoptotic Bodies: Bioactive Treasure
Left Behind by the Dying Cells With Robust Diagnostic and Therapeutic
Application Potentials,” Journal of Nanobiotechnology 21 (2023): 218,
https://doi.org/10.1186/s12951-023-01969-1.

51. M. A. Kumar, S. K. Baba, H. Q. Sadida, et al., “Extracellular Vesicles
as Tools and Targets in Therapy for Diseases,” Signal Transduction and
Targeted Therapy 9 (2024): 27, https://doi.org/10.1038/s41392-024-01735-1.

52. D. Guanzon, R. Sankar, P. Lodha, et al., “Circulating Extracellular
Vesicle DNA (EV-DNA) and Cell-Free DNA in Ovarian Cancer: Patho-
logical Relevance andDiagnostic Applications,”Extracellular Vesicles and
CirculatingNucleic Acids 7 (2026): 114–145, https://doi.org/10.20517/evcna.
2025.120.

53. H. Deng, W. Qiu, Y. Zhang, and J. Hua, “Extracellular Vesicles in
Atherosclerosis Cardiovascular Disease: Emerging Roles and Mecha-
nisms,” Frontiers in Cardiovascular Medicine 12 (2025): 1611557, https://
doi.org/10.3389/fcvm.2025.1611557.

54. M. Rodrigues, J. Fan, C. Lyon, M. Wan, and Y. Hu, “Role of Extracel-
lular Vesicles in Viral and Bacterial Infections: Pathogenesis, Diagnostics,
and Therapeutics,” Theranostics 8 (2018): 2709–2721, https://doi.org/10.
7150/thno.20576.

55. C. R. Harrell, N. Jovicic, V. Djonov, and V. Volarevic, “Therapeutic
Use of Mesenchymal Stem Cell-Derived Exosomes: From Basic Sci-
ence to Clinics,” Pharmaceutics 12 (2020): 474, https://doi.org/10.3390/
pharmaceutics12050474.

56. Y. Lin, J. Wu, and W. Gu, “Exosome–Liposome Hybrid Nanoparticles
Deliver CRISPR/Cas9 System in MSCs,” Advanced Science 5 (2018):
1700611, https://doi.org/10.1002/advs.201700611.

57. X. T. Dang, C. D. Phung, C. M. H. Lim, et al., “Dendritic Cell-
argeted Delivery of Antigens Using Extracellular Vesicles for Anti-
Cancer Immunotherapy,” Cell Proliferation 57 (2024): 13622, https://doi.
org/10.1111/cpr.13622.

58. Y. Yang, K. Wang, Y. Pan, L. Rao, and G. Luo, “Engineered Cell
Membrane-Derived Nanoparticles in Immune Modulation,” Advanced
Science 8 (2021): 2102330, https://doi.org/10.1002/advs.202102330.

59. Z. Sun, J. Yang, H. Li, et al., “Progress in the Research of
Nanomaterial-Based Exosome Bioanalysis and Exosome-Based Nanoma-
terials Tumor Therapy,” Biomaterials 274 (2021): 120873, https://doi.org/
10.1016/j.biomaterials.2021.120873.

60. I. Kimiz-Gebologlu and S. S. Oncel, “Exosomes: Large-scale Produc-
tion, Isolation,DrugLoadingEfficiency, andBiodistribution andUptake,”
Journal of Controlled Release 347 (2022): 533–543, https://doi.org/10.1016/
j.jconrel.2022.05.027.

61. I. K. Herrmann, M. J. A. Wood, and G. Fuhrmann, “Extracellular
Vesicles as a Next-Generation Drug Delivery Platform,” Nature Nan-
otechnology 16 (2021): 748–759, https://doi.org/10.1038/s41565-021-00931-

2.

Advanced Healthcare Materials, 2026

https://doi.org/10.1016/j.tcb.2023.01.002
https://doi.org/10.1016/j.cell.2019.02.029
https://doi.org/10.1038/s41580-022-00460-3
https://doi.org/10.1038/s41556-018-0250-9
https://doi.org/10.1186/s12951-025-03768-2
https://doi.org/10.1038/nature12951
https://doi.org/10.1126/science.aao0666
https://doi.org/10.1038/s41467-021-24384-2
https://doi.org/10.1016/j.jbc.2022.102394
https://doi.org/10.1038/ncb2502
https://doi.org/10.1016/j.febslet.2015.08.040
https://doi.org/10.1126/sciadv.abb1244
https://doi.org/10.7554/eLife.47528
https://doi.org/10.1126/scitranslmed.aac9816
https://doi.org/10.3389/fimmu.2018.00534
https://doi.org/10.1002/smll.202102220
https://doi.org/10.18632/oncotarget.2462
https://doi.org/10.1002/adhm.202501349
https://doi.org/10.1021/acsnano.2c08774
https://doi.org/10.3402/jev.v4.27066
https://doi.org/10.1002/path.6138
https://doi.org/10.1186/s12951-023-01969-1
https://doi.org/10.1038/s41392-024-01735-1
https://doi.org/10.20517/evcna.2025.120
https://doi.org/10.3389/fcvm.2025.1611557
https://doi.org/10.7150/thno.20576
https://doi.org/10.3390/pharmaceutics12050474
https://doi.org/10.1002/advs.201700611
https://doi.org/10.1111/cpr.13622
https://doi.org/10.1002/advs.202102330
https://doi.org/10.1016/j.biomaterials.2021.120873
https://doi.org/10.1016/j.jconrel.2022.05.027
https://doi.org/10.1038/s41565-021-00931-2


6
G
W
e
0

6
T
D
n

6
e
A
0

6
V
(

6
“
f
b

6
b
s
d

6
B
C

6
t
C
R
3

7
U
N
P
F
0

7
I
B
1

7
C
c
s

7
c
o
3

7
T
I
h

7
m
(

7
V
(

7
V
1

A

2. M. Khongkow, T. Yata, S. Boonrungsiman, U. R. Ruktanonchai, D.
raham, and K. Namdee, “Surface Modification of Gold Nanoparticles
ith Neuron-Targeted Exosome for Enhanced Blood–Brain Barrier Pen-
tration,” Scientific Reports 9 (2019): 8278, https://doi.org/10.1038/s41598-
19-44569-6.

3. N. Perets, O. Betzer, R. Shapira, et al., “Golden Exosomes Selectively
arget Brain Pathologies in Neurodegenerative and Neurodevelopmental
isorders,” Nano Letters 19 (2019): 3422–3431, https://doi.org/10.1021/acs.
anolett.8b04148.

4. Z. Zhuo, J. Wang, Y. Luo, et al., “Targeted Extracellular Vesicle Deliv-
ry Systems Employing Superparamagnetic Iron Oxide Nanoparticles,”
cta Biomaterialia 134 (2021): 13–31, https://doi.org/10.1016/j.actbio.2021.
7.027.

5. V. P. Murali and C. A. Holmes, “Biomaterial-Based Extracellular
esicle Delivery for Therapeutic Applications,” Acta Biomaterialia 124
2021): 88–107, https://doi.org/10.1016/j.actbio.2021.01.010.

6. M. J. Pauwels, C. Vandendriessche, and R. E. Vandenbroucke,
Special delEVery: Extracellular Vesicles as Promising Delivery Plat-
orm to the Brain,” Biomedicines 9 (2021): 1734, https://doi.org/10.3390/
iomedicines9111734.

7. R. Kojima, D. Bojar, G. Rizzi, et al., “Designer Exosomes Produced
y Implanted Cells Intracerebrally Deliver Therapeutic Cargo for Parkin-
on’s Disease Treatment,” Nature Communications 9 (2018): 1305, https://
oi.org/10.1038/s41467-018-03733-8.

8. J. Wang, E. E. Bonacquisti, A. D. Brown, and J. Nguyen, “Boosting the
iogenesis and Secretion of Mesenchymal Stem Cell-Derived Exosomes,”
ells 9 (2020): 660, https://doi.org/10.3390/cells9030660.

9. W. D. Gray, K. M. French, S. Ghosh-Choudhary, et al., “Identifica-
ion of Therapeutic Covariant MicroRNA Clusters in Hypoxia-Treated
ardiac Progenitor Cell Exosomes Using Systems Biology,” Circulation
esearch 116 (2015): 255–263, https://doi.org/10.1161/CIRCRESAHA.116.
04360.

0. Q. Yang, G. K. Nanayakkara, C. Drummer, et al., “Low-Intensity
ltrasound-Induced Anti-Inflammatory Effects Are Mediated by Several
ew Mechanisms Including Gene Induction, Immunosuppressor Cell
romotion, and Enhancement of Exosome Biogenesis and Docking,”
rontiers in Physiology 8 (2017): 818, https://doi.org/10.3389/fphys.2017.
0818.

1. T. Fukuta, A. Nishikawa, and K. Kogure, “Low Level Electricity
ncreases the Secretion of Extracellular Vesicles From Cultured Cells,”
iochemistry and Biophysics Reports 21 (2020): 100713, https://doi.org/10.
016/j.bbrep.2019.100713.

2. D. J. Park, W. S. Yun, W. C. Kim, et al., “Improvement of Stem
ell-Derived ExosomeRelease Efficiency by Surface-ModifiedNanoparti-
les,” Journal of Nanobiotechnology 18 (2020): 178, https://doi.org/10.1186/
12951-020-00739-7.

3. Y.-J. Shyong, K.-C. Chang, and F.-H. Lin, “Calcium Phosphate Parti-
les Stimulate Exosome Secretion From Phagocytes for the Enhancement
f Drug Delivery,” Colloids and Surfaces B: Biointerfaces 171 (2018):
91–397, https://doi.org/10.1016/j.colsurfb.2018.07.037.

4. Z. Zhang, R. Xu, Y. Yang, et al., “Micro/Nano-Textured Hierarchical
itanium Topography Promotes Exosome Biogenesis and Secretion to
mprove Osseointegration,” Journal of Nanobiotechnology 19 (2021): 78,
ttps://doi.org/10.1186/s12951-021-00826-3.

5. A. Sneider, Y. Liu, B. Starich, et al., “Small Extracellular Vesicles Pro-
ote Stiffness-Mediated Metastasis,” Cancer Research Communications 4
2024): 1240–1252, https://doi.org/10.1158/2767-9764.CRC-23-0431.

6. J. Hahm, J. Kim, and J. Park, “Strategies to Enhance Extracellular
esicle Production,” Tissue Engineering and Regenerative Medicine 18
2021): 513–524, https://doi.org/10.1007/s13770-021-00364-x.

7. R. Molinaro, C. Corbo, J. O. Martinez, et al., “Biomimetic Proteolipid
esicles for Targeting Inflamed Tissues,”NatureMaterials 15 (2016): 1037–
046, https://doi.org/10.1038/nmat4644.
dvanced Healthcare Materials, 2026
78. J. Gao, D. Chu, and Z. Wang, “Cell Membrane-Formed Nanovesicles
for Disease-Targeted Delivery,” Journal of Controlled Release 224 (2016):
208–216, https://doi.org/10.1016/j.jconrel.2016.01.024.

79. S. C. Jang, O. Y. Kim, C. M. Yoon, et al., “Bioinspired Exosome-
Mimetic Nanovesicles for Targeted Delivery of Chemotherapeutics to
Malignant Tumors,” ACS Nano 7 (2013): 7698–7710, https://doi.org/10.
1021/nn402232g.

80. Z. Yang, J. Shi, J. Xie, et al., “Large-Scale Generation of Functional
mRNA-Encapsulating Exosomes via Cellular Nanoporation,” Nature
Biomedical Engineering 4 (2020): 69–83, https://doi.org/10.1038/s41551-
019-0485-1.

81. T. Hu, J. Wolfram, and S. Srivastava, “Extracellular Vesicles in Cancer
Detection: Hopes and Hypes,” Trends in Cancer 7 (2021): 122–133, https://
doi.org/10.1016/j.trecan.2020.09.003.

82. N. L. Klyachko, C. J. Arzt, S. M. Li, O. A. Gololobova, and E. V.
Batrakova, “Extracellular Vesicle-Based Therapeutics: Preclinical and
Clinical Investigations,” Pharmaceutics 12 (2020): 1171, https://doi.org/10.
3390/pharmaceutics12121171.

83. G. Turturici, R. Tinnirello, G. Sconzo, and F. Geraci, “Extracellular
Membrane Vesicles as a Mechanism of Cell-to-Cell Communication:
Advantages and Disadvantages,” American Journal of Physiology-Cell
Physiology 306 (2014): C621–C633, https://doi.org/10.1152/ajpcell.00228.
2013.

84. T. Rakshit and S. Pal, “Extracellular Vesicles for Drug Delivery and
Theranostics In Vivo,” JACSAu 4 (2024): 318–327, https://doi.org/10.1021/
jacsau.3c00611.

85. C. Liu and C. Su, “Design Strategies and Application Progress of
Therapeutic Exosomes,” Theranostics 9 (2019): 1015–1028, https://doi.org/
10.7150/thno.30853.

86. D. Sun, X. Zhuang, S. Zhang, et al., “Exosomes are Endogenous
Nanoparticles That can Deliver Biological Information Between Cells,”
Advanced Drug Delivery Reviews 65 (2013): 342–347, https://doi.org/10.
1016/j.addr.2012.07.002.

87. K. W.Witwer and J. Wolfram, “Extracellular Vesicles Versus Synthetic
Nanoparticles for Drug Delivery,”Nature Reviews Materials 6 (2021): 103–
106, https://doi.org/10.1038/s41578-020-00277-6.

88. M. J. Mitchell, M. M. Billingsley, R. M. Haley, M. E. Wechsler, N. A.
Peppas, and R. Langer, “Engineering Precision Nanoparticles for Drug
Delivery,” Nature Reviews Drug Discovery 20 (2021): 101–124, https://doi.
org/10.1038/s41573-020-0090-8.

89. J. R. Clegg, A. S. Irani, E. W. Ander, et al., “Synthetic Networks With
Tunable Responsiveness, Biodegradation, and Molecular Recognition for
Precision Medicine Applications,” Science Advances 5 (2019): aax7946,
https://doi.org/10.1126/sciadv.aax7946.

90. K. Qi, S. Zhang, X. Bi, Z. Zhang, and C. Yang, “Tuning Mechanical
Softness as a Design Principle in Drug Delivery: a Biomechanical
Perspective,” Acta Pharmaceutica Sinica B 16 (2026): 1336–1367, https://
doi.org/10.1016/j.apsb.2025.11.037.

91. Z. Le,W. Zhang,W. Li, et al., “Metal-Organic Powder Thermochemical
Solid-Vapor Architectonics Toward Gradient Hybrid Monolith With
Combined Structure-Function Features,”Matter 3 (2020): 879, https://doi.
org/10.1016/j.matt.2020.07.002.

92. G. Gumilar, Y. V. Kaneti, J. Henzie, et al., “General Synthesis
of Hierarchical Sheet/Plate-Like M-BDC (M = Cu, Mn, Ni, and Zr)
Metal–Organic Frameworks for ElectrochemicalNon-EnzymaticGlucose
Sensing,” Chemical Science 11 (2020): 3644–3655, https://doi.org/10.1039/
C9SC05636J.

93. Y. V. Kaneti, J. Tang, R. R. Salunkhe, et al., “Nanoarchitectured
Design of Porous Materials and Nanocomposites From Metal–Organic
Frameworks,” Advanced Materials 29 (2017): 1604898, https://doi.org/10.
1002/adma.201604898.

94. S. Zhang, Q. Yang, X. Xu, et al., “Assembling Well-Arranged Covalent
Organic Frameworks onMOF-Derived Graphitic Carbon for Remarkable
29 of 36

https://doi.org/10.1038/s41598-019-44569-6
https://doi.org/10.1021/acs.nanolett.8b04148
https://doi.org/10.1016/j.actbio.2021.07.027
https://doi.org/10.1016/j.actbio.2021.01.010
https://doi.org/10.3390/biomedicines9111734
https://doi.org/10.1038/s41467-018-03733-8
https://doi.org/10.3390/cells9030660
https://doi.org/10.1161/CIRCRESAHA.116.304360
https://doi.org/10.3389/fphys.2017.00818
https://doi.org/10.1016/j.bbrep.2019.100713
https://doi.org/10.1186/s12951-020-00739-7
https://doi.org/10.1016/j.colsurfb.2018.07.037
https://doi.org/10.1186/s12951-021-00826-3
https://doi.org/10.1158/2767-9764.CRC-23-0431
https://doi.org/10.1007/s13770-021-00364-x
https://doi.org/10.1038/nmat4644
https://doi.org/10.1016/j.jconrel.2016.01.024
https://doi.org/10.1021/nn402232g
https://doi.org/10.1038/s41551-019-0485-1
https://doi.org/10.1016/j.trecan.2020.09.003
https://doi.org/10.3390/pharmaceutics12121171
https://doi.org/10.1152/ajpcell.00228.2013
https://doi.org/10.1021/jacsau.3c00611
https://doi.org/10.7150/thno.30853
https://doi.org/10.1016/j.addr.2012.07.002
https://doi.org/10.1038/s41578-020-00277-6
https://doi.org/10.1038/s41573-020-0090-8
https://doi.org/10.1126/sciadv.aax7946
https://doi.org/10.1016/j.apsb.2025.11.037
https://doi.org/10.1016/j.matt.2020.07.002
https://doi.org/10.1039/C9SC05636J
https://doi.org/10.1002/adma.201604898


F
1

9
“
D
h

9
V
a
A
j

9
w
T
o
1

9
A
A
2

9
A
t
1

1
P
a
a
1

1
s
N
h

1
f
J
1

1
O
R
s

1
c
R

1
a
r
C

1
Q
2

1
I
T
h

1
“
E
1

1
t
N
a

3

ormaldehyde Sensing,”Nanoscale 12 (2020): 15611–15619, https://doi.org/
0.1039/D0NR03041D.

5. B. Illes, P. Hirschle, S. Barnert, V. Cauda, S. Wuttke, and H. Engelke,
Exosome-CoatedMetal–Organic FrameworkNanoparticles: an Efficient
rug Delivery Platform,” Chemistry of Materials 29 (2017): 8042–8046,
ttps://doi.org/10.1021/acs.chemmater.7b02358.

6. G. Cheng, W. Li, L. Ha, et al., “Self-Assembly of Extracellular
esicle-Like Metal–Organic Framework Nanoparticles for Protection
nd Intracellular Delivery of Biofunctional Proteins,” Journal of the
merican Chemical Society 140 (2018): 7282–7291, https://doi.org/10.1021/
acs.8b03584.

7. C. He, K. Lu, D. Liu, and W. Lin, “Nanoscale Metal–Organic Frame-
orks for the Co-Delivery of Cisplatin and Pooled siRNAs to Enhance
herapeutic Efficacy in Drug-Resistant Ovarian Cancer Cells,” Journal
f the American Chemical Society 136 (2014): 5181–5184, https://doi.org/10.
021/ja4098862.

8. B. Yang, Y. Chen, and J. Shi, “Exosome Biochemistry and
dvanced Nanotechnology for Next-Generation Theranostic Platforms,”
dvanced Materials 31 (2019): 1802896, https://doi.org/10.1002/adma.
01802896.

9. B. P. Timko, M. Arruebo, S. A. Shankarappa, et al., “Near-Infrared–
ctuated Devices for Remotely Controlled Drug Delivery,” Proceedings of
he National Academy of Sciences 111 (2014): 1349–1354, https://doi.org/10.
073/pnas.1322651111.

00. S. Pan, L. Pei, A. Zhang, et al., “Passion Fruit-Like Exosome-
MA/Au-BSA@Ce6 Nanovehicles for Real-Time Fluorescence Imaging
nd Enhanced Targeted Photodynamic Therapy With Deep Penetration
nd Superior Retention Behavior in Tumor,” Biomaterials 230 (2020):
19606, https://doi.org/10.1016/j.biomaterials.2019.119606.

01. Y. Li, Y. Gao, C. Gong, et al., “A33 Antibody-Functionalized Exo-
omes for Targeted Delivery of Doxorubicin Against Colorectal Cancer,”
anomedicine:Nanotechnology, Biology andMedicine 14 (2018): 1973–1985,
ttps://doi.org/10.1016/j.nano.2018.05.020.

02. M. Mustapić, Z. Glumac, M. Heffer, et al., “AC/DC Magnetic Device
or Safe Medical use of Potentially Harmful Magnetic Nanocarriers,”
ournal of Hazardous Materials 409 (2021): 124918, https://doi.org/10.
016/j.jhazmat.2020.124918.

03. J. R. Lee, B. W. Park, J. Kim, et al., “Nanovesicles Derived From Iron
xide Nanoparticles–Incorporated Mesenchymal Stem Cells for Cardiac
epair,” Science Advances 6 (2020): eaaz0952, https://doi.org/10.1126/
ciadv.aaz0952.

04. M. K. Masud, J. Na, M. Younus, et al., “Superparamagnetic Nanoar-
hitectures for Disease-Specific Biomarker Detection,” Chemical Society
eviews 48 (2019): 5717–5751, https://doi.org/10.1039/C9CS00174C.

05. W. Shang, X. Zhang, M. Zhang, et al., “The Uptake Mechanism
nd Biocompatibility of Graphene Quantum Dots With Human Neu-
al Stem Cells,” Nanoscale 6 (2014): 5799–5806, https://doi.org/10.1039/
3NR06433F.

06. E. Haque, J. Kim, V. Malgras, et al., “Recent Advances in Graphene
uantum Dots: Synthesis, Properties, and Applications,” Small Methods
(2018): 1800050, https://doi.org/10.1002/smtd.201800050.

07. Y. Cao, T.Wu, K. Zhang, et al., “Engineered Exosome-MediatedNear-
nfrared-II Region V2C Quantum Dot Delivery for Nucleus-Target Low-
emperature Photothermal Therapy,” ACS Nano 13 (2019): 1499–1510,
ttps://doi.org/10.1021/acsnano.8b07224.

08. X. Jiang, S. Zong, C. Chen, Y. Zhang, Z. Wang, and Y. Cui,
Gold–Carbon Dots for the Intracellular Imaging of Cancer-Derived
xosomes,” Nanotechnology 29 (2018): 175701, https://doi.org/10.1088/
361-6528/aaaf14.

09. S. Zong, J. Zong, C. Chen, et al., “Single Molecule Localiza-
ion Imaging of Exosomes Using Blinking Silicon Quantum Dots,”
anotechnology 29 (2018): 065705, https://doi.org/10.1088/1361-6528/

aa375.

0 of 36
110. R. D. Harris, S. Bettis Homan, M. Kodaimati, et al., “Electronic
Processes Within QuantumDot-Molecule Complexes,” Chemical Reviews
116 (2016): 12865–12919, https://doi.org/10.1021/acs.chemrev.6b00102.

111. M. P. Alvarez-Berríos, N. Sosa-Cintron,M. Rodriguez-Lugo, R. Juneja,
and J. L. Vivero-Escoto, “Hybrid Nanomaterials Based on Iron Oxide
Nanoparticles and Mesoporous Silica Nanoparticles: Overcoming Chal-
lenges in Current Cancer Treatments,” Journal of Chemistry 2016 (2016):
2672740, https://doi.org/10.1155/2016/2672740.

112. R. Tian, Z. Wang, R. Niu, H. Wang, W. Guan, and J. Chang, “Tumor
Exosome Mimicking Nanoparticles for Tumor Combinatorial Chemo-
Photothermal Therapy,” Frontiers in Bioengineering and Biotechnology 8
(2020): 1010, https://doi.org/10.3389/fbioe.2020.01010.

113. L. Min, B. Wang, H. Bao, et al., “Advanced Nanotechnologies for
Extracellular Vesicle-Based Liquid Biopsy,” Advanced Science 8 (2021):
2102789, https://doi.org/10.1002/advs.202102789.

114. Y. Yuana, A. N. Böing, A. E. Grootemaat, et al., “Handling and Storage
of Human Body Fluids for Analysis of Extracellular Vesicles,” Journal of
Extracellular Vesicles 4 (2015): 29260, https://doi.org/10.3402/jev.v4.29260.

115. R. Xu, D. W. Greening, H. J. Zhu, N. Takahashi, and R. J. Simpson,
“Extracellular Vesicle Isolation and Characterization: Toward Clinical
Application,” Journal of Clinical Investigation 126 (2016): 1152–1162,
https://doi.org/10.1172/JCI81129.

116. H. Shin, C. Han, J. M. Labuz, et al., “High-Yield Isolation of Extra-
cellular Vesicles Using Aqueous Two-Phase System,” Scientific Reports 5
(2015): 13103, https://doi.org/10.1038/srep13103.

117. A. N. Böing, E. van der Pol, A. E. Grootemaat, F. A. Coumans, A.
Sturk, and R. Nieuwland, “Single-Step Isolation of Extracellular Vesicles
by Size-Exclusion Chromatography,” Journal of Extracellular Vesicles 3
(2014): 23430, https://doi.org/10.3402/jev.v3.23430.

118. N. Karimi, A. Cvjetkovic, S. C. Jang, et al., “Detailed Analysis
of the Plasma Extracellular Vesicle Proteome After Separation From
Lipoproteins,” Cellular and Molecular Life Sciences 75 (2018): 2873–2886,
https://doi.org/10.1007/s00018-018-2773-4.

119. R. Wei, L. Zhao, G. Kong, et al., “Combination of Size-Exclusion
Chromatography and Ultracentrifugation Improves the Proteomic Profil-
ing of Plasma-Derived Small Extracellular Vesicles,”Biological Procedures
Online 22 (2020): 12, https://doi.org/10.1186/s12575-020-00125-5.

120. J. Dong, R. Y. Zhang, N. Sun, et al., “Coupling Nanostructured
Microchips With Covalent Chemistry Enables Purification of Sarcoma-
Derived Extracellular Vesicles for Downstream Functional Studies,”
Advanced Functional Materials 30 (2020): 2003237, https://doi.org/10.
1002/adfm.202003237.

121. N. Sun, Y. T. Lee, M. Kim, et al., “Covalent Chemistry-Mediated
Multimarker Purification of Circulating Tumor Cells Enables Noninva-
sive Detection of Molecular Signatures of Hepatocellular Carcinoma,”
Advanced Materials Technologies 6 (2021): 2001056, https://doi.org/10.
1002/admt.202001056.

122. P. Zhang, X. Zhou, M. He, et al., “Ultrasensitive Detection of
Circulating Exosomes With a 3D-Nanopatterned Microfluidic Chip,”
Nature Biomedical Engineering 3 (2019): 438–451, https://doi.org/10.1038/
s41551-019-0356-9.

123. K. Mori, M. Hirase, T. Morishige, et al., “A Pretreatment-Free,
Polymer-Based Platform Prepared by Molecular Imprinting and Post-
Imprinting Modifications for Sensing Intact Exosomes,” Angewandte
Chemie International Edition 58 (2019): 1612–1615, https://doi.org/10.1002/
anie.201811142.

124. T. Takeuchi, K. Mori, H. Sunayama, et al., “Antibody-Conjugated
Signaling Nanocavities Fabricated by Dynamic Molding for Detecting
Cancers Using Small Extracellular Vesicle Markers From Tears,” Journal
of the American Chemical Society 142 (2020): 6617–6624, https://doi.org/
10.1021/jacs.9b13874.

125. M. J. Poellmann, A. Nair, J. Bu, J. K. H. Kim, R. J. Kimple, and
S. Hong, “Immunoavidity-Based Capture of Tumor Exosomes Using
Advanced Healthcare Materials, 2026

https://doi.org/10.1039/D0NR03041D
https://doi.org/10.1021/acs.chemmater.7b02358
https://doi.org/10.1021/jacs.8b03584
https://doi.org/10.1021/ja4098862
https://doi.org/10.1002/adma.201802896
https://doi.org/10.1073/pnas.1322651111
https://doi.org/10.1016/j.biomaterials.2019.119606
https://doi.org/10.1016/j.nano.2018.05.020
https://doi.org/10.1016/j.jhazmat.2020.124918
https://doi.org/10.1126/sciadv.aaz0952
https://doi.org/10.1039/C9CS00174C
https://doi.org/10.1039/C3NR06433F
https://doi.org/10.1002/smtd.201800050
https://doi.org/10.1021/acsnano.8b07224
https://doi.org/10.1088/1361-6528/aaaf14
https://doi.org/10.1088/1361-6528/aaa375
https://doi.org/10.1021/acs.chemrev.6b00102
https://doi.org/10.1155/2016/2672740
https://doi.org/10.3389/fbioe.2020.01010
https://doi.org/10.1002/advs.202102789
https://doi.org/10.3402/jev.v4.29260
https://doi.org/10.1172/JCI81129
https://doi.org/10.1038/srep13103
https://doi.org/10.3402/jev.v3.23430
https://doi.org/10.1007/s00018-018-2773-4
https://doi.org/10.1186/s12575-020-00125-5
https://doi.org/10.1002/adfm.202003237
https://doi.org/10.1002/admt.202001056
https://doi.org/10.1038/s41551-019-0356-9
https://doi.org/10.1002/anie.201811142
https://doi.org/10.1021/jacs.9b13874


P
5

1
“
T
1

1
E
E

1
V
L

1
P
V
S

1
f
R

1
M
D
d

1
G
C
B
R

1
E
B
1

1
“
A

1
o
E
h

1
o
i
a

1
A
A
a

1
a
B
o

1
f
o

1
D
L

1
I
P
1

1
A analchem.8b05538.

A

oly(amidoamine) Dendrimer Surfaces,” Nano Letters 20 (2020): 5686–
692, https://doi.org/10.1021/acs.nanolett.0c00950.

26. C. M. Abreu, B. Costa-Silva, R. L. Reis, S. C. Kundu, and D. Caballero,
Microfluidic Platforms for Extracellular Vesicle Isolation, Analysis and
herapy in Cancer,” Lab on a Chip 22 (2022): 1093–1125, https://doi.org/
0.1039/D2LC00006G.

27. Y. Wan, G. Cheng, X. Liu, et al., “Rapid Magnetic Isolation of
xtracellular Vesicles via Lipid-Based Nanoprobes,” Nature Biomedical
ngineering 1 (2017): 0058, https://doi.org/10.1038/s41551-017-0058.

28. Y. Wan, M. Maurer, H. Z. He, et al., “Enrichment of Extracellular
esicles With Lipid Nanoprobe Functionalized Nanostructured Silica,”
ab on a Chip 19 (2019): 2346–2355, https://doi.org/10.1039/C8LC01359D.

29. Y. T. Kang, E. Purcell, C. Palacios-Rolston, et al., “Isolation and
rofiling of Circulating Tumor-Associated Exosomes Using Extracellular
esicular Lipid–Protein Binding Affinity Based Microfluidic Device,”
mall 15 (2019): 1903600, https://doi.org/10.1002/smll.201903600.

30. W. Nakai, T. Yoshida, D. Diez, et al., “A Novel Affinity-BasedMethod
or the Isolation of Highly Purified Extracellular Vesicles,” Scientific
eports 6 (2016): 33935, https://doi.org/10.1038/srep33935.

31. H. Xu, C. Liao, P. Zuo, Z. Liu, and B. C. Ye, “Magnetic-Based
icrofluidic Device for on-Chip Isolation and Detection of Tumor-
erived Exosomes,” Analytical Chemistry 90 (2018): 13451–13458, https://
oi.org/10.1021/acs.analchem.8b03272.

32. L. Stapane, N. L. Roy, M. T. Hincke, and J. Gautron, “The
lycoproteins EDIL3 and MFGE8 Regulate Vesicle-Mediated Eggshell
alcification in a New Model for Avian Biomineralization,” Journal of
iological Chemistry 294 (2019): 14526–14545, https://doi.org/10.1074/jbc.
A119.009799.

33. F. Gao, F. Jiao, C. Xia, et al., “A Novel Strategy for Facile Serum
xosome Isolation Based on Specific Interactions Between Phospholipid
ilayers and TiO2,”Chemical Science 10 (2019): 1579–1588, https://doi.org/
0.1039/C8SC04197K.

34. S. Jeong, J. Park, D. Pathania, C.M. Castro, R.Weissleder, andH. Lee,
Integrated Magneto–Electrochemical Sensor for Exosome Analysis,”
CS Nano 10 (2016): 1802–1809, https://doi.org/10.1021/acsnano.5b07584.

35. P. Zhang, X. Zhou, and Y. Zeng, “Multiplexed Immunophenotyping
f Circulating Exosomes on Nano-Engineered ExoProfile Chip Towards
arly Diagnosis of Cancer,” Chemical Science 10 (2019): 5495–5504,
ttps://doi.org/10.1039/C9SC00961B.

36. L. Zhu, K. Wang, J. Cui, et al., “Label-Free Quantitative Detection
f Tumor-Derived Exosomes Through Surface Plasmon Resonance Imag-
ng,” Analytical Chemistry 86 (2014): 8857–8864, https://doi.org/10.1021/
c5023056.

37. D. Jin, F. Yang, Y. Zhang, et al., “ExoAPP: Exosome-Oriented,
ptamer Nanoprobe-Enabled Surface Proteins Profiling and Detection,”
nalytical Chemistry 90 (2018): 14402–14411, https://doi.org/10.1021/acs.
nalchem.8b03959.

38. K. Zhang, Y. Yue, S. Wu, W. Liu, J. Shi, and Z. Zhang, “Rapid Capture
nd Nondestructive Release of Extracellular Vesicles Using Aptamer-
ased Magnetic Isolation,” ACS Sensors 4 (2019): 1245–1251, https://doi.
rg/10.1021/acssensors.9b00060.

39. C. Liu, X. Xu, B. Li, et al., “Single-Exosome-Counting Immunoassays
or Cancer Diagnostics,” Nano Letters 18 (2018): 4226–4232, https://doi.
rg/10.1021/acs.nanolett.8b01184.

40. Z. Zhao, J. McGill, P. Gamero-Kubota, and M. He, “Microfluidic On-
emand Engineering of Exosomes Towards Cancer Immunotherapy,”
ab on a Chip 19 (2019): 1877–1886, https://doi.org/10.1039/C8LC01279B.

41. X. Fang, Y. Duan, G. B. Adkins, et al., “Highly Efficient Exosome
solation and Protein Analysis by an Integrated Nanomaterial-Based
latform,” Analytical Chemistry 90 (2018): 2787–2795, https://doi.org/10.
021/acs.analchem.7b04861.

42. P. Zhang, M. He, and Y. Zeng, “Ultrasensitive Microfluidic
nalysis of Circulating Exosomes Using a Nanostructured Graphene
dvanced Healthcare Materials, 2026
Oxide/Polydopamine Coating,” Lab on a Chip 16 (2016): 3033–3042,
https://doi.org/10.1039/C6LC00279J.

143. Z. Wang, H.-J. Wu, D. Fine, et al., “Ciliated Micropillars for the
Microfluidic-Based Isolation of Nanoscale Lipid Vesicles,” Lab on a Chip
13 (2013): 2879, https://doi.org/10.1039/c3lc41343h.

144. P. Zhang, X. Wu, G. Gardashova, et al., “Molecular and Functional
Extracellular Vesicle Analysis UsingNanopatternedMicrochipsMonitors
Tumor Progression and Metastasis,” Science Translational Medicine 12
(2020): eaaz2878, https://doi.org/10.1126/scitranslmed.aaz2878.

145. F. Liu, O. Vermesh, V. Mani, et al., “The Exosome Total Isolation
Chip,” ACS Nano 11 (2017): 10712–10723, https://doi.org/10.1021/acsnano.
7b04878.

146. C. Chen, J. Skog, C.-H. Hsu, et al., “Microfluidic Isolation and
TranscriptomeAnalysis of SerumMicrovesicles,”Lab onAChip 10 (2010):
505–511, https://doi.org/10.1039/B916199F.

147. E. Reátegui, K. E. van der Vos, C. P. Lai, et al., “Engineered
Nanointerfaces for Microfluidic Isolation and Molecular Profiling of
Tumor-Specific Extracellular Vesicles,” Nature Communications 9 (2018):
175, https://doi.org/10.1038/s41467-017-02261-1.

148. J. Ko, M. Hemphill, Z. Yang, et al., “Diagnosis of Traumatic Brain
Injury Using miRNA Signatures in Nanomagnetically Isolated Brain-
Derived Extracellular Vesicles,” Lab on a Chip 18 (2018): 3617–3630,
https://doi.org/10.1039/C8LC00672E.

149. X. Dong, J. Chi, L. Zheng, et al., “Efficient Isolation and Sensitive
Quantification of Extracellular Vesicles Based on an Integrated ExoID-
Chip Using Photonic Crystals,” Lab on a Chip 19 (2019): 2897–2904,
https://doi.org/10.1039/C9LC00445A.

150. H. K. Woo, V. Sunkara, J. Park, et al., “Exodisc for Rapid, Size-
Selective, and Efficient Isolation and Analysis of Nanoscale Extracellular
Vesicles From Biological Samples,” ACS Nano 11 (2017): 1360–1370,
https://doi.org/10.1021/acsnano.6b06131.

151. L. G. Liang, M. Q. Kong, S. Zhou, et al., “An Integrated Double-
Filtration Microfluidic Device for Isolation, Enrichment and Quan-
tification of Urinary Extracellular Vesicles for Detection of Blad-
der Cancer,” Scientific Reports 7 (2017): 46224, https://doi.org/10.1038/
srep46224.

152. S. Sitar, A. Kejžar, D. Pahovnik, et al., “Size Characterization and
Quantification of Exosomes by Asymmetrical-Flow Field-Flow Fraction-
ation,” Analytical Chemistry 87 (2015): 9225–9233, https://doi.org/10.1021/
acs.analchem.5b01636.

153. K. E. Petersen, F. Shiri, T. White, et al., “Exosome Isolation: Cycli-
cal Electrical Field Flow Fractionation in Low-Ionic-Strength Fluids,”
Analytical Chemistry 90 (2018): 12783–12790, https://doi.org/10.1021/acs.
analchem.8b03146.

154. H. Zhang andD. Lyden, “Asymmetric-FlowField-FlowFractionation
Technology for Exomere and Small Extracellular Vesicle Separation and
Characterization,” Nature Protocols 14 (2019): 1027–1053, https://doi.org/
10.1038/s41596-019-0126-x.

155. J. T. Smith, B. H. Wunsch, N. Dogra, et al., “Integrated Nanoscale
Deterministic Lateral DisplacementArrays for Separation of Extracellular
Vesicles FromClinically-RelevantVolumes of Biological Samples,”Lab on
a Chip 18 (2018): 3913–3925, https://doi.org/10.1039/C8LC01017J.

156. C. Liu, J. Guo, F. Tian, et al., “Field-Free Isolation of Exosomes From
Extracellular Vesicles by Microfluidic Viscoelastic Flows,” ACS Nano 11
(2017): 6968–6976, https://doi.org/10.1021/acsnano.7b02277.

157. B. H. Wunsch, J. T. Smith, S. M. Gifford, et al., “Nanoscale Lateral
Displacement Arrays for the Separation of Exosomes and Colloids Down
to 20 nm,” Nature Nanotechnology 11 (2016): 936–940, https://doi.org/10.
1038/nnano.2016.134.

158. Y. Hattori, T. Shimada, T. Yasui, N. Kaji, and Y. Baba, “Micro- and
Nanopillar Chips for Continuous Separation of Extracellular Vesicles,”
Analytical Chemistry 91 (2019): 6514–6521, https://doi.org/10.1021/acs.
31 of 36

https://doi.org/10.1021/acs.nanolett.0c00950
https://doi.org/10.1039/D2LC00006G
https://doi.org/10.1038/s41551-017-0058
https://doi.org/10.1039/C8LC01359D
https://doi.org/10.1002/smll.201903600
https://doi.org/10.1038/srep33935
https://doi.org/10.1021/acs.analchem.8b03272
https://doi.org/10.1074/jbc.RA119.009799
https://doi.org/10.1039/C8SC04197K
https://doi.org/10.1021/acsnano.5b07584
https://doi.org/10.1039/C9SC00961B
https://doi.org/10.1021/ac5023056
https://doi.org/10.1021/acs.analchem.8b03959
https://doi.org/10.1021/acssensors.9b00060
https://doi.org/10.1021/acs.nanolett.8b01184
https://doi.org/10.1039/C8LC01279B
https://doi.org/10.1021/acs.analchem.7b04861
https://doi.org/10.1039/C6LC00279J
https://doi.org/10.1039/c3lc41343h
https://doi.org/10.1126/scitranslmed.aaz2878
https://doi.org/10.1021/acsnano.7b04878
https://doi.org/10.1039/B916199F
https://doi.org/10.1038/s41467-017-02261-1
https://doi.org/10.1039/C8LC00672E
https://doi.org/10.1039/C9LC00445A
https://doi.org/10.1021/acsnano.6b06131
https://doi.org/10.1038/srep46224
https://doi.org/10.1021/acs.analchem.5b01636
https://doi.org/10.1021/acs.analchem.8b03146
https://doi.org/10.1038/s41596-019-0126-x
https://doi.org/10.1039/C8LC01017J
https://doi.org/10.1021/acsnano.7b02277
https://doi.org/10.1038/nnano.2016.134
https://doi.org/10.1021/acs.analchem.8b05538


1
a
E
3

1
D
A
7

1
E
E
o

1
o
I

1
V
C

1
V
S
B
d

1
W
t
o

1
E
o

1
m
(

1
o
s
h

1
E
f
w
o

1
G
f
3

1
N
I
2

1
“
L
h

1
“
f
C
(

1
o
o
h

3

59. G. G. Diaz-Armas, A. P. Cervantes-Gonzalez, R. Martinez-Duarte,
nd V. H. Perez-Gonzalez, “Electrically DrivenMicrofluidic Platforms for
xosome Manipulation and Characterization,” Electrophoresis 43 (2022):
27–339, https://doi.org/10.1002/elps.202100202.

60. S. D. Ibsen, J. Wright, J. M. Lewis, et al., “Rapid Isolation and
etection of Exosomes and Associated Biomarkers From Plasma,”
CS Nano 11 (2017): 6641–6651, https://doi.org/10.1021/acsnano.
b00549.

61. Y. Zhang, Z. Deng, D. Lou, et al., “High-Efficiency Separation of
xtracellular Vesicles From Lipoproteins in Plasma by Agarose Gel
lectrophoresis,” Analytical Chemistry 92 (2020): 7493–7499, https://doi.
rg/10.1021/acs.analchem.9b05675.

62. H. Jeong, C. Han, S. Cho, Y. Gianchandani, and J. Park, “Analysis
f Extracellular Vesicles Using Coffee Ring,” ACS Applied Materials &
nterfaces 10 (2018): 22877–22882, https://doi.org/10.1021/acsami.8b05793.

63. H. Jeong, H. Shin, J. Yi, et al., “Size-Based Analysis of Extracellular
esicles Using Sequential Transfer of an Evaporating Droplet,” Lab on a
hip 19 (2019): 3326–3336, https://doi.org/10.1039/C9LC00526A.

64. S. Ayala-Mar, V. H. Perez-Gonzalez, M. A. Mata-Gómez, R. C. Gallo-
illanueva, and J. González-Valdez, “Electrokinetically Driven Exosome
eparation andConcentrationUsingDielectrophoretic-Enhanced PDMS-
asedMicrofluidics,”Analytical Chemistry 91 (2019): 14975–14982, https://
oi.org/10.1021/acs.analchem.9b03448.

65. M. Wu, Y. Ouyang, Z. Wang, et al., “Isolation of Exosomes From
hole Blood by Integrating Acoustics and Microfluidics,” Proceedings of

he National Academy of Sciences USA 114 (2017): 10584–10589, https://doi.
rg/10.1073/pnas.1709210114.

66. K. Lee, H. Shao, R. Weissleder, and H. Lee, “Acoustic Purification of
xtracellular Microvesicles,” ACS Nano 9 (2015): 2321–2327, https://doi.
rg/10.1021/nn506538f.

67. J. Zhao, C. Liu, Y. Li, et al., “Thermophoretic Detection of Exosomal
icroRNAs by Nanoflares,” Journal of the American Chemical Society 142
2020): 4996–5001, https://doi.org/10.1021/jacs.9b13960.

68. C. Liu, J. Zhao, F. Tian, et al., “Low-Cost Thermophoretic Profiling
f Extracellular-Vesicle Surface Proteins for the Early Detection and Clas-
ification of Cancers,” Nature Biomedical Engineering 3 (2019): 183–193,
ttps://doi.org/10.1038/s41551-018-0343-6.

69. M. Huang, J. Yang, T. Wang, et al., “Homogeneous, Low-Volume,
fficient, and Sensitive Quantitation of Circulating Exosomal PD-L1
or Cancer Diagnosis and Immunotherapy Response Prediction,” Ange-
andte Chemie International Edition 59 (2020): 4800–4805, https://doi.
rg/10.1002/anie.201916039.

70. K. B. Shanmugasundaram, E. Ahmed, X. Miao, et al., “AMesoporous
old Sensor Unveils Phospho PD-L1 in Extracellular Vesicles as a Proxy
or PD-L1 Expression in LungCancer Tissue,”ACSSensors 9 (2024): 3009–
016, https://doi.org/10.1021/acssensors.4c00192.

71. X. Gao, S. Li, F. Ding, et al., “Rapid Detection of Exosomal MicroR-
As Using Virus-Mimicking Fusogenic Vesicles,” Angewandte Chemie
nternational Edition 58 (2019): 8719–8723, https://doi.org/10.1002/anie.
01901997.

72. B. Martín-Gracia, A. Martín-Barreiro, C. Cuestas-Ayllón, et al.,
Nanoparticle-Based Biosensors for Detection of Extracellular Vesicles in
iquid Biopsies,” Journal of Materials Chemistry B 8 (2020): 6710–6738,
ttps://doi.org/10.1039/d0tb00861c.

73. K. B. Johnsen, J. M. Gudbergsson, T. L. Andresen, and J. B. Simonsen,
What is the Blood Concentration of Extracellular Vesicles? Implications
or the Use of Extracellular Vesicles as Blood-Borne Biomarkers of
ancer,” Biochimica et Biophysica Acta (BBA)-Reviews on Cancer 1871
2019): 109–116, https://doi.org/10.1016/j.bbcan.2018.11.006.

74. M. S. Ostenfeld, S. G. Jensen, D. K. Jeppesen, et al., “miRNA Profiling
f Circulating EpCAM+ Extracellular Vesicles: Promising Biomarkers
f Colorectal Cancer,” Journal of Extracellular Vesicles 5 (2016): 31488,
ttps://doi.org/10.3402/jev.v5.31488.
2 of 36
175. J. A. Welsh, D. C. I. Goberdhan, L. O’Driscoll, et al., “Minimal
Information for Studies of Extracellular Vesicles (MISEV2023): From
Basic toAdvancedApproaches,” Journal of ExtracellularVesicles 13 (2024):
e12404, https://doi.org/10.1002/jev2.12404.

176. Q. Zhang, F.Wang,H. Zhang, Y. Zhang,M. Liu, andY. Liu, “Universal
Ti3C2 MXenes Based Self-Standard Ratiometric Fluorescence Resonance
Energy Transfer Platform for Highly Sensitive Detection of Exosomes,”
Analytical Chemistry 90 (2018): 12737–12744, https://doi.org/10.1021/acs.
analchem.8b03083.

177. M.-L. Gao, F. He, B.-C. Yin, and B.-C. Ye, “A Dual Signal Ampli-
fication Method for Exosome Detection Based on DNA Dendrimer
Self-assembly,” Analyst 144 (2019): 1995–2002, https://doi.org/10.1039/
C8AN02383B.

178. X. Chen, J. Lan, Y. Liu, et al., “A Paper-Supported Aptasensor
Based onUpconversion LuminescenceResonanceEnergy Transfer for the
Accessible Determination of Exosomes,” Biosensors and Bioelectronics 102
(2018): 582–588, https://doi.org/10.1016/j.bios.2017.12.012.

179. H. J. Oh, J. Kim, H. Park, S. Chung, and D. S. Lee, “Graphene-Oxide
Quenching-Based Molecular Beacon Imaging of Exosome-Mediated
Transfer of Neurogenic miR-193a on Microfluidic Platform,” Biosensors
and Bioelectronics 126 (2019): 647–656, https://doi.org/10.1016/j.bios.2018.
11.027.

180. M. Tayebi, M. Tavakkoli Yaraki, H. Y. Yang, and Y. Ai, “A MoS2
–MWCNT Based Fluorometric Nanosensor for Exosome Detection and
Quantification,” Nanoscale Advances 1 (2019): 2866–2872, https://doi.org/
10.1039/C9NA00248K.

181. S. Cho, H. C. Yang, andW. J. Rhee, “SimultaneousMultiplexedDetec-
tion of Exosomal MicroRNAs and Surface Proteins for Prostate Cancer
Diagnosis,” Biosensors and Bioelectronics 146 (2019): 111749, https://doi.
org/10.1016/j.bios.2019.111749.

182. Q. Wang, L. Zou, X. Yang, et al., “Direct Quantification of Cancerous
Exosomes via Surface Plasmon ResonanceWith Dual Gold Nanoparticle-
Assisted Signal Amplification,” Biosensors and Bioelectronics 135 (2019):
129–136, https://doi.org/10.1016/j.bios.2019.04.013.

183. G. Qiu, A. Thakur, C. Xu, S.-P. Ng, Y. Lee, and C.-M.
L. Wu, “Detection of Glioma-Derived Exosomes With the
Biotinylated Antibody-Functionalized Titanium Nitride Plasmonic
Biosensor,” Advanced Functional Materials 29 (2019): 1806761,
https://doi.org/10.1002/adfm.201806761.

184. E. A. Kwizera, R. O’Connor, V. Vinduska, et al., “Molecular Detection
and Analysis of Exosomes Using Surface-Enhanced Raman Scattering
Gold Nanorods and a Miniaturized Device,” Theranostics 8 (2018):
2722–2738, https://doi.org/10.7150/thno.21358.

185. J. Park, M. Hwang, B. Choi, et al., “Exosome Classification by Pattern
Analysis of Surface-EnhancedRaman SpectroscopyData for LungCancer
Diagnosis,” Analytical Chemistry 89 (2017): 6695–6701, https://doi.org/10.
1021/acs.analchem.7b00911.

186. J. H. Lee, J. H. Choi, S. T. D. Chueng, et al., “Nondestructive
Characterization of Stem Cell Neurogenesis by a Magneto-Plasmonic
Nanomaterial-Based Exosomal miRNA Detection,” ACS Nano 13 (2019):
8793–8803, https://doi.org/10.1021/acsnano.9b01875.

187. M. Rodrigues, N. Richards, B. Ning, C. J. Lyon, and T. Y. Hu, “Rapid
Lipid-Based Approach for Normalization of Quantum-Dot-Detected
Biomarker Expression on Extracellular Vesicles in Complex Biological
Samples,” Nano Letters 19 (2019): 7623–7631, https://doi.org/10.1021/acs.
nanolett.9b02232.

188. X. Pang, X. Zhang, K. Gao, et al., “Visible Light-Driven Self-Powered
Device Based on a Straddling Nano-Heterojunction and Bio-Application
for the Quantitation of Exosomal RNA,”ACSNano 13 (2019): 1817, https://
doi.org/10.1021/acsnano.8b07944.

189. J. Zhang, Y. Zhu, J. Shi, K. Zhang, Z. Zhang, and H. Zhang, “Sensitive
Signal Amplifying a Diagnostic Biochip Based on a Biomimetic Periodic
Nanostructure for Detecting Cancer Exosomes,”ACSAppliedMaterials &
Interfaces 12 (2020): 33473–33482, https://doi.org/10.1021/acsami.0c06785.
Advanced Healthcare Materials, 2026

https://doi.org/10.1002/elps.202100202
https://doi.org/10.1021/acsnano.7b00549
https://doi.org/10.1021/acs.analchem.9b05675
https://doi.org/10.1021/acsami.8b05793
https://doi.org/10.1039/C9LC00526A
https://doi.org/10.1021/acs.analchem.9b03448
https://doi.org/10.1073/pnas.1709210114
https://doi.org/10.1021/nn506538f
https://doi.org/10.1021/jacs.9b13960
https://doi.org/10.1038/s41551-018-0343-6
https://doi.org/10.1002/anie.201916039
https://doi.org/10.1021/acssensors.4c00192
https://doi.org/10.1002/anie.201901997
https://doi.org/10.1039/d0tb00861c
https://doi.org/10.1016/j.bbcan.2018.11.006
https://doi.org/10.3402/jev.v5.31488
https://doi.org/10.1002/jev2.12404
https://doi.org/10.1021/acs.analchem.8b03083
https://doi.org/10.1039/C8AN02383B
https://doi.org/10.1016/j.bios.2017.12.012
https://doi.org/10.1016/j.bios.2018.11.027
https://doi.org/10.1039/C9NA00248K
https://doi.org/10.1016/j.bios.2019.111749
https://doi.org/10.1016/j.bios.2019.04.013
https://doi.org/10.1002/adfm.201806761
https://doi.org/10.7150/thno.21358
https://doi.org/10.1021/acs.analchem.7b00911
https://doi.org/10.1021/acsnano.9b01875
https://doi.org/10.1021/acs.nanolett.9b02232
https://doi.org/10.1021/acsnano.8b07944
https://doi.org/10.1021/acsami.0c06785


1
B
S
1

1
D
E
1

1
c
P
1

1
N
n
B
1

1
D
t
A
a

1
S
A
o

1
F
f
E
5

1
N
P
S
2

1
o
E
1

1
A
L
M
o

2
G
B
1

2
e
M
1

2
G
V

2
M
N

2
W
3

2
G

T

A

90. Y. Fan, X. Duan, M. Zhao, et al., “High-Sensitive and Multiplex
iosensing Assay of NSCLC-Derived Exosomes via Different Recognition
ites Based on SPRi Array,” Biosensors and Bioelectronics 154 (2020):
12066, https://doi.org/10.1016/j.bios.2020.112066.

91. Q. Yang, L. Cheng, L. Hu, et al., “An Integrative Microfluidic
evice for Isolation and Ultrasensitive Detection of Lung Cancer-Specific
xosomes From Patient Urine,” Biosensors and Bioelectronics 163 (2020):
12290, https://doi.org/10.1016/j.bios.2020.112290.

92. Y. An, R. Li, F. Zhang, and P. He, “Magneto-Mediated Electro-
hemical Sensor for Simultaneous Analysis of Breast Cancer Exosomal
roteins,” Analytical Chemistry 92 (2020): 5404–5410, https://doi.org/10.
021/acs.analchem.0c00106.

93. H. Zhang, Z. Wang, Q. Zhang, F. Wang, and Y. Liu, “Ti3C2 MXenes
anosheets Catalyzed Highly Efficient Electrogenerated Chemilumi-
escence Biosensor for the Detection of Exosomes,” Biosensors and
ioelectronics 124–125 (2019): 184–190, https://doi.org/10.1016/j.bios.2018.
0.016.

94. Z. Sun, L. Wang, S. Wu, et al., “An Electrochemical Biosensor
esigned by Using Zr-Based Metal–Organic Frameworks for the Detec-
ion of Glioblastoma-Derived Exosomes With Practical Application,”
nalytical Chemistry 92 (2020): 3819–3826, https://doi.org/10.1021/acs.
nalchem.9b05241.

95. J. Lee, H. Kim, Y. Heo, et al., “Enhanced Paper-Based ELISA for
imultaneous EVs/Exosome Isolation and Detection Using Streptavidin
garose-Based Immobilization,” Analyst 145 (2020): 157–164, https://doi.
rg/10.1039/C9AN01140D.

96. H. Zhang, Z. Wang, F. Wang, Y. Zhang, H. Wang, and Y. Liu, “In Situ
ormation of Gold Nanoparticles Decorated Ti3C2 MXenes Nanoprobe
or Highly Sensitive Electrogenerated Chemiluminescence Detection of
xosomes and Their Surface Proteins,” Analytical Chemistry 92 (2020):
546–5553, https://doi.org/10.1021/acs.analchem.0c00469.

97. Y. Sun, H. Jin, X. Jiang, and R. Gui, “Assembly of Black Phosphorus
anosheets and MOF to Form Functional Hybrid Thin-Film for Precise
rotein Capture, Dual-Signal and Intrinsic Self-Calibration Sensing of
pecific Cancer-Derived Exosomes,” Analytical Chemistry 92 (2020):
866–2875, https://doi.org/10.1021/acs.analchem.9b05583.

98. R. Huang, L. He, Y. Xia, et al., “A Sensitive Aptasensor Based
n a Hemin/G-Quadruplex-Assisted Signal Amplification Strategy for
lectrochemical Detection of Gastric Cancer Exosomes,” Small 15 (2019):
900735, https://doi.org/10.1002/smll.201900735.

99. D.Wu, Y. Yu, D. Jin, M.-M. Xiao, Z.-Y. Zhang, and G.-J. Zhang, “Dual-
ptamer Modified Graphene Field-Effect Transistor Nanosensor for
abel-Free and Specific Detection of Hepatocellular Carcinoma-Derived
icrovesicles,” Analytical chemistry 92 (2020): 4006–4015, https://doi.
rg/10.1021/acs.analchem.9b05531.

00. D.Wu, H. Zhang, D. Jin, et al., “Microvesicle Detection by a Reduced
raphene Oxide Field-Effect Transistor Biosensor Based on a Membrane
iotinylation Strategy,” Analyst 144 (2019): 6055–6063, https://doi.org/10.
039/C9AN01332F.

01. H.-L. Cheng, C.-Y. Fu,W.-C. Kuo, et al., “DetectingmiRNABiomark-
rs From Extracellular Vesicles for Cardiovascular Disease With a
icrofluidic System,” Lab on a Chip 18 (2018): 2917–2925, https://doi.org/
0.1039/C8LC00386F.

02. J. Bashir, M. K.Masud, A. S. Nugraha, et al., “PlasmonicMesoporous
old-Based SERS Biosensor for Ovarian Cancer-Derived Extracellular
esicles” Small 21 (2025): 2401817, https://doi.org/10.1002/smll.202401817.

03. H. Shao, J. Chung, L. Balaj, et al., “Protein Typing of Circulating
icrovesicles Allows Real-Time Monitoring of Glioblastoma Therapy,”
ature Medicine 18 (2012): 1835–1840, https://doi.org/10.1038/nm.2994.

04. C. Wang, C. Wang, D. Jin, et al., “AuNP-Amplified Surface Acoustic
ave Sensor for the Quantification of Exosomes,” ACS sensors 5 (2020):
62–369, https://doi.org/10.1021/acssensors.9b01869.

05. J. Suthar, E. S. Parsons, B. W. Hoogenboom, G. R. Williams, and S.
uldin, “Acoustic Immunosensing of Exosomes Using a Quartz Crystal
dvanced Healthcare Materials, 2026
Microbalance With Dissipation Monitoring,” Analytical Chemistry 92
(2020): 4082–4093, https://doi.org/10.1021/acs.analchem.9b05736.

206. H. Zheng, S. Guan, X. Wang, J. Zhao, M. Gao, and X. Zhang, “Decon-
struction of Heterogeneity of Size-Dependent Exosome Subpopulations
From Human Urine by Profiling N-Glycoproteomics and Phosphopro-
teomics Simultaneously,” Analytical Chemistry 92 (2020): 9239–9246,
https://doi.org/10.1021/acs.analchem.0c01572.

207. D. He, S. L. Ho, H. N. Chan, et al., “Molecular-Recognition-Based
DNA Nanodevices for Enhancing the Direct Visualization and Quantifi-
cation of Single Vesicles of Tumor Exosomes in Plasma Microsamples,”
Analytical Chemistry 91 (2019): 2768–2775, https://doi.org/10.1021/acs.
analchem.8b04509.

208. C. Chen, S. Zong, Y. Liu, et al., “Profiling of Exosomal Biomarkers for
Accurate Cancer Identification: Combining DNA-PAINT With Machine-
Learning-Based Classification,” Small 15 (2019): 1901014, https://doi.org/
10.1002/smll.201901014.

209. A. Ridolfi, M. Brucale, C. Montis, et al., “AFM-Based High-
hroughput Nanomechanical Screening of Single Extracellular Vesicles,”
Analytical Chemistry 92 (2020): 10274–10282, https://doi.org/10.1021/acs.
analchem.9b05716.

210. Y. Tian, L. Ma, M. Gong, et al., “Protein Profiling and Sizing of Extra-
cellular Vesicles From Colorectal Cancer Patients via Flow Cytometry,”
ACS Nano 12 (2018): 671–680, https://doi.org/10.1021/acsnano.7b07782.

211. D.Wu, J. Yan, X. Shen, et al., “Profiling Surface Proteins on Individual
Exosomes Using a Proximity Barcoding Assay,” Nature Communications
10 (2019): 3854, https://doi.org/10.1038/s41467-019-11486-1.

212. H. Liu, Y. Wu, F. Wang, et al., “Bone-Targeted Engineered Bacterial
Extracellular Vesicles Delivering miRNA to Treat Osteoporosis,” Com-
posites Part B: Engineering 267 (2023): 111047, https://doi.org/10.1016/j.
compositesb.2023.111047.

213. H. Guo and X. Huang, “Engineered Exosomes for Future Gene-
Editing Therapy,” Biomaterials Translational 3 (2022): 240, https://doi.
org/10.12336/biomatertransl.2022.04.003.

214. J. Guo, F. Wang, Y. Hu, et al., “Exosome-Based Bone-Targeting Drug
Delivery Alleviates Impaired Osteoblastic Bone Formation and Bone Loss
in Inflammatory Bowel Diseases,” Cell Reports Medicine 4 (2023): 100881,
https://doi.org/10.1016/j.xcrm.2022.100881.

215. A. E. Russell, A. Sneider, K.W.Witwer, et al., “Biological Membranes
in EV Biogenesis, Stability, Uptake, and Cargo Transfer: an ISEV Position
Paper Arising From the ISEVMembranes and EVsWorkshop,” Journal of
Extracellular Vesicles 8 (2019): 1684862, https://doi.org/10.1080/20013078.
2019.1684862.

216. Z. S. Nishat, T. Hossain, M. N. Islam, et al., “Hydrogel Nanoarchi-
tectonics: an Evolving Paradigm for Ultrasensitive Biosensing,” Small 18
(2022): 2107571, https://doi.org/10.1002/smll.202107571.

217. B. M. Lehrich and E. R. Delgado, “Lipid Nanovesicle Platforms for
Hepatocellular Carcinoma Precision Medicine Therapeutics: Progress
and Perspectives,” Organogenesis 20 (2024): 2313696, https://doi.org/10.
1080/15476278.2024.2313696.

218. D. Zhang, X. Qin, T. Wu, Q. Qiao, Q. Song, and Z. Zhang, “Extra-
cellular Vesicles Based Self-Grown Gold Nanopopcorn for Combinatorial
Chemo-Photothermal Therapy,” Biomaterials 197 (2019): 220–228, https://
doi.org/10.1016/j.biomaterials.2019.01.024.

219. W. Niu, Q. Xiao, X.Wang, et al., “A Biomimetic DrugDelivery System
by Integrating Grapefruit Extracellular Vesicles and Doxorubicin-Loaded
Heparin-BasedNanoparticles forGliomaTherapy,”NanoLetters 21 (2021):
1484–1492, https://doi.org/10.1021/acs.nanolett.0c04753.

220. H. Liu and J. Su, “Organoid Extracellular Vesicle-Based Therapeutic
Strategies for BoneTherapy,”Biomaterials Translational 4 (2023): 199–212,
https://doi.org/10.12336/biomatertransl.2023.04.002.

221. X. Lin, A. Vasanth, A. Ashok, et al., “Nanoarchitectonics of Point-of-
Care Diagnostics for Sweat Biomarkers Analysis,”NanoMaterials Science
6 (2024): 647–671, https://doi.org/10.1016/j.nanoms.2024.01.010.
33 of 36

https://doi.org/10.1016/j.bios.2020.112066
https://doi.org/10.1016/j.bios.2020.112290
https://doi.org/10.1021/acs.analchem.0c00106
https://doi.org/10.1016/j.bios.2018.10.016
https://doi.org/10.1021/acs.analchem.9b05241
https://doi.org/10.1039/C9AN01140D
https://doi.org/10.1021/acs.analchem.0c00469
https://doi.org/10.1021/acs.analchem.9b05583
https://doi.org/10.1002/smll.201900735
https://doi.org/10.1021/acs.analchem.9b05531
https://doi.org/10.1039/C9AN01332F
https://doi.org/10.1039/C8LC00386F
https://doi.org/10.1002/smll.202401817
https://doi.org/10.1038/nm.2994
https://doi.org/10.1021/acssensors.9b01869
https://doi.org/10.1021/acs.analchem.9b05736
https://doi.org/10.1021/acs.analchem.0c01572
https://doi.org/10.1021/acs.analchem.8b04509
https://doi.org/10.1002/smll.201901014
https://doi.org/10.1021/acs.analchem.9b05716
https://doi.org/10.1021/acsnano.7b07782
https://doi.org/10.1038/s41467-019-11486-1
https://doi.org/10.1016/j.compositesb.2023.111047
https://doi.org/10.12336/biomatertransl.2022.04.003
https://doi.org/10.1016/j.xcrm.2022.100881
https://doi.org/10.1080/20013078.2019.1684862
https://doi.org/10.1002/smll.202107571
https://doi.org/10.1080/15476278.2024.2313696
https://doi.org/10.1016/j.biomaterials.2019.01.024
https://doi.org/10.1021/acs.nanolett.0c04753
https://doi.org/10.12336/biomatertransl.2023.04.002
https://doi.org/10.1016/j.nanoms.2024.01.010


2
A
5

2
S
R
1

2
C
A
o

2
S
P
o

2
M
B

2
T
B
j

2
o
D
(

2
B

2
a
A

2
o
E
F
1

2
“
t
(

2
C
S

2
f
(

2
T
h

2
E
S
h

2
S
S
o

2
L
M

2
D

3

22. M.Avinash andT.Govindaraju, “Architectonics: Design ofMolecular
rchitecture for Functional Applications,”Accounts of Chemical Research
1 (2018): 414–426, https://doi.org/10.1021/acs.accounts.7b00434.

23. A. A. I. Sina, R. Vaidyanathan, S. Dey, L. G. Carrascosa, M. J. A.
hiddiky, and M. Trau, “Real Time and Label Free Profiling of Clinically
elevant Exosomes,” Scientific Reports 6 (2016): 30460, https://doi.org/10.
038/srep30460.

24. L. Grasso, R. Wyss, L. Weidenauer, et al., “Molecular Screening of
ancer-Derived Exosomes by Surface PlasmonResonance Spectroscopy,”
nalytical and Bioanalytical Chemistry 407 (2015): 5425–5432, https://doi.
rg/10.1007/s00216-015-8711-5.

25. P. Falkowski, Z. Lukaszewski, and E. Gorodkiewicz, “Potential of
urface Plasmon Resonance Biosensors in Cancer Detection,” Journal of
harmaceutical and Biomedical Analysis 194 (2021): 113802, https://doi.
rg/10.1016/j.jpba.2020.113802.

26. H. Im, H. Shao, Y. I. Park, et al., “Label-Free Detection and
olecular Profiling of ExosomesWith a Nano-Plasmonic Sensor,”Nature
iotechnology 32 (2014): 490–495, https://doi.org/10.1038/nbt.2886.

27. A. Thakur, G. Qiu, S.-P. Ng, et al., “Direct Detection of Two Different
umor-Derived Extracellular Vesicles by SAM-AuNIs LSPR Biosensor,”
iosensors and Bioelectronics 94 (2017): 400–407, https://doi.org/10.1016/
.bios.2017.03.036.

28. K. Liang, F. Liu, J. Fan, et al., “Nanoplasmonic Quantification
f Tumour-Derived Extracellular Vesicles in Plasma Microsamples for
iagnosis and Treatment Monitoring,” Nature Biomedical Engineering 1
2017): 0021, https://doi.org/10.1038/s41551-016-0021.

29. K. M. Koczula and A. Gallotta, “Lateral Flow Assays,” Essays in
iochemistry 60 (2016): 111–120, https://doi.org/10.1042/EBC20150012.

30. Y. Liu, L. Zhan, Z. Qin, J. Sackrison, and J. C. Bischof, “Ultrasensitive
nd Highly Specific Lateral Flow Assays for Point-of-Care Diagnosis,”
CS Nano 15 (2021): 3593–3611, https://doi.org/10.1021/acsnano.0c10035.

31. M. Oliveira-Rodríguez, S. López-Cobo, H. T. Reyburn, et al., “Devel-
pment of a Rapid Lateral Flow Immunoassay Test for Detection of
xosomes Previously Enriched From Cell Culture Medium and Body
luids,” Journal of Extracellular Vesicles 5 (2016): 31803, https://doi.org/
0.3402/jev.v5.31803.

32. M. Oliveira-Rodríguez, E. Serrano-Pertierra, A. C. García, et al.,
Point-of-Care Detection of Extracellular Vesicles: Sensitivity Optimiza-
ion and Multiple-Target Detection,” Biosensors and Bioelectronics 87
2017): 38–45, https://doi.org/10.1016/j.bios.2016.08.001.

33. Y.-G. Zhou, R. M. Mohamadi, M. Poudineh, et al., “Interrogating
irculating Microsomes and Exosomes Using Metal Nanoparticles,”
mall 12 (2016): 727–732, https://doi.org/10.1002/smll.201502365.

34. Q. Liu, J. Huang, J. Xia, et al., “Tracking tools of extracellular vesicles
or biomedical research”, Frontiers in Bioengineering and Biotechnology 10
2022): 943712, https://doi.org/10.3389/fbioe.2022.943712.

35. D. Bera, L.Qian, T.-K. Tseng, andP.H.Holloway, “QuantumDots and
heirMultimodalApplications: AReview,”Materials 3 (2010): 2260–2345,
ttps://doi.org/10.3390/ma3042260.

36. M. Wu, Z. Chen, Q. Xie, et al., “One-Step Quantification of Salivary
xosomes Based on Combined Aptamer Recognition and Quantum Dot
ignal Amplification,” Biosensors and Bioelectronics 171 (2021): 112733,
ttps://doi.org/10.1016/j.bios.2020.112733.

37. H.-M. Kim, C. Oh, J. An, et al., “Multi-Quantum Dots-Embedded
ilica-Encapsulated Nanoparticle-Based Lateral Flow Assay for Highly
ensitive Exosome Detection,” Nanomaterials 11 (2021): 768, https://doi.
rg/10.3390/nano11030768.

38. M. Zhang, L. Vojtech, Z. Ye, F. Hladik, and E. Nance, “Quantum Dot
abeling and Visualization of Extracellular Vesicles,” ACS Applied Nano
aterials 3 (2020): 7211–7222, https://doi.org/10.1021/acsanm.0c01553.

39. Y. Bai, Y. Lu, K. Wang, et al., “Rapid Isolation and Multiplexed
etection of Exosome TumorMarkers via Queued Beads CombinedWith
4 of 36
Quantum Dots in a Microarray,” Nano-Micro Letters 11 (2019): 59, https://
doi.org/10.1007/s40820-019-0285-x.

240. G. Dobhal, D. Ayupova, G. Laufersky, Z. Ayed, T. Nann, and R.
V. Goreham, “Cadmium-Free Quantum Dots as Fluorescent Labels for
Exosomes,” Sensors 18 (2018): 3308, https://doi.org/10.3390/s18103308.

241. A. B. Madhankumar, O. D. Mrowczynski, S. R. Patel, et al.,
“Interleukin-13 Conjugated Quantum Dots for Identification of Glioma
Initiating Cells and Their Extracellular Vesicles,” Acta Biomaterialia 58
(2017): 205–213, https://doi.org/10.1016/j.actbio.2017.06.002.

242. V. Vinduska, C. E. Gallops, R. O’Connor, Y. Wang, and X. Huang,
“Exosomal Surface Protein Detection With Quantum Dots and Immuno-
magnetic Capture for Cancer Detection,”Nanomaterials (Basel) 11 (2021):
1853, https://doi.org/10.3390/nano11071853.

243. K. Boriachek, M. N. Islam, V. Gopalan, A. K. Lam, N.-T. Nguyen, and
M. J. A. Shiddiky, “Quantum Dot-Based Sensitive Detection of Disease
Specific Exosome in Serum,” Analyst 142 (2017): 2211–2219, https://doi.
org/10.1039/C7AN00672A.

244. D. Fang, D. Zhao, S. Zhang, Y. Huang, H. Dai, and Y. Lin, “Black
Phosphorus Quantum Dots Functionalized MXenes as the Enhanced
Dual-Mode Probe for Exosomes Sensing,” Sensors and Actuators B:
Chemical 305 (2020): 127544, https://doi.org/10.1016/j.snb.2019.127544.

245. F. He, J. Wang, B.-C. Yin, and B.-C. Ye, “Quantification of Exosome
Based on a Copper-Mediated Signal Amplification Strategy,” Analytical
Chemistry 90 (2018): 8072–8079, https://doi.org/10.1021/acs.analchem.
8b01187.

246. Y. Wang, D. Luo, Y. Fang, et al., “An Aptasensor Based on Upcon-
version Nanoparticles as LRET Donors for the Detection of Exosomes,”
Sensors and Actuators B: Chemical 298 (2019): 126900, https://doi.org/10.
1016/j.snb.2019.126900.

247. Y. Xia, L. Wang, J. Li, et al., “A Ratiometric Fluorescent Bioprobe
Based on Carbon Dots and Acridone Derivate for Signal Amplification
Detection Exosomal microRNA,” Analytical Chemistry 90 (2018): 8969–
8976, https://doi.org/10.1021/acs.analchem.8b01143.

248. D. Dong, L. Zhu, J. Hu, D.-W. Pang, and Z.-L. Zhang, “Simple and
Rapid Extracellular Vesicles Quantification via Membrane Biotinylation
Strategy Coupled With Fluorescent Nanospheres-Based Lateral Flow
Assay,” Talanta 200 (2019): 408–414, https://doi.org/10.1016/j.talanta.
2019.03.069.

249. G. Huang, Y. Liu, D. Wang, et al., “Upconversion Nanoparticles for
Super-Resolution Quantification of Single Small Extracellular Vesicles,”
eLight 2 (2022): 20, https://doi.org/10.1186/s43593-022-00031-1.

250. K. M. Koo, N. Soda, and M. J. A. Shiddiky, “Magnetic Nanomaterial-
BasedElectrochemical Biosensors for theDetection ofDiverseCirculating
Cancer Biomarkers,” Current Opinion in Electrochemistry 25 (2021):
100645, https://doi.org/10.1016/j.coelec.2020.100645.

251. W. Yang, Y. Yu, X. Shou, D. Zhang, G. Liang, and Y. Zhao, “Hedgehog-
Inspired Magnetic Nanoparticles for Effectively Capturing and Detecting
Exosomes,” NPG Asia Materials 13 (2021): 78, https://doi.org/10.1038/
s41427-021-00346-4.

252. H. Chen, D. Luo, B. Shang, et al., “Immunoassay-Type Biosensor
Based on Magnetic Nanoparticle Capture and the Fluorescence Signal
Formed by Horseradish Peroxidase Catalysis for Tumor-Related Exosome
Determination,” Microchimica Acta 187 (2020): 282, https://doi.org/10.
1007/s00604-020-04275-x.

253. Z. Nemati, M. R. Zamani Kouhpanji, F. Zhou, et al., “Isolation of
Cancer-Derived Exosomes Using a Variety of Magnetic Nanostructures:
From Fe3O4 Nanoparticles to Ni Nanowires,” Nanomaterials 10 (2020):
1662, https://doi.org/10.3390/nano10091662.

254. L. Shi, L. Ba, Y. Xiong, and G. Peng, “A Hybridization Chain
Reaction BasedAssay for FluorometricDetermination of ExosomesUsing
Magnetic Nanoparticles and Both Aptamers andAntibody as Recognition
Elements,” Microchimica Acta 186 (2019): 796, https://doi.org/10.1007/
s00604-019-3823-9.
Advanced Healthcare Materials, 2026

https://doi.org/10.1021/acs.accounts.7b00434
https://doi.org/10.1038/srep30460
https://doi.org/10.1007/s00216-015-8711-5
https://doi.org/10.1016/j.jpba.2020.113802
https://doi.org/10.1038/nbt.2886
https://doi.org/10.1016/j.bios.2017.03.036
https://doi.org/10.1038/s41551-016-0021
https://doi.org/10.1042/EBC20150012
https://doi.org/10.1021/acsnano.0c10035
https://doi.org/10.3402/jev.v5.31803
https://doi.org/10.1016/j.bios.2016.08.001
https://doi.org/10.1002/smll.201502365
https://doi.org/10.3389/fbioe.2022.943712
https://doi.org/10.3390/ma3042260
https://doi.org/10.1016/j.bios.2020.112733
https://doi.org/10.3390/nano11030768
https://doi.org/10.1021/acsanm.0c01553
https://doi.org/10.1007/s40820-019-0285-x
https://doi.org/10.3390/s18103308
https://doi.org/10.1016/j.actbio.2017.06.002
https://doi.org/10.3390/nano11071853
https://doi.org/10.1039/C7AN00672A
https://doi.org/10.1016/j.snb.2019.127544
https://doi.org/10.1021/acs.analchem.8b01187
https://doi.org/10.1016/j.snb.2019.126900
https://doi.org/10.1021/acs.analchem.8b01143
https://doi.org/10.1016/j.talanta.2019.03.069
https://doi.org/10.1186/s43593-022-00031-1
https://doi.org/10.1016/j.coelec.2020.100645
https://doi.org/10.1038/s41427-021-00346-4
https://doi.org/10.1007/s00604-020-04275-x
https://doi.org/10.3390/nano10091662
https://doi.org/10.1007/s00604-019-3823-9


2
t
N
1

2
f
8

2
“
L

2
M
M

2
a
1

2
S
P
h

2
e
B

2
“
p
D

2
t
t
m

2
E
I
1

2
P
M
1

2
D
o
1

2
c
1

2
P
A
P

2
N
a
2

2
t
M
s

2
B
E
1

A

55. J. Lim, M. Choi, H. Lee, et al., “Direct Isolation and Characteriza-
ion of Circulating Exosomes From Biological Samples Using Magnetic
anowires,” Journal of Nanobiotechnology 17 (2019): 1, https://doi.org/10.
186/s12951-018-0433-3.

56. H. Lee, E. Sun, D. Ham, and R. Weissleder, “Chip–NMR Biosensor
orDetection andMolecularAnalysis of Cells,”NatureMedicine 14 (2008):
69–874, https://doi.org/10.1038/nm.1711.

57. D. Issadore, C. Min, M. Liong, J. Chung, R. Weissleder, and H. Lee,
Miniature Magnetic Resonance System for Point-of-Care Diagnostics,”
ab on a Chip 11 (2011): 2282, https://doi.org/10.1039/c1lc20177h.

58. J. B. Haun, C. M. Castro, R. Wang, et al., “Micro-NMR for Rapid
olecular Analysis of Human Tumor Samples,” Science Translational
edicine 3 (2011): 71ra16, https://doi.org/10.1126/scitranslmed.3002048.

59. J. Rho, J. Chung, H. Im, et al., “Magnetic Nanosensor for Detection
nd Profiling of Erythrocyte-Derived Microvesicles,” ACS Nano 7 (2013):
1227–11233, https://doi.org/10.1021/nn405016y.

60. C. Palma, M. K. Masud, D. Guanzon, et al., “Rapid and High-
ensitivity Screening of PregnancyComplications by ProfilingCirculating
lacental Extracellular Vesicles,” Science Advances 11 (2025): adr4074,
ttps://doi.org/10.1126/sciadv.adr4074.

61. B. Wang, A. Moyano, J. M. Duque, et al., “Nanozyme-Based Lat-
ral Flow Immunoassay (LFIA) for Extracellular Vesicle Detection,”
iosensors 12 (2022): 490, https://doi.org/10.3390/bios12070490.

62. S. Laurent, A. A. Saei, S. Behzadi, A. Panahifar, and M. Mahmoudi,
Superparamagnetic Iron Oxide Nanoparticles for Delivery of Thera-
eutic Agents: Opportunities and Challenges,” Expert Opinion on Drug
elivery 11 (2014): 1449–1470, https://doi.org/10.1517/17425247.2014.924501.

63. F. D’Agata, F. A. Ruffinatti, S. Boschi, et al., “Magnetic Nanopar-
icles in the Central Nervous System: Targeting Principles, Applica-
ions and Safety Issues,” Molecules 23 (2018): 9, https://doi.org/10.3390/
olecules23010009.

64. G. Jia, Y. Han, Y. An, et al., “NRP-1 Targeted and Cargo-Loaded
xosomes Facilitate Simultaneous Imaging and Therapy of Glioma
n Vitro and In Vivo,” Biomaterials 178 (2018): 302–316, https://doi.org/
0.1016/j.biomaterials.2018.06.029.

65. H. Y. Kim, H. Kumar, M.-J. Jo, et al., “Therapeutic Efficacy-
otentiated and Diseased Organ-Targeting Nanovesicles Derived From
esenchymal StemCells for Spinal Cord Injury Treatment,”Nano Letters
8 (2018): 4965–4975, https://doi.org/10.1021/acs.nanolett.8b01816.

66. H. Y. Kim, T. J. Kim, L. Kang, et al., “Mesenchymal Stem Cell-
erivedMagnetic ExtracellularNanovesicles for Targeting andTreatment
f Ischemic Stroke,” Biomaterials 243 (2020): 119942, https://doi.org/10.
016/j.biomaterials.2020.119942.

67. P. Sharma, K. N. Mehra, K. Jain, and N. K. Jain, “Biomedical Appli-
ations of Carbon Nanotubes: a Critical Review,” Current Drug Delivery
3 (2016): 796–817, https://doi.org/10.2174/1567201813666160623091814.

68. J. R. Rajabathar, G. Periyasami, A. M. Alanazi, M. Govindasamy, and
. Arunachalam, “Review on Carbon Nanotube Varieties for Healthcare
pplication: Effect of Preparation Methods and Mechanism Insight,”
rocesses 8 (2020): 1654, https://doi.org/10.3390/pr8121654.

69. S. Rathinavel, K. Priyadharshini, andD. Panda, “AReview onCarbon
anotube: anOverview of Synthesis, Properties, Functionalization, Char-
cterization, and the Application,” Materials Science and Engineering: B
68 (2021): 115095, https://doi.org/10.1016/j.mseb.2021.115095.

70. R. Shoukat andM. I. Khan, “CarbonNanotubes: a Review on Proper-
ies, Synthesis Methods and Applications in Micro and Nanotechnology,”
icrosystem Technologies 27 (2021): 4183–4192, https://doi.org/10.1007/
00542-021-05211-6.

71. Y. Xia,M. Liu, L.Wang, et al., “AVisible andColorimetric Aptasensor
ased on DNA-Capped Single-Walled Carbon Nanotubes for Detection of
xosomes,” Biosensors and Bioelectronics 92 (2017): 8–15, https://doi.org/
0.1016/j.bios.2017.01.063.
dvanced Healthcare Materials, 2026
272. T. Li, Y. Liang, J. Li, et al., “Carbon Nanotube Field-Effect Transistor
Biosensor for Ultrasensitive and Label-Free Detection of Breast Cancer
ExosomalmiRNA21,”Analytical Chemistry 93 (2021): 15501–15507, https://
doi.org/10.1021/acs.analchem.1c03573.

273. F. Si, Z. Liu, J. Li, H. Yang, Y. Liu, and J. Kong, “Sensitive
Electrochemical Detection of A549 Exosomes Based on DNA/Ferrocene-
Modified Single-WalledCarbonNanotubeComplex,”Analytical Biochem-
istry 660 (2023): 114971, https://doi.org/10.1016/j.ab.2022.114971.

274. N. Sahraei, M. Mazloum-Ardakani, A. Khoshroo, F. Hoseynidokht,
J. Mohiti, and A. Moradi, “Electrochemical System Designed on a Paper
Platform as a Label-Free Immunosensor for Cancer Derived Exosomes
Based on a Mesoporous Carbon Foam-Ternary Nanocomposite,” Journal
of Electroanalytical Chemistry 920 (2022): 116590, https://doi.org/10.1016/
j.jelechem.2022.116590.

275. A. B. Hashkavayi, B. S. Cha, E. S. Lee, and K. S. Park, “Dual
Rolling Circle Amplification-Enabled Ultrasensitive Multiplex Detection
of Exosome Biomarkers Using Electrochemical Aptasensors,” Analyt-
ica Chimica Acta 1205 (2022): 339762, https://doi.org/10.1016/j.aca.2022.
339762.

276. A. D. Ghuge, A. R. Shirode, and V. J. Kadam, “Graphene: a Compre-
hensive Review,” Current Drug Targets 18 (2017): 724–733, https://doi.org/
10.2174/1389450117666160709023425.

277. M. J. Allen, V. C. Tung, and R. B. Kaner, “Honeycomb Carbon: a
Review of Graphene,” Chemical Reviews 110 (2010): 132–145, https://doi.
org/10.1021/cr900070d.

278. D. K. H. Tsang, T. J. Lieberthal, C. Watts, et al., “Chemically
Functionalised Graphene FET Biosensor for the Label-Free Sensing of
Exosomes,” Scientific Reports 9 (2019): 13946, https://doi.org/10.1038/
s41598-019-50412-9.

279. Y. Yu, Y.-T. Li, D. Jin, et al., “Electrical and Label-Free Quantification
of Exosomes With a Reduced Graphene Oxide Field Effect Transistor
Biosensor,” Analytical Chemistry 91 (2019): 10679–10686, https://doi.org/
10.1021/acs.analchem.9b01950.

280. W. Huang, Y. Yu, C. Yang, et al., “Aptamer Decorated Magnetic
Graphene Oxide Nanoparticles for Effective Capture of Exosomes,”
Chemical Engineering Journal 431 (2022): 133849, https://doi.org/10.1016/
j.cej.2021.133849.

281. N. He, S. Thippabhotla, C. Zhong, et al., “Nano Pom-poms Prepared
Exosomes EnableHighly Specific Cancer Biomarker Detection,”Commu-
nications Biology 5 (2022): 660, https://doi.org/10.1038/s42003-022-03598-
0.

282. M. Pourmadadi, M. Rajabzadeh-Khosroshahi, F. Saeidi Tabar, et al.,
“Two-Dimensional Graphitic Carbon Nitride (g-C3N4) Nanosheets and
Their Derivatives for Diagnosis and Detection Applications,” Jour-
nal of Functional Biomaterials 13 (2022): 204, https://doi.org/10.3390/
jfb13040204.

283. R. Ahmad, N. Tripathy, A. Khosla, et al., “Recent Advances in
Nanostructured Graphitic CarbonNitride as a SensingMaterial for Heavy
Metal Ions,” Journal of The Electrochemical Society 167 (2020): 037519,
https://doi.org/10.1149/2.0192003JES.

284. Z. Zhao, Y. Sun, and F. Dong, “Graphitic Carbon Nitride Based
Nanocomposites: A Review,” Nanoscale 7 (2015): 15–37, https://doi.org/
10.1039/C4NR03008G.

285. Y.-M. Wang, J.-W. Liu, G. B. Adkins, et al., “Enhancement of
the Intrinsic Peroxidase-Like Activity of Graphitic Carbon Nitride
Nanosheets by ssDNAs and Its Application for Detection of Exosomes,”
Analytical Chemistry 89 (2017): 12327–12333, https://doi.org/10.1021/acs.
analchem.7b03335.

286. S. L. James, “Metal-Organic Frameworks,” Chemical Society Reviews
32 (2003): 276, https://doi.org/10.1039/b200393g.

287. H. Furukawa, K. E. Cordova, M. O’Keeffe, and O. M. Yaghi, “The
Chemistry and Applications of Metal-Organic Frameworks,” Science 341
(2013): 1230444, https://doi.org/10.1126/science.1230444.
35 of 36

https://doi.org/10.1186/s12951-018-0433-3
https://doi.org/10.1038/nm.1711
https://doi.org/10.1039/c1lc20177h
https://doi.org/10.1126/scitranslmed.3002048
https://doi.org/10.1021/nn405016y
https://doi.org/10.1126/sciadv.adr4074
https://doi.org/10.3390/bios12070490
https://doi.org/10.1517/17425247.2014.924501
https://doi.org/10.3390/molecules23010009
https://doi.org/10.1016/j.biomaterials.2018.06.029
https://doi.org/10.1021/acs.nanolett.8b01816
https://doi.org/10.1016/j.biomaterials.2020.119942
https://doi.org/10.2174/1567201813666160623091814
https://doi.org/10.3390/pr8121654
https://doi.org/10.1016/j.mseb.2021.115095
https://doi.org/10.1007/s00542-021-05211-6
https://doi.org/10.1016/j.bios.2017.01.063
https://doi.org/10.1021/acs.analchem.1c03573
https://doi.org/10.1016/j.ab.2022.114971
https://doi.org/10.1016/j.jelechem.2022.116590
https://doi.org/10.1016/j.aca.2022.339762
https://doi.org/10.2174/1389450117666160709023425
https://doi.org/10.1021/cr900070d
https://doi.org/10.1038/s41598-019-50412-9
https://doi.org/10.1021/acs.analchem.9b01950
https://doi.org/10.1016/j.cej.2021.133849
https://doi.org/10.1038/s42003-022-03598-0
https://doi.org/10.3390/jfb13040204
https://doi.org/10.1149/2.0192003JES
https://doi.org/10.1039/C4NR03008G
https://doi.org/10.1021/acs.analchem.7b03335
https://doi.org/10.1039/b200393g
https://doi.org/10.1126/science.1230444


2
O
E
(

2
F
U
1

2
o
B
B
b

2
O
E
h

2
P
B
P
1

2
c
M
T

2
H
E
(

2
S
h

2
D
a
1

2
G
c
d

2
V
(

3

88. E. Ahmed, S. A. Hossain, Y. V. Kaneti, et al., “A MOF-Derived Iron
xide Nanorod Platform for Multiplexed Detection of Ovarian Cancer
xtracellular Vesicle Biomarkers,” Journal of Materials Chemistry B 13
2025): 15413–15424, https://doi.org/10.1039/D5TB01159K.

89. X. Liu, X. Gao, L. Yang, Y. Zhao, and F. Li, “Metal–Organic
ramework-Functionalized Paper-Based Electrochemical Biosensor for
ltrasensitive Exosome Assay,” Analytical Chemistry 93 (2021): 11792–
1799, https://doi.org/10.1021/acs.analchem.1c02286.

90. Y. Cao, Y. Wang, X. Yu, X. Jiang, G. Li, and J. Zhao, “Identification
f Programmed Death Ligand-1 Positive Exosomes in Breast Cancer
ased on DNA Amplification-Responsive Metal-Organic Frameworks,”
iosensors and Bioelectronics 166 (2020): 112452, https://doi.org/10.1016/j.
ios.2020.112452.

91. Y. Zhang, H. Zhu, Z. Ying, et al., “Design and Application of Metal
rganic Framework ZIF-90-ZnO-MoS2 Nanohybrid for an Integrated
lectrochemical Liquid Biopsy,” Nano Letters 22 (2022): 6833–6840,
ttps://doi.org/10.1021/acs.nanolett.2c01613.

92. F. Wang, Y. Gui, W. Liu, C. Li, and Y. Yang, “Precise Molecular
rofiling of Circulating Exosomes Using a Metal–Organic Framework-
ased Sensing Interface and an Enzyme-Based Electrochemical Logic
latform,” Analytical Chemistry 94 (2022): 875–883, https://doi.org/10.
021/acs.analchem.1c03644.

93. S. Zhand, K. Xiao, S. Razavi Bazaz, et al., “Improving Capture Effi-
iency of Human Cancer Cell Derived Exosomes With Nanostructured
etal Organic Framework Functionalized Beads,” Applied Materials
oday 23 (2021): 100994, https://doi.org/10.1016/j.apmt.2021.100994.

94. L. Zhang, H. Wang, G. Zhao, et al., “Anti-Tim4 Grafting Strongly
ydrophilicMetal–Organic Frameworks Immunoaffinity Flake for High-
fficiency Capture and Separation of Exosomes,” Analytical Chemistry 93
2021): 6534–6543, https://doi.org/10.1021/acs.analchem.1c00528.

95. K. Geng, T. He, R. Liu, et al., “Covalent Organic Frameworks: Design,
ynthesis, and Functions,” Chemical Reviews 120 (2020): 8814–8933,
ttps://doi.org/10.1021/acs.chemrev.9b00550.

96. M. Wang, Y. Pan, S. Wu, et al., “Detection of Colorectal Cancer-
erived Exosomes Based on Covalent Organic Frameworks,” Biosensors
nd Bioelectronics 169 (2020): 112638, https://doi.org/10.1016/j.bios.2020.
12638.

97. E. González and J. M. Falcón-Pérez, “Expanding Horizons: Next-
eneration and Interdisciplinary Advances in the Applications of Extra-
ellular Vesicles,” Journal of Extracellular Biology 4 (2025): e70101, https://
oi.org/10.1002/jex2.70101.

98. A. Ambrosone, A. Barbulova, E. Cappetta, et al., “Plant Extracellular
esicles: Current Landscape and Future Directions,” Plants (Basel) 12
2023): 4141, https://doi.org/10.3390/plants12244141.
6 of 36 Advanced Healthcare Materials, 2026

https://doi.org/10.1039/D5TB01159K
https://doi.org/10.1021/acs.analchem.1c02286
https://doi.org/10.1016/j.bios.2020.112452
https://doi.org/10.1021/acs.nanolett.2c01613
https://doi.org/10.1021/acs.analchem.1c03644
https://doi.org/10.1016/j.apmt.2021.100994
https://doi.org/10.1021/acs.analchem.1c00528
https://doi.org/10.1021/acs.chemrev.9b00550
https://doi.org/10.1016/j.bios.2020.112638
https://doi.org/10.1002/jex2.70101
https://doi.org/10.3390/plants12244141

	How is Nanoarchitectonics Shaping Extracellular Vesicle Research?
	1 | Introduction
	2 | Extracellular Vesicles
	3 | Roles of Nanoarchitectonics on EVs Research
	3.1 | EVs Production
	3.2 | Drug Delivery
	3.3 | Isolation and Separation
	3.4 | Detection
	3.5 | Therapeutics

	4 | Nanoarchitectonics: Engineered Nanostructures for EVs Research
	4.1 | Plasmonic Nanostructures
	4.2 | Fluorescent Nanostructures
	4.3 | Magnetic Nanostructures
	4.4 | Carbon Nanostructures
	4.5 | Organic Frameworks

	5 | Conclusions and Outlook
	Acknowledgements
	Funding
	Conflicts of Interest
	Data Availability Statement
	References


