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Extracellular vesicles (EVs), as natural carriers of bioactive cargo, have a unique micro/nanostructure,
bioactive composition, and characteristic morphology, as well as fascinating physical, chemical and
biochemical features, which have shown promising application in the treatment of a wide range of diseases.
However, native EVs have limitations such as lack of or inefficient cell targeting, on-demand delivery, and
therapeutic feedback. Recently, EVs have been engineered to contain an intelligent core, enabling them to
(i) actively target sites of disease, (ii) respond to endogenous and/or exogenous signals, and (i) provide
treatment feedback for optimal function in the host. These advances pave the way for next-generation
nanomedicine and offer promise for a revolution in drug delivery. Here, we summarise recent research on
intelligent EVs and discuss the use of “intelligent core” based EV systems for the treatment of disease. We
provide a critique about the construction and properties of intelligent EVs, and challenges in their
commercialization. We compare the therapeutic potential of intelligent EVs to traditional nanomedicine and
highlight key advantages for their clinical application. Collectively, this review aims to provide a new insight
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Introduction

Advances in nanotechnology have made a significant impact in
the biomedical field."” For instance, novel nanomaterials have
been used to develop therapeutic agents,® " diagnostic or contrast
agents,'® > and drug delivery vectors (DDVs),>*” demonstrating
their successful application in biomedicine.”® " Nanomaterials
offer advantageous and editable properties such as considerable
loading capacity and sufficient protection for drugs, controllable
drug release, and targeting capability. However, nanomaterials
namely carbon nanotubes, graphene oxide (GO), noble metal
nanoparticles (NMNPs), and mesoporous silicon nanoparticles
(MSNs) still suffer from non-specific cytotoxicity, undesirable bio-
compatibility, and poor delivery efficacy.”>® Nanoparticles may
bind to serum proteins and immune system components in the
blood, leading to their recognition and elimination by the immune

into the design of next-generation EV-based theranostic platforms for disease treatment.

system and a compromised patient outcome.***' In addition,
these nanomaterials are either metabolized inefficiently, or not at
all, posing risks of accumulation and toxicity. Therefore, there is an
urgent need to develop novel DDVs with improved biocompatibility
and targeted-delivery.

Recently, researchers have explored using extracellular
vesicles (EVs) as natural and alternative DDVs through encap-
sulation of drugs/nanodrugs.””™*> EVs are membrane-bound
vesicular particles with sizes between 30 and 1000 nm.*®™*°
They can be generated by a wide variety of cell types and exist in
most bodily fluids. They serve as an intercellular communica-
tion medium by delivering active factors such as nucleic acids
and proteins.’®® The cargo of EVs reflects the physiological
state of cells from which they originate and influences the
function of recipient cells, enabling them to be used for
diagnostic and therapeutic purposes.’*®® As natural DDVs,
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EVs demonstrate more attractive characteristics than existing
nanotheranostic systems, including enhanced biocompatibility,®”
high-stability, long-circulation lifespans,®® low-immunogenicity,*
targeting or tropism capability, high-potential to cross the blood-
brain barrier (BBB),”>”* and pathogen capture characteristics,”>”>
providing a unique therapeutic nanoplatform.”®®* Excitingly, clin-
ical trials for EV-based treatments in humans have been approved
and are rapidly increasing.®®’

Although EVs have shown promising performances in pre-
clinical trials, achieving a precise and controllable release of
cargo at the target site remains a challenge (Table 1).3%7°°
To address this issue, researchers have engineered EVs that
contain synthetic nanomaterials (intelligent EVs). The nano-
materials are responsive to different environmental stimuli
including endogenous stimuli (e.g., pH, redox potential, nucleic
acid marker, and enzyme presence) and exogenous stimuli
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(e.g., temperature, light, magnetic field, and ultrasound)
(Scheme 1). These properties give the EVs the ability to release
drugs “on-demand”, in response to specific stimuli. In addi-
tion, active targeting and therapeutic feedback should also
be an essential part of intelligent nanosystems. Although native
vesicles bear certain inherent function in terms of targeting,
but it is passive targeting and their capabilities of on-demand
drug release, and therapeutic feedback are limited, which
has been intensively studied in recent years by external engi-
neering strategies. However, a systematic review is still missing
to cover this topic. In this review, we aim to critically discuss
the recent research on intelligent EVs and their mimetics,
with highlights on their advantages and limitations. We also
discussed the perspectives of EV-based DDVs in biomedical
applications and their challenges in clinical transformation.
We aim in this review to offer new insight to help direct the
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development of next-generation EV-based therapies in the
future.

The origin, function, and preparation of EVs

EVs are a group of heterogeneous, membrane-bound vesicles
that are secreted by cells. They mediate intercellular commu-
nication via the delivery of bioactive cargoes such as nucleic
acids and proteins. Due to their biological origin, EVs have
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good histocompatibility and stability and have unique physio-
logical regulatory functions. EVs have attracted extensive atten-
tion in the biomedical field since they were first reported.”® EV
mimetics, which were inspired by EVs, are artificial vesicles
constructed from cell or organelle membranes.'’® EV mimetics
are considered to be substitutes for EVs and have also attracted
attention due to their similar structures and functions to EVs.
In this section, the origin, function, preparation methods, and
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Table 1 Comparison between the advantages and disadvantages of different nanocarriers for disease theranostics

Type Advantages Disadvantages Ref.
Traditional nanoparticles (1) Controllable particle size (1) Poor biocompatibility 91-93
(2) Versatile surface modifications (2) Potential toxicity
(3) Diversified morphologies and forms (3) Poor biodegradability
(4) Batch preparation (4) High immunogenicity
(5) Design according to requirements
Native EVs (1) Good biocompatibility (1) Lack of active targeting capability 94-98

(2) Physiological regulatory potential
(3) Low immunogenicity

Light

(2) Lack of on-demand drug delivery
(3) Lack of treatment feedback

Scheme 1 Construction and application strategies of intelligent EVs. EVs exhibit good physical and chemical properties and can be engineered through
various strategies (biological engineering, chemical engineering, and physical engineering). EVs modified with intelligent modules can actively target
lesions, respond to stimuli, and provide feedback on the course of treatment. Among them, the most critical is to respond to endogenous and exogenous
stimuli (endogenous stimuli: pH, redox potential, biomarkers; exogenous stimuli: light, magnetic field, ultrasound, etc.), to achieve controllable precision
treatment.
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properties of EVs and their mimetics are briefly described.
A more detailed overview of these topics can be found in
published reviews.>1:1017103

Origin and function of EVs

EVs are typically categorised into subsets by size: exosomes
(30-150 nm), microvesicles (50-1000 nm), apoptotic bodies
(800-5000 nm), and oncosomes (1-10 pm).**'%71% [n the field
of nanomedicine, EVs in the range of 30-200 nm are most
commonly used, and are within the scale ranges of exosomes
and microvesicles. Given the methods to distinguish EVs within
the 30-200 nm scale, exosomes and microvesicles are generally
referred to as small EVs.'®” EVs mentioned in this paper are
mainly small EVs.

EVs are derived from various cell types and have distinct
biological functions due to the active components inherited
from the cells from which they originate.>" For example, EVs
secreted by tumor cells carry PD-L1 and have immunosuppressive
functions.’®®!% In a recent study, Wang et al. found that the effect
of anti-tumor immunotherapy can be improved by suppressing
the secretion of exosomes from tumor cells.'*® Although this
highlights a potential risk in using tumor-derived EVs, other
studies have shown that they have beneficial properties. It was
reported that the expression of EpCAM in tumor cell-derived EVs
can increase their homologous targeting.""! Jing et al. also con-
firmed that tumor-derived EVs have a higher tumor-targeting
ability than adipose stem cell-secreted exosomes in a mouse colon
cancer model.'"> However, they did not find homologous target-
ing of tumor-derived EVs at the cellular level. Such studies
have promoted the use of tumor-derived EVs in drug delivery.
According to the function of original cells, tumor-derived EVs may
also promote proliferation, inhibit differentiation and regulate
inflammation. However, the function of tumor-derived EVs is not
yet fully understood, and the feasibility of their clinical translation
needs to be further evaluated.

Recent studies have revealed that EVs derived from immune
cells have immune activity. For example, exosomes derived
from CART cells were found to kill tumor cells."*® A detailed
overview of the immune activity of immune cell-derived EVs can
be obtained from other reviews."'*'"” These immunoreactive
EVs show great potential in the immunotherapy of diseases.
Other cell-derived EVs also exhibit unique functions. For example,
stem cell-derived EVs can promote tissue regeneration."'*™'® In
general, the function of EVs comes from the components, which
can be divided into proteins, nucleic acids, active lipids, and other
active components according to their chemical composition.
These components endow EVs with properties such as homolo-
gous targeting, immune escape, and physiological regulation.'*

Preparation of EVs

EVs can be prepared through a variety of processes, such as
differential centrifugation, density gradient ultracentrifuga-
tion, immunocapture, ultrafiltration, polymer precipitation,
chromatography, and membrane affinity
chromatography.*""?°""** Selection of distinct subclasses of
EVs can often involve a combination of these separation methods.

size-exclusion
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Polymer precipitation and membrane affinity chromatography
exploit the properties of EV outer membranes to isolate them.
While these methods can concentrate EVs, they do not become
enriched for EVs from distinct cellular origins or EVs of a defined
particle size. Differential centrifugation, density gradient ultra-
centrifugation, and size-exclusion chromatography are used to
separate EVs based on their physical properties such as density
and particle size, albeit, with limited resolution. These methods
poorly separate similarly sized EVs such as exosomes (30-
150 nm), microvesicles (50-1000 nm), and lipoproteins (6-
1000 nm). Moreover, these methods do not efficiently distinguish
EVs derived from specific cell types. In contrast, immunoaffinity
chromatography is a highly specific method for the isolation of
different EV subgroups. However, it is not suitable for large-scale
isolation because of its high cost. The principles, advantages, and
limitations of commonly used isolation methods of EVs are
summarized in Table 2. Taken together, isolation of subsets of
EVs remains a technical challenge, which many teams are work-
ing towards overcoming.’** There are extensive reviews detailing
the methodologies for EV isolation.*>'?>7%7

Preparation of EV mimetics

The low yield of EVs and the complexity of their purification have
contributed to the increase in studies using EV mimetics. EV
mimetics are prepared by a variety of methods, including self-
assembly, liposome extrusion, and centrifugal extrusion.'?*™*!
They have a similar structure to EVs, such that they have an outer
membrane composed of a phospholipid bilayer and they contain
components from the cell of their origin. Because they also inherit
the active components from the original cells, EV mimetics are
expected to perform physiological functions in a cell-free state.
These properties make them of great interest in nanomaterial
camouflage, tumor homologous targeting, and physiological
regulation.**** Recent studies have compared the performance
of EV mimetics and natural EVs in the treatment of brain
glioma.’® EV mimetics can penetrate the blood-brain barrier
(BBB) and significantly increase the half-life of drugs in the
circulatory system. EV mimetics may therefore be effective sub-
stitutes for exosome-based nanomedicine for the treatment of
brain tumors. Current methods to prepare EV mimetics take
advantage of the dynamic self-assembly properties of phospholi-
pid bilayers. Freeze-thawing, ultrasound, extrusion, filtration, and
other methods have been utilised to break and reassemble
phospholipid bilayers into nanovesicles. Despite this progress,
there is not yet a standardised protocol for the preparation of EV
mimetics. Moreover, there is not yet a clear system to identify and
classify them. Current classifications of EV mimetics in the
literature are based on cell origins and their preparation methods.
This has also led to EV mimetics with a variety of names, such as
cellular vesicles,'*® exosome biomimetics,"*® cell membrane
nanoparticles,"®” and nanovesicles.’*® The preparation methods
for EV mimetics will be discussed in this review.

Generic engineering strategies for EVs

Native EVs have limitations in their targeting, on-demand delivery,
and treatment feedback. Engineered EVs are anticipated to

This journal is © The Royal Society of Chemistry 2022
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Approach Principle Yield Advantages Limitations Ref.
Differential Density, size, and shape-based Moderate Simple operation Potential shear damage to EVs 125, 139
centrifugation sequential spinning separation at Suitable for large volume Low portability and 140
low/high centrifugation speed preparation
No additional reagents Time-consuming
Specific equipment requirement
Low yield
Density gradient ~ Density-based separation under the Moderate High purity Potential damage to exosomes 141 and
ultracentrifugation discontinuous gradient of sucrose Simple operation Low portability 142
or iodixanol Time-consuming
Sensitive to centrifugation time
Low yield
Immunocapture  Specific interaction between anti- Low High purity and selectivity Non-specific binding 60 and
gens on the surfaces of EVs and Specific EV subpopulation High cost for antibody input 143
fixed antibodies isolation
Low processing volume
Exosome elution steps required
Ultrafiltration Size-based separation by usinga  Low Simple operation Membrane clogging caused EV mass loss 144 and

filter membrane with a defined
molecular weight

Portability
Fast procedure

Possible damage induced by shear stress 145
Moderate purity

Capable of operating with a
low amount of sample
Low equipment cost

Size-exclusion
chromatography

Size-based separation High
Using a column filled with nano-
porous beads

Relatively high purity Time-consuming 146 and
Intact structure of EVs Low recovery 147
Good reproducibility Relatively expensive and complex device

Low sample volume
High throughput Low purity due to the precipitation of 148 and

Polymer precipita- Hydrophilic polymer based “‘fishing High
tion methods net” to interact with and wrap EVs

Simple operation

non-EV components 149
Polymer and contaminants hinder
downstream protein biomarker discovery

High recovery

Microfluidics-
based methods

Microscale mixing or contact-based Low
isolation using immunoaffinity,
size, density, and viscoelasticity

overcome these issues and be a tool for targeted-treatments.
For example, modification of the AS1411 aptamer can increase
the leukemia cell targeting effect of EVs, leading to obvious cell
apoptosis by resisting the function of miR-21 in leukemia
cells.”® EV engineering methods can be classified into three
categories: biological engineering, chemical engineering, and
physical engineering.">® They can also be divided into genetic
engineering, membrane modification, encapsulation, and

target peptide

Click n3

lam chemistry

Immune
adsorption

Genetic engineering Membrane modification

Fast, low cost, portable,
easy automation, integra- tests on clinical samples, lack of method 151
tion, and high portability validation, moderate to low sample capacity

oot i
o g

Sonication -

Lack of standardization and large scale 150 and

hybridization according to the specific mode of operation
(Fig. 1).
Genetic engineering strategies

As derivatives of cells, EVs can incorporate cellular components
during their formation. For example, substances from the
cytoplasm can be wrapped into exosomes, and substances
bound to the membrane are naturally released as cell bubbles.

Vesicle 1 Vesicle 2

i

T

Streptol.;é'ih o Electroporation

Encapsulation Hybridization

Fig. 1 Generic engineering strategies for EVs. Conventional modification strategies for EVs include membrane modification, encapsulation, and
hybridization. Membrane modification is the placement of cargo on the surface of a vesicle utilizing chemical bonding or lipid chimerism. The
encapsulation strategies are mainly through freeze—thawing, pH gradient, electroporation, streptolysin O, and ultrasound methods to introduce the drug
into the vesicle. A hybrid strategy is the hybridization of different vesicles or vesicles with liposomes, resulting in heterozygotes.

This journal is © The Royal Society of Chemistry 2022
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The mechanisms underlying the packaging of EVs can be
manipulated by a range of cell engineering techniques to
enhance the functionalization of EVs. Genetic engineering is
an example of a powerful tool for modifying EVs.

Genetic engineering of EVs can be mediated by the delivery
of gene expression vectors into donor cells and their subse-
quent expression and incorporation into EVs through the
natural packaging process. Such engineered EVs can be isolated
and purified from the supernatant of cell culture media.
Although this method appears to be simple and feasible, many
problems may arise. The first aspect to consider is cytotoxicity.
The expression of cytotoxic proteins can inhibit the prolifera-
tion and even trigger apoptosis of donor cells. Secondly, cells
tightly regulate which molecules are packaged into EVs. Donor
cells may therefore package the desired expression products
into EVs with a low loading efficiency. To achieve improved EV
loading, the expressed proteins can be fused with constitutive
proteins of EVs. For instance, Wood and colleagues achieved
neuro-tissue-specific  targeting by expressing exosomal
membrane protein Lamp2b from engineered dendritic cells
and fusing it with neuron-specific RVG peptides.'** They found
that GAPDH siRNA was delivered by RVG-targeted exosomes to
the brain network (e.g. neurons, microglia, and oligodendro-
cytes) after intravenous injection, resulting in tissue-specific
knockdown of GAPDH. One other approach to genetically
engineer EVs is to fuse nucleic acid sorting proteins with EV
structural proteins to achieve specific loading of target
sequences."> "7 This method eliminates the subsequent load-
ing process and avoids nucleic acid degradation caused by
excessive operation, extending the application prospect to
RNA loading and delivery. In conclusion, genetic engineering
provides a powerful tool for enhancing the functionality of EVs
and enabling precise control of EVs for clinical applications.

Membrane modification strategies

Membrane modification is a common modification method
for EVs. Benefiting from the fluidity of the vesicle membrane, fat-
soluble components can be easily inserted into the membrane.
Distearoyl phosphoethanolamine (DSPE), in particular, can be
embedded in the phospholipid bilayer, thereby anchoring the
attached components to the EV surface.®® In addition, sulfhydryl

Table 3 Summary of the methods applied when loading cargo into EVs
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groups on the surfaces of EVs are also available for labeling
sites. Fan et al. successfully anchored quantum dots to the
surfaces of EVs through the addition reaction between malei-
mide and sulfhydryl groups.'®® In recent years, the rise of
glucose metabolism chemistry has also expanded the membrane
modification strategies of EVs.'>*™'®" The surfaces of EVs can be
labeled with azide (Nj;) through glucose metabolism and sub-
stances linked to the outer vesicle membrane through ‘click’
chemistry.”>®®" Membrane modification can effectively and
nondestructively anchor cargo to the surface of the vesicle, which
is ideal for target molecules and other components that need to
be exposed to perform their functions. The desired goal for drug
delivery is that the drug will work once it reaches the target site.
Membrane modification may hinder this goal since it can lead to
premature drug leakage, and the drug can have an effect earlier.
At the same time, modification of some components with poor
histocompatibility on the EV surface will inevitably reduce the
overall histocompatibility. Therefore, whether the membrane
modification method can be utilised to load the cargo needs to
be assessed according to the nature of the cargo and its
functioning mechanism.

Encapsulation strategies

EVs with a large internal space can be used as carriers of drugs
and contrast agents.'®>'®® The approach used to wrap these
agents into EVs can impact their function as carriers. The
properties of the agents to be wrapped also have implications
for the packaging methods that can be used (Table 3). Small
molecules like paclitaxel can be introduced into EVs through
incubation or ultrasound assistance.'® Macromolecules like
DNA sequences need to enter EVs by electroporation.'>

There are also reagents such as streptolysin O that change
the structure of the vesicle membrane, allowing the entry of
macromolecules.”” For larger nanoparticles, these methods are
not effective. In recent years, by exploiting the self-assembly
properties of the phospholipid bilayer, a lipid extrusion model
has been proposed to effectively solve the coating problem of
nanoparticles. However, each loading method has its advan-
tages and limitations. Small membrane-penetrating molecules
can enter the vesicle without causing damage, but they can
spread out of EVs in the same way and do not provide a good

Loading methods Cargo properties Advantages Disadvantages Efficiency Ref.
Incubation Fat-soluble small Convenient, small damage to Narrow application range PTX 8% 165-167
molecules vesicles Curcumin N/A
Enzyme 4.9%
Ultrasonic Small molecules Convenient and fast, relatively Only for small molecules, low Erastian N/A 167-169
small damage efficiency Imperialine 24.9%
Enzyme 26.1%
Freeze-thawing  Biomacromolecules Simple operation Destroys the vesicle structure Enzyme 14.7% 167
Electroporation = Biomacromolecules, High efficiency, less damage Higher requirements for condi- ~ BAY55-9837 N/A 170
such as nucleic tions such as equipment and DNA 60%
acids buffer
Streptolysin O Biomacromolecules Simple operation Costly and disruptive DNA N/A 57
Extrusion Nanoparticles Encapsulates larger particles Tedious and time-consuming NPs N/A 133 and 167
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barrier. Cargo that cannot be diffused into the vesicle needs to
be introduced by changing the membrane permeability, which
can damage the vesicle. The encapsulation method can isolate
the cargo from the outside environment and can improve the
histocompatibility and targeting of the cargo.

Hybridization strategies

Through genetic modification of parent cells, biomolecules, e.g.
non-coding RNA, mRNA, water-soluble proteins, and -cell-
membrane proteins, can be introduced into EVs.'”*™7? The
surfaces of EVs can also be decorated with proteins of interest
using the same technique. However, the industrial application
of this method is restricted by the complexity of the process of
genetic engineering vesicle modification and the uncertainty of
whether the expressed products can enter EVs. Hybridization is
an effective and facile engineering strategy for EVs. Drug
delivery and EV modification can also be achieved by fusing
liposomes with EVs.'”* Li et al. constructed exosome-liposome
hybrid nanoparticles and implemented the CRISPR/Cas9
system for delivery to MSCs."”® This nanosystem is expected to
be used for gene editing in vivo. Recently, Jiang et al. constructed
biomimetic EV structures through the hybridization of red blood
cell membranes with polymyxin B-modified lipids to facilitate
the targeted removal of internal and external toxins from
bacteria, providing a new concept for the engineering of EVs."”®
On this basis, hybrid EVs with complex functions can be produced
by fusing EVs from different sources. For example, hybridization
of tumor-derived EVs with natural killer cell-derived EVs yielded
hybrid vesicles with tumor homologous targeting and tumor-
killing effects. In conclusion, hybridization is an effective EV
engineering strategy, which avoids the vesicle damage caused by
mechanical methods such as electroporation and extrusion with
improved assembly efficiency.

Intelligent upgrade of EVs

To overcome the limitations of traditional nanomaterials, intel-
ligent nanomaterials are being developed and have received
more attention in recent years.'”” Intelligent nanomaterials
are integrated systems that can not only respond to external
physical, chemical, or biological stimuli to release cargo, but also
have the capabilities of active targeting and therapeutic
feedback."”® As a rising star of nanomedicine, intelligent EVs
are expected to open a new avenue for modern drug delivery.

Intelligent EVs driven by active targeting

EVs can improve the tissue compatibility and long circulation
ability of cargo, and enhance the drug effect through physiological
regulation. But for a drug to work, it must first be delivered to
its target site. Most nano drugs can passively target neoplastic
tissues through the enhanced permeability and retention (EPR)
effect. This may also be applicable to EVs. In recent years, there
has been increasing scepticism about the universality of the
EPR effect,'’® especially in human tumors, which have yet to be
confirmed.'®® Given that passive targeting of nano drugs is
inefficient, further research into active targeting strategies is
needed.

This journal is © The Royal Society of Chemistry 2022
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Nanoparticle surface modification with targeted molecules
such as monoclonal antibodies, RGD peptides, folic acid, or
aptamers which identify epitopes, ligands, and ECM components
of recipient cells based on biological affinity can achieve
active tumor targeting.'®' % Through engineering modification
with a targeting module, EVs can be endowed with targeting
capability."®* A classic approach for targeted modification is to
express targeted peptides or donor and recipient proteins on the
surfaces of EVs via genetic engineering. Wang and co-workers
applied molecular cloning and lentivirus packaging techniques
for engineering exosome membrane protein (Lamp2b) fused with
ischemic myocardium-targeting peptide CSTSMLKAC (IMTP)."®®
They found that IMTP labeled exosomes could be more efficiently
taken up in hypoxia-injured H9C2 cells than native exosomes.
Targeting modification based on the lipid embedding method is a
convenient and fast modification method. A recent study showed
that AS1411-modified EV mimetics can increase the tumor-
targeting efficacy of chemotherapy drugs.'®® In another study,
the authors used RGD and folic acid dual targeting to achieve
precise photothermal therapy for tumors.'®” In addition to
conventional targeting modifications, the targeting properties of
EVs themselves have also been extensively studied. EVs of tumor
origin have a tumor homing effect and can accurately deliver
drugs to tumor tissues. Qiao et al. reported that tumor exosomes
have a homing effect on tumor tissue and can be seen as Trojan
horses for delivering anti-cancer drugs.'®® A recent study found
that low pH treatments lead to increased uptake efficiency and
retain cell-type specificity, promising intelligent drug delivery and
potential personalized therapy for their homologous tumors.'®’
Although tumor-derived EVs show the potential for homologous
targeting, the potential safety risks of tumor-derived EVs
make them controversial for clinical translation. In addition, it
is sometimes difficult for the inherent targeting ability of EVs
to meet real-world application scenarios. The development of
efficient and convenient targeted modification methods is badly
needed and has been an emerging hotspot. Overall, active target-
ing is a significant achievement for intelligent EVs and offers great
promise for drug delivery.

Intelligent EVs based on stimuli-response

Although EV-based delivery systems have shown promising
results in preclinical trials, a pressing challenge remains,
namely, the ability to achieve a precisely controlled release of
cargos at the target site. Therefore, the inherent functions of
EVs require to be further reshaped or endeavored to ensure that
EV-based therapeutics are clinically acceptable. In this regard,
integration of responsive modules into EVs for controllable
release of drugs in the cellular microenvironment in response
to internal (e.g. pH, redox environment, enzyme, and hypoxic)
and/or external (e.g. light, thermal, ultrasound, and magnetic
field) stimulation is required. As a highly material-dependent
process, engineering EVs with responsive modules would
endow EVs with intelligent properties, which has stepped into
a rapid expansion era of therapeutics. The research progress of
intelligent EVs in recent years will be systematically summar-
ized based on the stimulus-response as the mainline.
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Intelligent EVs with treatment monitoring functionality

A plethora of research into intelligent EVs has led to significant
advances in their therapeutic applications. Importantly, intel-
ligent EVs also have the potential to be utilised for diagnostic
and prognostic purposes such as monitoring the effectiveness
of treatments and disease progression. While some studies
have explored the use of integrated feedback modules in EVs
and bioanalysis of EVs to evaluate drug efficacy,'**'°° this area
of research is still underexplored. Engineering EVs capable of
real-time feedback of treatments and disease progression
would further extend the utility of intelligent EVs in biomedical
applications, highlighting that this is a promising area of
research.

Biomedical applications of intelligent EVs

There have been an increasing number of innovative
approaches to improve the clinical application of EVs. In this
section, we aim to classify intelligent EVs based on the type of
stimulus they have been designed to be responsive to, and to
summarize recent studies that have engineered such EVs. We
focus our discussion on the preparation, intelligent upgrading,
diagnosis and therapeutic effect of intelligent EVs, with specific
examples (Table 4). Finally, we also briefly describe the progress
of treatment feedback.

Endogenous stimuli-responsive EVs

Diseases and disorders in the human body are typically accom-
panied by distinct patho-physiological changes that can be
used to distinguish lesions from healthy tissue. For example,
tumor tissue differs from healthy tissue in pH, reduction/
oxidation (redox) status, metabolic status, and gene expression
status. Such differences have inspired the development of
therapeutic strategies for endogenous stimuli-response.** %%
Other diseases such as cardiovascular, inflammatory, neuro-
degenerative, and infectious diseases are also accompanied by
changes in various physiological parameters, providing the
possibility of endogenous stimulus-response therapy.'?*>°"
pH stimuli-responsive EVs. Most tumor cells have repro-
grammed their glucose metabolism to enable their rapid
proliferation.”***% This metabolic reprogramming, known as
aerobic glycolysis or the Warburg effect, triggers excessive accu-
mulation of lactic acid.*** The pH value (6.5-6.8) of the tumor
microenvironment typically changes, and is notably different
from that of the normal physiological environment.**>*% In the
past few decades, pH stimulation has been considered to be an
effective strategy for targeted drug release, and a series of
materials such as CaCO; NPs, ZIF-8, and benzoic-imine bonds
conjugated to polymers have been successfully created.”®”>%°
For instance, Li et al. used the process of mineralization to
generate doxorubicin (DOX)-loaded calcium carbonate-
crosslinked polypeptide nanoparticles.>'° The principle behind
this technology is founded on the dissolution of minerals when
they are exposed to low pH, leading to drug release at a specific
tumor site. An interesting study reported that >70% and
<24% of DOX are released from calcium-mineralized
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polypeptide nanoparticles within 18 h at pH 5.5 and pH 7.4,
respectively. Yang et al.>'' constructed tumor pH-responsive
dissociable albumin-tamoxifen nanocomplexes to achieve
effective tumor penetration and hypoxia relief for enhanced
cancer photodynamic therapy. In general, most of these
designs aim to control drug release through changes in the
chemical bonds triggered by pH.

To further optimize the performance of pH-sensitive precursor
drugs, EVs were selected as carriers to improve histocompatibility
and tumor targeting. Kim et al.>"* successfully achieved pH-
responsive drug release using I-motif-coated exosomes as anti-
cancer drug carriers. The pH-responsive molecular machinery
relies on the intercalated motif (I-motif), a cytosine-rich DNA
strand. This study achieved acid-responsive drug release with a
3 h release efficiency of 21%, which provides a new idea for
the construction of a pH-responsive anticancer DDV using
engineered exosomes. In another study, Cheng et al con-
structed self-assembled exosome-like metal-organic framework
(MOF) ZIF-8 nanocarriers to protect and deliver pre-loaded
biofunctional proteins into target cells (Fig. 2A).>"* As a biode-
gradable material, a MOF is responsive to a variety of biological
stimuli and can protect active components such as proteins
through biomineralization.”™* 1In this study,”™ the self-
assembly of exosome-like MOF nanocarriers has an extremely
high loading and modification efficiency (>94%). ZIF-8 nano-
particles have good acid response performance and can
efficiently release proteins at pH 5 (Fig. 2C). At the same time,
the encapsulated material reduced tissue toxicity and achieved
protein protection and intracellular release. More importantly,
the retained surface proteins (Fig. 2B) can evade immune
clearance to increase the long circulation in the blood and
achieve homologous targeting (Fig. 2D). Finally, a good anti-
tumor effect was achieved in an animal model (Fig. 2E).
This study further enriched stimuli-responsive EV materials.
Surprisingly, not only traditional chemotherapeutic drugs but
also immunotherapeutic drugs were used for pH-sensitive
exosome delivery systems. Nie et al.*® successfully constructed
a tumor microenvironmental responsive immunotherapy plat-
form by coupling immunotherapy antibodies (anti-CD47 and
anti-SIRPa) to the surfaces of Mil-type exosomes via pH-
sensitive benzoic-imine bonds (Fig. 2F and H). The conjugated
antibodies were successfully released under the condition of
low pH in the tumor microenvironment (Fig. 2G and I), blocking
the tumor-mediated immunosuppression (Fig. 2]). Then, M1
exosome-mediated immune reprogramming induced strong
anti-tumor immunity. Finally, the tumor volume was signifi-
cantly inhibited, and all mice in the experimental group
survived at the end of the experiment (the control group mice
died by 24 days). Although the surface modification cannot
avoid the early exposure to the antibody drug, this unconven-
tional design is worth learning. This study opens up an idea of
endogenous stimuli-responsive immunotherapy based on EVs.
In general, EVs improve cargo enrichment in the lesion or
increase their long circulation ability, increasing the probability
for the stimuli-responsive module exposed to the acidic
microenvironment.

This journal is © The Royal Society of Chemistry 2022
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Responsive
Stimulus EV origin Design strategy Targeting mechanism Disease  Theranostic performance Ref.
pH MDA-MB-231 Assembles cargo proteins in  Homotypic Acid-mediated  Breast Significantly inhibits the tumor 213
(endogenous) pH-responsive ZIF-8 NPs targeting degradation of cancer growth in vivo and increases 14-
camouflaged with an EV ZIF8 fold the therapeutic efficacy
membrane
M1 Conjugation of azide-modified Anti-CD47 tar- Acid-cleavable  Breast M1 Exo effectively re-educated 43
macrophages M1-exosomes with gets the tumor benzoic-imine cancer pro-tumoral M2 to anti-tumoral
dibenzocyclooctyne-modified cell surface bond M1, while aCD47 and aSIRPa
anti-CD47 and anti-SIRPa remarkably enhanced the pha-
through benzoic-imine bonds gocytosis of macrophages by
blocking the ‘“don’t eat me”
signaling
ROS MDA-MB-231 Incorporation of ROS- Homotypic Thioether-linked Breast EMPCs amplify prodrug bioac- 215
(endogenous) responsive thioether-linked  targeting paclitaxel-lino- cancer tivation, prolong blood circula-
paclitaxel-linoleic acid and leic acid tion, target homotypic tumor
cucurbitacin B into polymeric cells, enhance tumor penetra-
micelles, followed by decora- tion and suppress tumor
tion with an exosome metastasis through CTC clear-
membrane (EM) ance and FAK/MMP signaling
pathway regulation
miRNA M1 M1 nanovesicles loaded with Tumor homing Complementary Breast Realize microRNA-responsive 158
(endogenous) macrophages functional DNA for the con-  effect base pairing cancer delivery systems for visual ther-
trolled release of miRNA- apy of tumors, and have biolo-
specific drugs gical treatment and
chemotherapy functions
Thermal Fibroblasts Engineered exosome- EPR effect Thermosensitive Meta- gETL NPs inhibit tumor devel- 268
(exogenous) thermosensitive liposome liposomes static opment and the efficacy is
hybrid NPs as gETLs with the peritoneal enhanced about 39% with co-
loading of GM-CSF and/or cancer administration of HIPEC agents
docetaxel (DTX) NPs
Photo Macrophages Biological and synthetic Dual ligand-  Gold nanorods HeLa The duration for inhibiting 187
(exogenous) hybrid designer exosomes mediated tar- achieve photo- tumor relapse in a program-
with photoresponsive get (folic acid thermal mable manner increased to 30
functionalities using a donor and RGD) conversion days compared to a single target
cell-assisted membrane group (15 days)
modification strategy
Magnetic Blood BAY55-9837-loaded exosomes External mag- Magnetic field Type 2 Enhances pancreas islet target- 170
(exogenous) coupled with SPIONs via netic force interaction diabetes ing and increases insulin secre-
electroporation (MF) mellitus tion, leading to the alleviation of
hyperglycemia
Ultrasound 4T1 Loading DVDMS onto Homotypic Ultrasound/sino- Breast High stability and specificity =~ 329
(exogenous) homotypic tumor cell-derived targeting porphyrin cancer boost ROS generation and facil-
exosomes via mild incubation sodium itate simultaneous imaging and
tumor metastasis inhibition
Ultrasound Macrophages EV membrane bubbles Tumor homing Ultrasound/Au- Breast Tumor homing and RES evasion 133
(exogenous) wrapped with a sonosensitizer effect BMSNs cancer abilities to induce cell apoptosis
and mitochondrial dysfunction
effectively against tumor rechal-
lenge and prevent lung
metastasis
pH and light Milk Conjugation of milk-exosomes EPR effect Imine bond and Oral The tumor volume was signifi- 330
(endogenous to Dox with a pH-cleavable Ce6 cancer cantly inhibited to 0.05 cm®
and exogenous) bond, and endoperoxides and compared to that when the drug
chlorin e6 (Ce6) were also alone was used (1.26 cm®) in a
loaded mouse OSCC model
pH and thermal AMSCs Synthesis of an FHE hydrogel None Imine bond and Chronic  Fast self-healing process, shear- 334
(endogenous through reversible Schiff base thermal diabetic  thinning injectable ability, effi-
and exogenous) reaction between OHA and hydrogel wound  cient antibacterial activity, and
EPL, and the thermally- healing  long-term pH-responsive bioac-
responsive properties of F127 tive exosome release behavior
ROS and light  Erythrocytes Exosome-like nanozyme Folate acid Graphene quan- Tumor  Excellent biocompatibility and 335
(endogenous vesicles for in vivo H,O,- tum dot nano- stealth ability
and exogenous) responsive PAI of nasophar- zyme (GQDzyme)
yngeal carcinoma effectively con-
verts the ABTS
into its oxidized
form in the
presence of H,0,
Magnetic and ~ Human Immunosorbent by SPIO- Magnetic Magnetic nano- Myo- No purification, self-supply, 65
pH (endogenous serum labeled antibodies particles and cardial ~ accurate administration,
and exogenous) imine bonds infarction improved left-ventricle ejection
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Redox-responsive EVs. Oxidative stress is highly related to
the occurrence, evolution, and progression of many diseases
and can be used as a pathological parameter of diseases. A large
number of studies have shown that neoplastic transformation
is linked with the increased basal level of oxidant stress.>'*>'®
The redox potential in tumor tissue is elevated by 100- to 1000-
fold that in normal tissue.>'*** To avoid the harm caused by
reactive oxygen species (ROS), tumor cells can express excess
glutathione (GSH), an important antioxidant to inhibit ROS in
their cellular components.>*>”>*® 1t is reported that the concen-
tration of reducing agents such as GSH is two times higher in
the cytosol and nucleus of a cell than in the intercellular and
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extracellular fluids.**® Accordingly, more attention has been
drawn to the development of DDVs based on ROS or GSH-
responsive assemblies.>”” Both ROS and GSH can destroy
disulfide bonds in nanoparticles by redox-mediated means.
Recent studies have found that nanomaterials such as MOF,
black phosphorus quantum dots, and nano-selenium them-
selves can respond to GSH and achieve conditionally triggered
drug release through reduction-mediated degradation.*?%23°
However, these materials also degrade easily in the blood
environment. To avoid premature degradation and missed
targets, many studies have armed these materials by wrapping

them in a certain shell structure.”*"**> EVs are an advantageous
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Fig. 2 Engineered extracellular vesicles for pH-responsive delivery of drugs. (A) Schematic diagram of homologous targeting guided protein intracellular
delivery with pH-responsive biomimetic EMP NPs. (B—E) Cell and tissue level experiments verified the homologous targeting, pH response, and antitumor
effect of biomimetic EMP nanoparticles. (Reprinted with permission from ref. 213, Copyright 2018 American Chemical Society.) (F and G) Schematic of
the construction of pH-responsive immunotherapeutic exosomes (M1 Exo-Ab) and the synergistic anticancer effect of M1 Exo-Ab. (H-J) The
morphology, pH response, and antitumor effect of M1 Exo-Ab were verified in vitro. (Reprinted with permission from ref. 43, Copyright 2020 Wiley-
VCH Verlag GmbH & Co. KGaA, Weinheim.)
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) Schematic diagram of EV-like multilevel

activation of paclitaxel prodrug nanoplatforms with redox-responsive chemotherapy. (B) In vitro conversion of the PTX-S-LA prodrug into free PTX in the
presence of H,O,. (C) In vitro release of drugs (PTX and CuB) into EMPCs by different concentrations of H,O,. (D) Confocal laser images and (E) flow
cytometry analysis were used to analyze the internalization of nanoparticles in tumor cells (MDA-MB-231 and MCF-7) and normal tissue cell (NIH 3T3)
incubated with different nanoparticles (C-6 NPs, RM@C-6 NPs, and EM@C-6 NPs). (Reprinted with permission from ref. 215, Copyright 2020 Elsevier.)

membrane-shell structure that can protect cargoes as a barrier
against the environment. In a recent study, Wang et al. pre-
pared an exosome-biomimetic sequential-activating prodrug
nanosystem (EMPCs) for self-strengthened ROS-triggered pro-
drug activation (Fig. 3A).>'> The ROS-sensitive thioether-linked
paclitaxel-linoleic acid prodrug (PTX-S-LA)/cucurbitacin B (CuB)
co-loaded polymeric micelles were decorated with an exosome
membrane (EM) by squeezing, which assisted EMPCs in avoiding
macrophage phagocytosis as well as targeting both circulating
tumor cells (CTCs) and primary tumors through the homologous
targeting effect of tumor exosomes (Fig. 3D and E). In such a
system, the thioether bond of PTX-S-LA could be oxidized to
sulphone or sulfoxide groups under oxidative stress conditions,
followed by rapid prodrug hydrolysis for PTX release (Fig. 3B and
C). However, the effective and rapid release of the parent drug was
hindered by inadequate intrinsic ROS levels in heterogeneous
tumor cells. This nanoplatform can first release CuB after inter-
cellular uptake to induce ROS cascade amplification and facilitate
prodrug bioactivation for boosting PTX chemotherapy. Compared
to the control groups, the EMPCs showed a faster release of PTX
at the tumor site and potentiated the antitumor activity.
Furthermore, the exosome-biomimetic strategy and CuB-mediated
FAK/MMP signaling pathway regulation endowed EMPCs with
enhanced cancer metastasis inhibition, prolonged blood circula-
tion, superior tumor accumulation, and deeper tumor penetration.
This study provides a new paradigm for prodrug development and
CTC targeting therapy for cancer. In addition to tumors, redox
stress is associated with the development of many diseases, such
as acute and chronic inflammation, aging, and metabolic diseases.
This undoubtedly broadens the scope of redox responsive therapy.

Enzyme stimuli-responsive EVs. The tumor microenviron-
ment (TME) is the direct environment for the growth of tumor

This journal is © The Royal Society of Chemistry 2022

cells and has been described as the “soil” that supports tumor
growth, proliferation, invasion, and metastasis, and helps
tumor cells evade immune surveillance.>**>*® Significantly,
tumor cells grow faster than normal cells and are more likely
to invade the surrounding tissues, leading to upregulated levels
of enzymes such as matrix metalloproteinases (MMPs), phos-
pholipases, and oxidoreductases in the TME.>*”">*° Due to the
specificity of enzymes to their substrates, a promising anti-
tumor strategy is to design enzyme-triggered stimuli-responsive
nanomaterials, which can more accurately identify tumor
tissue, allowing more drugs to be concentrated at the primary
site of the tumor, improving treatment effectiveness and reducing
systemic toxicity.>*'>*

Although the effect of the enzyme stimuli-responsive system
in tumor therapy has been demonstrated for several years,>*’
little attention has been paid to the construction of EV-based
enzyme-responsive nanomaterials. Recently, enzyme-responsive
nano-platforms with liposomes as carriers were reported. Mallik
and colleagues reviewed recent advances in enzyme-responsive
liposome nanovesicles for antitumor drug delivery.>*® Specifi-
cally, they grouped the current bionic vesicles that respond to
enzymes into three categories: enzyme-induced depletion of a
shielding polymer from the interface, enzyme-induced structural
perturbation within the lipid bilayer, and enzyme-induced
cleavage of a lipopeptide triggered impairment of the liposome.
These methods provide a reference for the design of enzyme-
responsive systems based on EVs. In addition to this self-
responsive mechanism of EVs, novel EV-loaded hydrogels are
also developed in a stimulus-responsive direction. Zhou et al.
reported an injectable EV-releasing self-assembled peptide KMP2
nanofiber hydrogel with MMP2-responsive capability by inserting
an MMP2-cleavable motif (Fig. 4) as an improved cell-free
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Fig. 4 MMP2-responsive hydrogel for controlled release of extracellular vesicles. (A) Schematic diagram of the construction of an MMP2-sensitive KMP2 hydrogel
to enhance tissue repair by delivering MSC-EVs. (B) Transmission electron microscopy and atomic force microscopy were used to observe the morphology of
KMP2 nanofibers before and after MMP2 mediated degradation. Scale bar 100 nm in TEM; scale bar 400 nm in AFM. (C) The fluorescence yield of fluorescein
reaction with the resulting free N-terminal was used to determine the enzymatic degradation of KMP2 in vitro with or without MMP2. (D) The gel mass loss was
used to measure the degradation of the KMP2 hydrogel. n = 3 per group. *p < 0.05, **p < 0.01, PBS group vs. MMP2_0.4 group; #p < 0.05, ##p < 0.01, PBS
group vs. MMP2_4 group; &p < 0.05, 68p < 0.01 MMP2_0.4 group vs. MMP2_4 group. (Reprinted with permission from ref. 246, Copyright 2019 Elsevier Ltd.)

therapeutic for tissue regeneration.’’® Compared with repair
peptide KMP2 or EVs alone, KMP2 nanofiber hydrogels exhibited
better efficacy in expediting endothelial cell proliferation and
angiogenesis and alleviated chronic renal fibrosis in ischemia-
reperfusion (I/R) mice. Different from the traditional modification
strategy based on EVs, in this study, EVs were used as delivery
cargoes to construct enzyme responsive hydrogel skeletons. This
makes full use of the physiological regulatory function of EVs and
enables intelligent delivery of EVs. In the design stage, it is very
important to distinguish the spatiotemporal relationship of
enzyme action for designing effective enzyme responsive EVs.
For extracellular enzymes, such as matrix metalloproteinases
(MMPs) and granular enzymes, response modules should be
modified outside the EV. In contrast, for intracellular enzymes,
the response modules need to to enter the cell to function.
Taken together, enzyme-responsive EV-based materials have many
advantages, such as high specificity and concentration-dependent
response intensity. This provides wide application prospects for
molecular diagnosis and precise treatment.

Nucleic acid stimuli-responsive EVs. Nucleic acid stimulus-
response is a process of specific recognition and conforma-
tional change of nucleic acid through base complementary
pairing. Compared with normal cells, most tumor cells have
differences in terms of nucleic acid structure or expression
profile.>**>*> Among them, RNA is the most widely studied. In
recent years, researchers have developed a large number of
RNA-responsive theranostic systems to achieve the integration
of tumor diagnosis and treatment.>**>*” For instance, Lee and
colleagues designed a miR21-responsive drug release system by
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using a chlorin e6 labeled peptide nucleic acid complex with a
complementary sequence to miR21.>*® This system was suc-
cessfully applied for fluorescence imaging and photodynamic
therapy (PDT) in vivo, in which strict regulation of the activation
of a photosensitizer using oncogenic miRNA as an internal
stimulus to minimize the potential risks of traditional PDT was
demonstrated. This work paved a new approach for the appli-
cation of PDT in cancer therapy. However, the metabolic risks
of GO nanomaterials have been continuously assessed, which
has greatly influenced the clinical transformation prospects of
these studies.

EVs have been used to deliver miRNA responsive probes to
overcome their poor histocompatibility with traditional nano-
carriers. For example, Fan et al. used M1-type macrophage-
derived EVs to deliver miR-21-responsive intelligent diagnostic
probes, realizing in situ detection of miRNA and chemotherapy
induced by target miRNA (Fig. 5)."°® In this study, the research-
ers constructed EV mimetics by extruding M1 macrophages
from nanofilters with an aperture of 100 nm to improve the
production efficiency of nanocarriers (Fig. 5A and B). Notably,
M1 EV mimetics showed anti-tumor activity, which was different
from the anti-tumor effect of M1-type EVs reported in other
studies. Specifically, in previous studies, M1 macrophage-
derived EVs or their mimetics were able to kill tumors by
inducing the polarization of tumor-associated macrophages.
Fan et al. found that M1 EV mimetics have direct tumor
cytotoxicity and can induce tumor cell apoptosis. The authors
also demonstrated that M1 EV mimetics can be enriched in
tumor tissue through the EPR effect with a long circulation of
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Fig. 5 Principle and verification of a target-triggered visible drug delivery system. (A and B) Schematic diagram of a miRNA-triggered drug delivery
system based on MImv-DNA-QDs. M1-type macrophages were induced and nanovesicles with uniform particle size were prepared. Before being
introduced into M1mv, doxorubicin was assembled into the complementary part of the hairpin probe. MiR21 triggers drug release and imaging by opening
hairpins when M1mv enters tumor cells via macropinocytosis. (C) Tumor tissue targeting was verified by fluorescence enrichment in organs. (D—F) Effects of
M1mv on the tumor volume, body weight, and survival curve of mice. (G) The visualized drug release process was monitored by near-infrared imaging.
(Reprinted with permission from ref. 158, Copyright 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.)

over 48 hours (Fig. 5C). Finally, an effective anti-tumor effect was
achieved (Fig. 5D-F).

In the absence of miR-21, the probe forms a stem-ring
structure, and the fluorescent group and the quenching group
realize fluorescence signal closure using fluorescence resonance
energy transfer (FRET). When miR21 is present, miR21 competi-
tively binds to the stem-ring and leads to the destruction of the
structure, and the fluorophore is separated from the quenching
group to enable the fluorescence signal to be switched on. During
this process, doxorubicin is released in combination with the
complementary region of the probe to achieve chemotherapy for
the tumor. This design realizes the real-time monitoring of target
miRNA and target miRNA-triggered drug release, and this release
process is accompanied by the activation of the fluorescence
signal, which can well monitor the drug release process and has
excellent research significance (Fig. 5G). However, the diagnosis
method based on a single miRNA has great uncertainty, especially
for diseases with complex etiology such as a tumor. To this end, it
might be worth exploring a multi-miRNA marker collaborative
diagnosis and treatment strategy, which can further expand the
application prospect of nucleic acid-responsive EVs.

Exogenous stimuli-responsive EVs

Endogenous stimulation differs between normal and patholo-
gical tissues, but crosstalk exists in different lesions. For
example, tumors have high levels of redox compared to normal

This journal is © The Royal Society of Chemistry 2022

tissue, but so do inflammatory sites. It is easy to miss the target
of treatment. The exogenous stimuli-responsive system has the
potential to overcome the differences between patients.>*®
Exogenous physical stimuli, such as temperature, light,
magnetic fields, and ultrasound, can directly act on the tissues
of interest according to the requirements of the operator, trigger-
ing the release of drugs, to achieve targeted precise
treatment.”®*>** The shared merit of most external stimuli-
responsive systems is that the drug could be controllably released
at the target site with minimum off-target effects on adjacent
healthy tissues.*®* But, external stimulation cannot distinguish
between normal tissue and diseased tissue. In practice, excessive
treatment will increase the risk of treatment, while it will be
difficult to eradicate the lesion with too mild treatment. To
address this issue, the therapeutic agents themselves need to have
good histocompatibility and targeting. EVs have good histocom-
patibility and in vivo stability and achieve specific targets by
themselves or through engineering modification.''*>?***® For
example, tumor cell-derived EVs have a tumor homing effect
and can actively target tumor cells."**?*® There have also been
improvements in targeting by preventing EVs from clearance by
the immune system. Genetically engineered cell-derived exosomes
can overexpress CD47 surface proteins, suppress immune clear-
ance, and increase long circulation.>®” At present, a large number
of studies have integrated external stimuli-responsive performance
into EVs and achieved good results in diagnosis and treatment.
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We will review recent advances in EV-inspired external stimuli-
responsive materials.

Thermostimuli-responsive EVs. Temperature regulation
plays a notable role in the homeostasis of the body.>*® Studies
have found that the intervention of external stimulation in the
regulation of body temperature can change the physiological
process of the body and even realize the treatment of
diseases.'**?”°"*”2 Local hyperthermia has become a powerful
tool for treating solid tumors.>”>”*’” During treatment, tumor
tissue is heated to over 50 °C, which initiates a strong cytotoxic
effect and causes tumor cell necrosis. Nevertheless, the dis-
advantage of this therapy is that the heating is not uniform,
resulting in incomplete tumor destruction, an inability to target
deep tumors, and scattered metastasis. The combination of
hyperthermia and thermo-responsive materials can improve effi-
cacy by increasing tumor targeting and heat-triggered drug
release. Over the past few years, various thermosensitive materials
have been developed by 1,2-dipalmitoyl-sn-glycero-3-phospho-
choline (DPPC) mediated temperature-based phase transition,
such as liposomes, polymersomes, hybrid vesicles, and
pillararenes.>”%7%3

EVs have lipid bilayer structures similar to liposomes, which can
be easily modified with DPPC.***?**®> However, EV-based thermally
responsive materials have not received enough attention. This may
be due to the functional requirements of EVs in use. In general, EVs
need to not only act as nanocarriers but also retain their biological
activity.'’****” The temperature required for a conventional
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thermal response may inactivate some active ingredients, such as
proteins. Thus, the cost-effectiveness of EVs in adding thermal
responsive performance needs to be considered. Conversely,
some exosomes are functionally dependent on nucleic acid
components,”**2 which are chemically stable and do not become
inactivated by thermal stimulation at low temperatures. In such a
case, adding a thermal response to exosomes is a good choice. With
the deepening of mechanistic research, the functional group of
exosomes will be more explicit, which will provide better guidance
for the construction of thermally-responsive exosome carriers.

Recently, a thermosensitive exosome-liposome hybrid nano-
system was reported to improve drug delivery in metastatic
peritoneal cancer and enhance the efficacy of hyperthermic
intraperitoneal chemotherapy (HIPEC).”®® In this study, the
drug delivery efficiencies of thermosensitive exosome-lipo-
some hybrid nanoparticles and HIPEC were compared, and it
was found that exosome hybrid nanoparticles could enhance
drug delivery efficiency and release payloads under thermal
stimulation (Fig. 6A and B). Finally, the release of colony-
stimulating factor (GM-CSF) and docetaxel was shown to be
effective in inhibiting tumor development (Fig. 6C and D). This
study enriches the exosome-inspired stimuli-responsive system
and offers a promising approach to improving the treatment of
metastatic peritoneal carcinoma.

Photo/light-responsive EVs. Among all kinds of stimuli,
light, as a clean spatial stimulus, has shown unique advantages
in realizing local diagnosis,>®'** drug release, and treatment
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Fig. 6 Thermally responsive hybrid EVs for tumor immunotherapy. (A) Schematic representation of the fabrication and application of thermally
responsive hybrid EVs (gETL NPs) for mPC treatment. (B) Cumulative drug release curves of thermally responsive hybrid EVs at the indicated
temperatures. (C) The cytotoxicity of gETL NPs at 37 °C on CT26 cells was determined by cell viability assay. (D) The cytotoxicity of gETL NPs at
42 °C on CT26 cells was determined by cell viability assay. *p < 0.05, **p < 0.01, ns: not significant. (Reprinted with permission from ref. 268, Copyright

2020 The Authors.)
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by adjusting various parameters such as the wavelength,
polarity, irradiation intensity, and duration of light.**>>%
Photo-responsive materials can change their stability or structure
in response to specific light sources (such as ultraviolet, visible,
and near-infrared) to release cargo at the target site.**
Typically, ultraviolet light is destructive to a variety of chemical
bonds and is often used for the photolysis of chemical groups.”®*
For example, coumarin and nitrobenzyl are commonly used
as photo-cleavable linkers in response to ultraviolet light. In
addition, spiropyran, azobenzene, and azopyrazole undergo
photoisomerization under ultraviolet light. This provides the basis
for the construction of photo-responsive DDVs. Compared with
the very weak tissue penetration using visible and ultraviolet light,
which are not appropriate for in vivo therapeutics, near-infrared
(NIR) light offers better penetration with negligible tissue
damage.>**% Therefore, the NIR-responsive system is very pro-
mising to realize controllable drug release. Currently, there are
three different mechanisms of drug release, ie., photothermal
effect, two-photon absorption (TPA), and up-conversion effect. For
example, the photothermal effect uses photothermal reagents
such as gold nanoparticles and indocyanine green (ICG) to
convert light energy into heat energy, so that the liquid can be
vaporized and expanded to destroy the carrier structure to achieve
controlled drug release. The two-photon effect uses the vibration
of a molecule’s chemical bond to “resonate” with an infrared
laser at the same frequency, activating and eventually breaking
the bond to achieve the process of cutting a particular
molecule.**® Moreover, the upconversion effect can transform
infrared light into short-wavelength visible and even ultraviolet
light, and use the cutting effect of ultraviolet light to drive drug
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release.®”

These mechanisms have been widely used in the field
of photostimulus response diagnosis and treatment, and have
been summarized in relevant reviews.**’**>'" Here, we only
criticize the recent progress of EV-based light-responsive materials,
aiming to provide a reference for the follow-up research.
Recently, Wang et al. described hybrid biological and syn-
thetic designer exosomes with photo-responsive functionalities
using a donor cell-assisted membrane modification methodol-
ogy (Fig. 7A)."®” The engineered exosomes can effectively target
and accumulate at tumor sites through folic acid and RGD
peptide dual ligand-mediated endocytosis. Then, combined
with gold nanorods, local hyperthermia was induced under
NIR irradiation, affecting the permeability of the exosome
membrane and enhancing drug release from the exosomes,
leading to inhibition of tumor recurrence in a programmable
mode (Fig. 7B). The hybrid designer exosomes incorporate the
advantages of both artificial materials and natural EVs, and not
only retain the inherent functions of natural exosomes but also
achieve multiple capabilities of highly effective tumor targeting,
controllable release, and thermal therapy (Fig. 7C-F). However,
this study also has some limitations. First of all, considering the
way exosomes are produced, it is controversial whether
membrane modification can be effectively integrated into exo-
somes. Secondly, the use of gold nanorods will undoubtedly
increase the metabolic risk, especially the strategy of anchoring
gold nanorods to the exosome surface will greatly reduce the
histocompatibility of exosomes. For a load of inorganic and even
other macromolecules, encapsulation should be adopted to
enhance the histocompatibility of exosomes. Overall, this study
pioneered the use of photothermal effects as a cargo release
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Fig. 7 Engineered exosomes for photo-responsive chemo-photothermal synergistic tumor therapy. (A) Graphical summary of the design of dual-
targeted photo-responsive EVs (FA-AUNR@RGD-DOX-Exos) and their chemo-photothermal synergistic antitumor effect. (B) Thermal imaging monitors
the photothermal effects of AUNR@Exos with an aqueous dispersion (1.0 mg mL™%) under NIR laser irradiation (808 nm, 1.0 W cm™2). (C) Analysis of the
heating curve using the photothermal spectrum of AUNR@Exos (1.0 mg mL™Y) under NIR laser irradiation (808 nm, 1.0 W cm2). (D) The cartoon shows
the drug release process of AUNR@Exos induced by NIR laser irradiation. (E) Fluorescence images were used to detect the drug release in Hela cancer
cells treated by incubation with AUNR@DOX-Exos under NIR laser irradiation. (F) In vitro drug release profiles of AuUNR@DOX-Exos and native exosomes
at different pH values under NIR irradiation. (Reprinted with permission from ref. 187, Copyright 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.)

This journal is © The Royal Society of Chemistry 2022

Nanoscale Horiz., 2022, 7, 682-714 | 697


https://doi.org/10.1039/d2nh00070a

Published on 19 May 2022. Downloaded on 8/12/2025 9:21:22 AM.

Nanoscale Horizons

strategy, greatly expanding the application prospect of photo-
stimulus-responsive EVs.

Magnetic field-responsive EVs. Magnetic materials have
been widely used in tumor imaging diagnosis, magnetic
hyperthermia, magnetic separation, instant detection, cerebral
nerve stimulation, controlled drug administration, and other
biomedical fields.*"*'” Magnetic nanoparticles (MNPs) have
the advantages of good biocompatibility, degradability, easy
modification, functionalization, etc.*'®*'® Their applications in
the biomedical field are developing rapidly, and they have
become one of the hot spots in the nanomedicine field.>****'
In particular, the unique magnetic properties of MNPs can
mediate the physical effects of external magnetic fields and
produce biological targets. More importantly, MNPs are expected
to become potential DDVs with an intellectual response. MNPs
can be used as a transducer to transform hysteresis loss and Néel
relaxation into thermal energy by using an alternating current
magnetic field.***** Therefore, MNPs can endow materials with
magnetic field-induced thermal effects and magnetic field-
guided targeting capability. Like other inorganic materials, the
histocompatibility of magnetic nanoparticles has been ques-
tioned, greatly limiting their application in vivo.
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The combination of magnetic materials and EVs shows good
application prospects. Molecular targeting depends on the
direct contact between the ligand and the receptor, which
requires the ligand to reach the location of the receptor to
achieve targeting, which makes the targeting effect greatly
reduced. Magnetic material-mediated targeting is expected to
solve this problem. In addition, the high tissue penetration and
good controllability of the magnetic field provide the possibility
for the development of magnetically-responsive exosomal
materials. Recently, magnetically-responsive materials based on
EVs have been reported. Zhuang et al. demonstrated a method for
preparing exosomes loaded with BAY55-9837, a strong and high
selective VPAC2 agonist, that binds to SPIONs with an islet
targeting ability and enhances response towards blood glucose
with the assistance of an external magnetic field (Fig. 8A)."”° The
authors verified the magnetic responsiveness of BAY55-9837
(Fig. 8B) and characterized BAY55-9837 by transmission electron
microscopy and Fourier infrared spectroscopy (Fig. 8C and D).
The half-life of BAY55-9837 with the exosome shell in plasma was
significantly longer (27-fold) than that of bare BAY55-9837. At the
same time, the targeting capability of SIPONs permits the BAY-
exosomes to exhibit active targeting behavior, improving the
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Fig. 8 Engineered extracellular vesicles for magnetically-responsive insulin delivery. (A) Schematic diagram of the construction of BAY-exosome-
SPIONs and their antidiabetic application. (B—D) Images (B), TEM image (C), and FT-IR spectra (D) of Tf, CS-SPIONs, and Tf-SPIONSs. (E) Near-infrared
fluorescence imaging of BAY55-9837 with Cy5.5 and BAY-exosome-SPIONs in mice after 1 or 8 h intravenous injection in the absence or presence of an
external MF. (F) In vitro near-infrared fluorescence images were used to observe the fluorescence intensity of major organs after 8 h intravenous
injection. (G) Fluorescence imaging was used to monitor the calcium influx in MIN-6 cells after treatment. (Reprinted with permission from ref. 170,
Copyright 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.)
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blood GLC-responsive capacity with the aid of an external
magnetic field (Fig. 8E and F). Experiments in animal models
showed that BAY-exosomes as an effective DDV enhance the
targeting of the pancreas islet under the external magnetic field
and significantly increase insulin secretion, thereby alleviating
hyperglycemia (Fig. 8G). Magnetic materials (e.g. T1 or T2 contrast
agents) have the capability of magnetic resonance imaging (MRI),
which opens up the possibility of MRI-guided therapy. In conclu-
sion, the combination of magnetic materials and EVs has broad
application prospects.

Ultrasound-responsive EVs. Ultrasound technology has been
intensively employed in biomedical areas such as imaging-
guided drug administration due to its safety, tissue penetration,
non-invasiveness, and better temporal and spatial control by
accurately focusing on the target area.***?® Ultrasonic waves
stimulate the release of carrier drugs through thermal or
mechanical effects, and the resulting radiative forces. Sono-
dynamic therapy (SDT) is an emerging treatment method that
relies on ultrasound (US) technology, which has attracted exten-
sive attention in recent years due to its simple implementation
and intrinsic high tissue penetration.’>® SDT further increases
the breadth of ultrasound application. However, most sonosen-
sitizers required for acoustic dynamics either have biodegrad-
ability and biosecurity problems or are water-soluble and
chemically unstable, which greatly limits their clinical use.

To overcome the limitations of conventional delivery systems,
more and more attempts are dedicated to exploring autologous
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cellular or subcellular bioactive structure derived natural carriers.
EVs are promising carriers due to their high histocompatibility,
high loading efficiency, and low immunogenicity. Liu et al. pre-
pared functionalized intelligent nanoparticles by loading the US
responsive agent porphyrin sodium (DVDMS) into exosomes
derived from homotypic tumor cells via very mild incubation.**®
By camouflaging tumor exosomes, the nanoparticles improve the
chemical stability and circulation time of the drugs in the blood-
stream and enhance the target delivery of DVDMS to primary and
metastatic tumors. The authors improved the therapeutic effect by
introducing secondary ultrasound response, where guided ultra-
sound (US1) was used to promote the local aggregation of DVDMS
outside the tumor area and therapeutic ultrasound (US2) for SDT.
EXO-DVDMS showed controllable ultrasound-sensitive drug
release with enhanced ROS generation, thus improving SDT both
in vivo and in vitro.

To increase the long-term efficacy of sonodynamic therapy, a
combination of sonodynamic therapy and immunotherapy has
been proposed recently. Zhang et al. developed a biomimetic
nanosystem that can respond to exogenous stimulation with
ultrasound and endogenous stimulation with hydrogen peroxide
(H20,) in the tumor microenvironment, respectively, to provide
in situ delivery of singlet oxygen ('O,) and carbon monoxide
(CO) to the target tumor (Fig. 9)."** Taking advantage of the
RES evasion and tumor homing abilities of the macrophage
membrane (Fig. 9B-D), the designed biomimetic nanosystem
exhibits outstanding enrichment in the tumor tissue and
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Fig. 9 Ultrasound-driven exosome mimetics suppress tumor growth and metastasis. (A) Graphical summary of the fabrication of biomimetic
nanosystems and their anticancer application. (B) TEM was used to observe the morphology of N@CAu-BMSNs. (C and D) SDS-PAGE was used to
perform the protein pattern analysis of macrophage cell membranes and N@CAu-BMSNs, and the Western blotting analysis was used to detect
the membrane-specific protein markers. (E) Flow cytometry analyses the apoptosis of 4T1 cells treated with different doses of NPs (BMSNs, Au-BMSNs,
CAu-BMSNSs, and N@CAu-BMSNSs) upon US triggering for 60 s (1 MHz, 1 W cm™2). (F) Confocal laser imaging was used to observe cell death after different
treatments. (Reprinted with permission from ref. 133, Copyright 2020 American Chemical Society.)
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effective resistance of tumor development via US/H,O,-
generated 'O, and CO to trigger mitochondrial dysfunction
and cell apoptosis (Fig. 9E and F). Meanwhile, the nanoparticles
can lead to tumor immunogenic cell death (ICD) through *0,/CO
synergistic therapy, permitting strong immune responses with
long-term immune memory through the indoleamine 2,3-
dioxygenase (IDO) signal blocking that effectively inhibits tumor
rechallenge and lung metastasis.

Dual and multiple stimuli-responsive EVs

Apart from the single stimulus-responsive EVs mentioned
above, combined triggers that use two or more stimuli, such
as pH-light, temperature-pH, redox potential-light, and pH-
enzyme combinations, are applicable for intelligent EV-based
DDVs. The development of these dual or multiple-stimulus
responsive exosome-inspired nanosystems would effectively
achieve their precise release at target sites.

pH and light dual stimuli-responsive EVs. Low pH is not
unique to tumors, and other lesions or physiological processes
may also exhibit tissue acidification.***"*** Therefore, the delivery
scheme with pH as the single response condition has the risk of
being off-target. Combined with other stimulus responses, it can
reduce the risk of being off-target and improve the therapeutic
effect. Light irradiation is an effective way to trigger drug release.
As a source of energy for photodynamic and photothermal
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therapy, light is a controlled and promising physical stimulus.
The combination of endogenous pH response and exogenous
light response is expected to achieve precise and controllable
targeted delivery and treatment. Recently, pH and light dual
stimuli-responsive systems have been investigated in exosome
hybrid materials. Zhang et al. used milk exosomes to construct a
pH and photosensitive DDV to enhance the anticancer effect of
drugs in oral cancer (Fig. 10A).**° Doxorubicin (DOX) was con-
jugated to milk-exosomes by a pH-sensitive benzoic-imine bond
and can be cracked in acidic microenvironments (Fig. 10C).
Chlorin E6 (Ce6) is also loaded to produce singlet oxygen under
light to kill cancer cells (Fig. 10B and D). The distribution,
antitumor action, and biocompatibility of nanoparticles were also
studied (Fig. 10E-G). The new drug release system based on milk
exosomes was proven to be effective in controlling drug release,
biocompatibility, and OSCC treatment.

pH and temperature dual stimuli-responsive EVs. Thermal
stimulation is another type of exogenous stimulation com-
monly used in medicine. Combining the pH response with
the thermal response also enables a precise and controlled
treatment process. In a recent study, Wang et al. conjugated
exosomes to thermo-sensitive hydrogels using a pH-sensitive
imine bond to promote chronic diabetic wound healing and
skin regeneration (Fig. 11A).*** The hydrogel has a variety of
functional properties such as a rapid self-healing process,
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Fig. 10 pH and light dual-responsive EVs for drug release. (A) Graphical summary of the fabrication process and working principle of Exo@DOX-EPT1
(NPs). (B) UV-visible absorption was used to detect the optical properties of EPT1 and 2. (C) In vitro drug release curves of Exo@DOX-EPT1 (NPs) in
different pH environments. (D) Fluorescence microscopy was used to compare the internalization of NPs and free DOX by different cell lines (HSC-3,
SCC-9, CAL-27, and HCM cells). (E) Tumor volume growth curves of mice receiving different treatments; (F) physical image to observe the tumor volume
harvested from each group; and (G) antitumor effects in a mouse model of Exo@DOX-EPT1 under NIR laser irradiation. *P < 0.05. (Reproduced from ref.

330, Copyright 2020 The Authors.)
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shear-thinning injectable capability, high antibacterial activity,
and long-term pH-responsive exosome release behavior (Fig. 11B
and C). The F127/OHA-EPL(FHE)@exo hydrogel significantly
improved the healing efficacy of full-thickness diabetic skin
trauma, which is characterized by improved wound closure rates,
fast angiogenesis, re-epithelialization, and fast collagen deposi-
tion in wounds (Fig. 11D-G). This work provides a new approach
to completing the repair of chronic injuries through multifunc-
tional hydrogels with controlled exosome release.

pH and enzyme dual stimuli-responsive EVs. In addition to
the combination of internal and external stimulus responses, the
combination of different internal stimulus responses can also
have a synergistic response effect. The physiological changes
during the development of the disease are essentially caused by
changes in the expression or activity of enzymes in the tissues.
Especially in tumors, the expression profiles of enzymes are
different from those of normal tissues. The construction of the
enzyme and pH dual-responsive system can avoid the off-target
brought by a single stimulus, and simultaneously can take into
account both intracellular and extracellular stimuli, forming a
multilevel response mode, which is expected to realize precisely
targeted drug delivery. For example, Zuo et al. achieved drug
release in response to acidity/Cath B enzymes by synthesizing

This journal is © The Royal Society of Chemistry 2022

the polymer PLga-p-PEI-da and self-assembling it into an
exosome-like structure.>** When arriving in tumor tissue, PPP-
DA/NPs can deplete the DA shell through pH-cleavable hydro-
lysis of B-carboxylic amide bonded with PEI and DA. PPP-DA/NPs
were further destroyed due to the Cath B enzyme-mediated
cleavage of the GFLGF (Gly-Phe-Leu-Gly-Phe) linker. This system
has enzyme-dependent selectivity and high efficiency in inhibit-
ing tumor metastasis.

Light and redox potential dual stimuli-responsive EVs. Light
and redox potential dual stimulus-responsive systems have
important application value in disease-targeting applications
and cancer therapy. As a stimulant, NIR light has attracted
extensive attention in the biomedical field. Photothermal
therapy uses photothermal agents to convert light energy into
heat energy, thereby inhibiting tumor cells by burning the
tumor. It should be noted that NIR light-based photothermal
therapy can penetrate human tissues without causing invasive
damage.”®” Ding and co-workers proposed an EV-like nanozyme
vector for photoacoustic imaging of nasopharyngeal carcinoma
in an H,O,Tesponsive manner.>*® The mechanism is that the
inherent peroxidase activity in graphene quantum dots effectively
catalyzes the oxidation of the 2,2'-azino-bis(3-ethylbenzothiazoline-
6-sulfonic acid) (ABTS) in the presence of H,0,. Significant NIR
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absorbance can be observed, making it a good contrast agent
for photoacoustic imaging. Animal experiments have shown that
this EV-like nanozyme vector exhibits good biocompatibility and
long blood circulation and effective enrichment in NPC and
selectively triggers PAI of NPC through the enzyme catalysis.
Magnetic field and acid dual stimuli-responsive EVs. The
biological distribution of exosomes plays an important role in
maintaining tissue homeostasis and pathological processes.
Manipulating the biological distribution of exosomes can pro-
mote the biological effects of therapy. Liu et al. used magnetic
field responsive materials to capture exosomes in vivo and
manipulate exosomes to target the heart, altering the distribution
of exosomes (Fig. 12A and B).®> At the same time, acid stimulus-
responsive groups were introduced into the acidic microenviron-
ment of the lesion to achieve the accurate release of exosomes into
the lesion microenvironment. The authors found that the method
was efficient in binding exosomes from serum (Fig. 12C-E) and
demonstrated in vitro that an acidic microenvironment mediated
exosome release (Fig. 12F). Further, they demonstrated the effi-
cacy of vesicular fusions in the treatment of myocardial infarction
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(MI). This study provides a magnetic field and acid dual stimuli-
responsive exosome controlled-release strategy to deliver exo-
somes from patients to the lesion without isolation, overcoming
the current dilemma of exosome purification.

Intelligent EVs with treatment monitoring and evaluation

Real-time monitoring of targeted therapies in cancer patients
can provide important information on the development of
resistance and improve treatment outcomes. However, current
techniques for measuring drug-target interactions require
complex treatments and invasive tissue biopsies, which limit
their clinical application in cancer therapeutic monitoring.
Treatment monitoring and evaluation using EVs have become a
new research hotspot. Liang et al. reported a fast, ultra-sensitive,
and inexpensive nanoscale plasmon-enhanced scattering (NPES)
platform for direct quantification of oncogenic EVs with only
1 uL plasma.**® NPES analysis can be easily applied to clinical
applications and also the monitoring of other disease-specific
EV biomarkers. Wang et al. proposed the feasibility of using
multiple EV phenotypic analysis chips (EPAC) to monitor patients’
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Fig. 12 Exosome capture and delivery platform for magnetic targeting and acid response release. (A and B) Graphical summary of the vesicle-shuttle
approach. (C) TEM imaging was used to observe the conjugation between GMNPEC and rat-serum-derived exosomes. Top left scale bar, 100 nm, top
right scale bar, 20 nm, and bottom scale bar, 10 nm. (D) Representative confocal microscopy imaging is used for observation of GMNPEC-EXO. (E) The
exosome-binding ability of GMNPEC and GMNPN. (F) Exosome release curves were used to study pH-sensitive controlled release. (Reprinted with
permission from ref. 65, Copyright the authors.)
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response to treatment based on plasma EV phenotypic
evolution.” They longitudinally monitored the evolution of EV
phenotypes in 8 melanoma patients with targeted therapies and
identified specific EV profiles associated with drug resistance,
reflecting the potential of EV phenotypes in monitoring treatment
response. A recent report is encouraging. Pan et al. applied the
biological orthogonal reaction to the target site analysis of EVs
and realized the precise monitoring of targeted therapy.'*> These
studies have made significant breakthroughs, but they still leave
much to be desired in terms of intelligent feedback to treatment.
More intelligent treatment feedback strategies, such as the use of
responsive imaging probes to enable non-invasive and in situ
treatment monitoring, are still needed.

Challenges and perspectives

EVs integrated with an intelligent core are the dawn of a new
generation of nanomedicine, which is expected to realize the
integration of active targeting, stimuli-response, and therapeutic
feedback, and promote the development of precision diagnosis
and treatment. However, many problems still need to be solved
before the translation of EVs into clinical practice.**”

First, the toxicity and safety of EVs are a huge challenge,
which has been widely ignored. Tumor-derived EVs can target
tumor tissue through the homologous affinity effect, which has
been widely used in preclinical studies of antitumor therapy.
However, other reports have shown that tumor-derived EVs can
inhibit the proliferation of CD8" T cells by reducing the level of
IL-2 or induce the apoptosis of CD8" T cells by the FasL-TRAIL
pathway or Galectin 9.*****° Moreover, they can trigger signal-
ing pathways that are conducive to tumor growth, metastasis,
and angiogenesis and promote the tumor to escape the recog-
nition of immune vaccines to resist treatment.**' Therefore,
finding how to regulate the balance between the antitumor and
protumor effects of EVs is a problem that cannot be ignored.**?
The pro-inflammatory effect of M1-type macrophage-derived
EVs has been used in anti-tumor therapy, but it also has safety
risks. For example, M1-type EVs may cause macrophages in
the liver and other organs to polarize to a pro-inflammatory
phenotype, which may cause organ damage.”*”****%* In other
cases, some heterogenous EVs may present immune risks when
used to treat diseases. In general, more efforts should be made
towards studying the toxicity and side effects of EVs before their
clinical transformation.

The heterogeneity of EVs is another challenge in clinical
transformation. EVs are a large collection of subsets such as
exosomes and microvesicles. Currently, it is difficult to obtain a
single subset of EVs using commonly used EV separation
methods, such as differential centrifugation, ultrafiltration,
and polymer precipitation. This makes standardization of EVs
difficult and reduces the reproducibility of the therapeutic
effects of EVs. In addition, the purification process is also time-
and labor-consuming.**® Size exclusion chromatography uses
molecular sieve theory, does not require strong centrifugal
force, and can better retain the integrity of EVs, but its low

This journal is © The Royal Society of Chemistry 2022
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yield and high cost also limit its application, so it still requires
improvement or the discovery of a more complete preparation
method at present.

The ethic of the use of EVs is another concern. To the authors’
knowledge, there are currently no ethical guidelines for the
clinical use of EVs. Is the use of allograft vesicles sufficient to
protect both parties’ right to know? Are patients aware of the
safety risks associated with using EVs? All these need ethical
norms. The establishment and improvement of relevant ethical
norms are helpful to protect the rights and interests of patients
and promote use of extracellular vesicles correctly.

EV-based drug delivery strategies are playing an increasingly
important role in the fields of antitumor therapy and tissue
repair. Currently, it is difficult to evaluate the different physio-
logical roles of different EVs produced in vivo. Although
the roles and mechanisms of some components of EVs in the
occurrence and progression of tumors have been clarified, the
roles of more components remain to be further studied due to
the complexity of their components. In the future, research on
tumor-specific inhibition should be further strengthened to
find the most suitable target for reducing toxicity and side
effects. In addition, stronger research and modification of EVs
are needed to solve the existing problems. EV-based diagnosis
and treatment research still has a long way to go, but there is no
doubt that it has broad prospects in the field of nanomedicine.
Based on the development trend in recent years, we predict that
intelligent EVs will develop in the following direction in the
future.

From the EV structural dependence to functional dependence

The functions of EVs themselves will be paid more attention in
the future, especially the interaction mechanism between vesicles
and cells.>*® EVs are involved in intercellular communication,
immune-modulation, and metabolic regulation, and promote cell
proliferation and migration by transporting active molecules such
as proteins, nucleic acids, lipid molecules, and other bioactive
molecules.*”*® As a natural therapeutic drug, EVs play an
important role in the treatment of complex diseases.*>' >
However, most of the existing studies take advantage of the good
loading efficiency and histocompatibility of EVs but lack the
utilization of EVs’ inherent functions. According to clinical needs,
EVs or their mimetics with their corresponding biological func-
tions were prepared, and engineered EVs were developed in
combination with the advantages of other materials, which had
important application prospects.

From single stimuli-responsive to multi-stimuli or multi-mode
stimuli-responsive

Stimulus-responsive materials have been developed rapidly in
recent years due to their significant advantages in drug delivery.
Early stimuli-responsive materials achieve controlled drug
release through a single stimulus-response, which often fails
to exert ideal effects in the face of a complex physiological
3547356 Multi-stimuli-responsive materials can
exhibit graded responses to multiple stimuli, and finally
achieve controlled drug release when all stimuli are satisfied

environment.
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simultaneously.>®” This greatly enhances the targeting and
controllability of drugs and is expected to achieve accurate
treatment of diseases. Multi-stimuli responsive materials are
the future trend of intelligent carriers. Stimuli-responsive EV-
materials provide a new idea for the development of intelligent
3% In the future, stimuli-responsive EV-materials will
develop from single stimuli-responsive to multi-stimuli-responsive.

carriers.

The emergence of intelligent EVs in novel therapeutics

Gene therapy is a therapy that carries genetic material or gene-
editing equipment into cells to continuously produce therapeutic
proteins or to correct faulty genes in cells.**”***2%° However, cell
membranes create barriers for nucleic acid molecules to enter the
cell. Therefore, the carrier that can carry nucleic acids into the cell
is very important for gene therapy. EVs are the natural carriers of
cell-cell communication and have been designed to wrap nucleic
acids and deliver them to the tissues and cells they need.**"**>
However, traditional gene delivery strategies may increase the risk
of being off-target.’**3% Stimuli-responsive EV-materials are
expected to realize intelligent gene therapy through the controlled
release of gene vectors. This will bring about the innovation of
vector materials in the gene therapy field and finally promote the
clinical application of gene therapy.

Immunotherapy is a treatment method that manipulates the
immune system to clear lesions by intervening in the immune
process of the body, which is considered to be the most promising
treatment strategy in the field of tumor therapy.’**>%® As natural
information carriers, EVs play a key regulatory function in the body,
among which the regulatory function of the immune system has
been widely concerned.*®” For example, M1 macrophage-derived
exosomes have been widely used in anti-tumor research.***%
However, the tumor immune microenvironment is a state of
immune hijacking, and it is very difficult to achieve the therapeutic
effect of modulation alone.’”®”> Therefore, the development of
EV-based multi-mode immunotherapy strategies to increase the
infiltration of immune cells and block immunosuppressive
immune checkpoints is expected to improve the efficacy of immu-
notherapy. More importantly, stimuli-responsive EVs are expected
to achieve precise immunotherapy and avoid systemic immune
risks. In conclusion, stimuli-responsive EVs have great potential in
the field of immunotherapy.

An image-guided stimuli-responsive strategy opens a new
generation of precision medicine. Chronic diseases such as
tumors are complicated diseases and can be originated from
many factors with accompanied high heterogeneity. Given this
situation, modern medicine has put forward the development
direction of precision medicine, aiming at developing new
methods and technologies for accurate diagnosis and
treatment.’”>*’* An intelligent nanoplatform has an active
targeting strategy and stimuli-responsive strategy, which is
consistent with the concept of precision medicine. An image-
guided stimuli-responsive strategy is a further upgrade of the
stimuli-responsive strategy. It can realize visualization of
lesions through imaging methods, and achieve precise treatment
control through human judgment and selection. This fully
combines human initiatives with intelligent material selectivity
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organically, avoiding the off-target effect brought about by the
complex physiological environment more effectively.

Data-driven and machine learning guided next-generation
hybrid design toward intelligent delivery and personalized
evaluation

High-throughput experiments supported by small samples are
becoming increasingly widespread. The data sets generated by
high-throughput experiments are too huge that computational
assistance is thus essential.?”*3”® However, there is a wealth of
data about relationships that researchers want to understand.
Machine learning (ML) algorithms, and deep learning, in
particular, make it possible to analyze big data integration by
training models that can be used to classify observed data into
discrete groups, understand which features determine performance
indicators, or predict the results of new experiments. The applica-
tion of ML in the analysis and interpretation of biological or genetic
information, acceleration of drug discovery, recognition of selective
small-molecule modulators or rare molecules, and behavior
prediction has aroused increasing interest.*’”="° In recent years,
ML has been applied to solve nanotechnology problems, including
the design of nanoscale systems, nanoscale computing, and nano-
scale simulation.***** This also provides a new way of thinking for
the design of EV materials.

Conclusions

Since their discovery, EVs have attracted extensive attention
from researchers,'**#*3%7 depending on their advantages such
as histocompatibility, bioactivity, and low immunogenicity.
However, it is difficult for EVs as natural products to meet all
the functional needs of clinics. Engineered EVs, that is, EVs are
modified with engineering design ideas to meet actual needs,
have made great progress in recent years.**®**° In particular,
EV-inspired stimuli-responsive systems not only realized func-
tional integration, but also endowed EVs with active targeting,
stimulus-response, and treatment feedback properties, which
greatly expanded the prospects of EVs. For example, the develop-
ment of endogenous stimuli-responsive EVs by utilizing the
acidity, high redox potential, specific enzymes, or miRNA expres-
sion in the tumor microenvironment not only improves the anti-
tumor effect of traditional drugs but also reduces their toxic and
side effects. In addition, intelligent EVs constructed with exogen-
ous stimuli-responsive modules achieved the passive targeting of
tumors by improving the histocompatibility and long circulation
of traditional materials,**® and the precise release of drugs was
realized under the action of controllable physical stimuli such as
light, heat, magnetic fields and ultrasound. These stimuli-
responsive characteristics achieve the precise release of drugs or
contrast agents, greatly improving the therapeutic effect. However,
it must be emphasized that the single stimulus-response strategy
is difficult to function well in the complex organism-environment.
A combination of two or more stimulus responses can further
reduce the risk of a drug being off-target and improve the effect of
precise diagnosis and treatment. At the same time, multi-stage

This journal is © The Royal Society of Chemistry 2022
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response performance is used to develop a coordinated cocktail of
different treatment approaches, which is expected to fight the
disease to the greatest extent.

Intelligent EVs bring us new hope in drug delivery, but they
also have some shortcomings. At first, there is still a lack of
standardized methods for the preparation of engineered EVs,
which makes their clinical application more difficult. At present,
the preparation methods of engineered EVs include self-assembly,
extrusion, hybridization, electroporation, and ultrasound. And
each method varies greatly from article to article. This is very
unfavorable to control the production rate and assembly effi-
ciency. Secondly, although metal or inorganic materials selected
for hybrid materials enable enhanced histocompatibility and long
circulation, these materials still have metabolic risks. Thirdly,
many studies have taken advantage of the structural advantages
of EVs, but ignored their physiological functions. EVs act as
communication stations in the body,***°* with a wide range of
biological regulatory capabilities that have been largely ignored.
These problems have affected the development of EVs as drug
carriers. The good news is that researchers are paying attention to
these issues.

Intelligent EVs satisfy people’s dual needs for natural and
engineered carriers, which not only improve histocompatibility
but also realize intelligent programmable properties. With the
deepening of research, intelligent EVs with active targeting,
stimuli-responsive, and treatment monitoring abilities will
have broader application prospects in tumor treatment and
regenerative medicine. Intelligent EVs have opened the door to
a new generation of nanomedicine.
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