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Abstract

Emerging advances in extracellular vesicle (EV) research brings along new promises for tailoring clinical
treatments in order to meet specific disease features of each patient in a personalized medicine concept. EVs
may act as regenerative effectors conveying endogenous therapeutic factors from parent cells or constitute a
bio-camouflaged delivery system for exogenous therapeutic agents. Physical stimulation may be an important
tool in the field of EVs for personalized therapy by powering EV production, loading and therapeutic
properties. Physically-triggered EV production is inspired by naturally occurring EV release by shear stress in
blood vessels. Bioinspired physically-triggered EV production technologies may bring along high yield
advantages combined to scalability assets. Physical stimulation may also provide new prospects for high-
efficient EV loading. Additionally, physically-triggered EV theranostic properties brings new hopes for spatio-
temporal controlled therapy combined to tracking. Technological considerations related to EV-based
personalized medicine and the input of physical stimulation on EV production, loading and theranostic

properties will be overviewed herein.
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1. Introduction

Extracellular vesicles (EVS), including exosomes, microvesicles and apoptotic bodies, are particles at the
nanometer range (40-5000 nm size) endogenously secreted by cells in a constitutive or inducible manner [1-
3]. EVs have been found in several body fluids from urine, saliva, plasma, to cerebrospinal fluid. They contain
membrane proteins, lipid material as well as other cytoplasmic components. Their composition depends both
on their generation pathway and on the physiological state of the cells of origin [4, 5]. As such, EVs shuttle
materials including proteins, lipids, mMRNAs and miRNAs, thus constituting a short to long distance form of
intercellular communication [6]. After release, EVs can be uptaken by either distal or nearby cells, thereby
conveying homotypic or heterotypic transfer of information [7, 8].

Formerly regarded as cellular dust [9], EVs are currently considered to be main actors in physiological and
pathological processes [10]. EVs act as physiological mediators in coagulation [11], preghancy [12] and
immune response [13] processes. EVs are produced in abundance under pathological conditions such as
infection [14] or cancer [15, 16], whereby they sustain and modulate the disease development. Indeed,
malignant cells actively secrete EVs during tumor progression that impart molecular signals to healthy
counterparts for inducing angiogenesis, immune suppression and tumor growth [17]. In addition to
pathological roles, EVs may also display regenerative properties. Indeed, EVs may be behind the paracrine
effect of transplanted cells, providing the microenvironment with multiple trophic and survival signals
including cytokines to restoring tissue function and homeostasis [18].

Advances in EV research resonate with the current trend of personalized medicine. Personalized medicine
aims to tailor clinical treatments in order to meet specific disease features of each patient [19]. In this regard,
EVs offer unprecedented perspectives for personalized diagnosis and therapy. Concerning diagnosis, EVs may
provide feedback on the treatment effectiveness in real time as a companion diagnostic tool for predicting and
monitoring therapy response [20]. As an example, circulating levels of EVs were found to reflect cancer
evolution, remission being associated to a reduction on circulating EVs near to healthy levels [21].
Additionally, EVs may provide information on specific parent cancer cell features, such as the mutational
status of receptors, to facilitate decisions on therapy choice. For instance, information about the mutation in

the epidermal growth factor receptor carried by EV's may be useful for selecting patients who will benefit from



targeted therapy [22]. EVs investigation may complement the analysis of circulating cancer cells and
circulating cancer DNA allowing a rapid snapshot of tumor genome evolution in an approach known as a
‘liquid biopsy’ [23]. From a personalized therapy standpoint, one may also foresee the production of EVs from
autologous MSCs and their reinjection into the patient in the attempt to revert organ failure. An additional
possibility is the engineering of autologous patient EVs with image tracers and therapeutic agents and their re-
injection to the patient for an image-guided biocamouflaged drug delivery action.

Physical stimulation may be an important tool in the field of EVs for personalized therapy by powering EV
production, loading and therapeutic properties. Physically-triggered EV production is a bioinspired approach,
considering naturally occurring EV release by shear stress in blood vessels. Physical stimulation also provides
new prospects for high-efficient EV loading. Besides, EV engineering to display responsiveness to physical
stimulation opened up a large range of exciting perspectives. Indeed, there is an important need to characterize
the fate of EVs and decipher their trafficking in the organism. EV engineering to endow them with contrast
properties can contribute to the evaluation of their biodistribution and interaction with recipient cells, unveiling
EV roles in both homeostasis- and disease-related mechanisms. From another point of view, EV loading with
physically triggered therapeutic agents brings along an interesting opportunity to translate EVs into an actuated
bio-mimetic delivery system. Indeed, EVs possess a pleiad of advantages over already existing synthetic
counterparts. First, EVs constitute a physiological carrier as they can be autologous, hence, less immunogenic
than artificial delivery vehicles. Second, their phospholipid bilayer may potentially fuse with the membrane of
recipient cells, thus facilitating the cellular internalization of the encapsulated molecule [24]. Third, their small
size and constitution may partially prevent phagocytosis by the mononuclear phagocyte system and enhance
their extravasation through blood vessels and their diffusion through tissue as compared with synthetic carriers
[25]. Finally, the intrinsic ability to protect their cargo (proteins and/or nucleic acids) from harsh extracellular
environment reinforcing their position as promising carriers.

We review herein technology challenges related to the concept EV-based personalized medicine especially
focusing on the input of physically-triggered EV production, loading and theranostic properties. First, a brief
description of EVs, their pathological and therapeutic roles will be outlined. We will then show an overview
on the already existing production and loading methods. In the last place, physically-responsive theranostic

EVs will be described before our concluding remarks.



2. Classification and biogenesis of EVs

Extracellular vesicles are membrane delimited sub-cellular entities shed by cells in an evolutionarily conserved
manner. The EV classification is a debated question. There are three main subclasses according to the
biogenesis: exosomes, microvesicles and apoptotic bodies, whose size varies from 40 to 5000 nm in diameter.
The term exosome was coined in the 1980’s by the Johnstone and co-workers whilst studying multivesicular
bodies (late endosomes), as these structures shed their interior vesicles content into the extracellular medium
[26]. Exosomes were regarded as the final product of the endocytic process, which starts with the fusion of
endocytic vesicles and early endosomes. The endocytic content is then processed by degradation, recycling or
exocytosis. Upon exocytosis, late endosomes or multivesicular bodies (MVBs) merge with the plasma
membrane releasing the intraluminal vesicles (exosomes) into the extracellular environment [27, 28]. Although
the composition of EVs is highly variable, common group of proteins can be identified in exosomes originated
from different cell types: (i) proteins involved in membrane fusion and transport such as annexin and rab
family; (ii) proteins related to cell adhesion, i.e. integrins; (iii) antigen presentation-related proteins such as
MHC class | and I ; (iv) cytoskeleton components such as actin and tubulin; (v) enzymes as peroxidases,
pyruvate kinases and mainly (vi) tetraspanins, i.e. CD9, CD63, CD81 and CD82 [29].

Biogenically different, microvesicles directly come from direct outward budding and shedding of the cell
plasma membrane. Although small microvesicles and large exosomes are in the same size range, the former
spans from 50 to 1000 nm [28]. Microvesicle biogenesis involves phospholipid reorganization and cytoskeletal
contraction. The plasma membrane features a natural asymmetric pattern of phospholipids regulated by
aminophospholipid-translocases conducting the phospholipid transferring from one plasma membrane leaflet
to the other [30]. Upon cell stimulation, due to a significant increase of cytosolic Ca?*, the translocase function
is dysregulated leading to the altering of membrane asymmetry, and, ultimately, to the surface exposure of
phosphatidylserine (PS). This process leads to microvesicle release following the degradation of the
cytoskeleton via Ca?* -dependent proteolysis [1, 28]. Microvesicles have previously been described to be
positive to annexin V, although recent cryo-transmission electron microscopy (cryoTEM) data evidences that
only 50% of vesicles in the plasma are annexin V positive [31].

Differently from microvesicles and exosomes that are secreted constitutively, apoptotic bodies are released

during the programmed death of the cell [28]. These structures are formed during the exclusion phase of



apoptotic process as the cytoskeleton depolymerizes and causes the membrane to bulge outwards. The
emergent bulges segregate from the cell, carrying cytoplasmic content. These are then engulfed by phagocytic
cells and their components are recycled. Since apoptotic bodies generally fetch intact organelles as a
consequence of the biogenesis [32] , the resulting size ranges from 50-5000 nm, and therefore, often larger
than other types of EVs.

Despite the fact that the prevailing EV classification is largely accepted by the scientific community, the
differentiation of EVs into these sub-types is still not clear due to the current technical pitfalls and lack of
consensus in their characterization. In addition, the different EVs also display common features implying that
body fluids encompass a continuum of vesicle types with overlapping characteristics at times [33].

3. Pathological roles of EVs

EVs are able to transfer information to other cells and influence their function. EVs exert their effects on
biological processes in a pleiotropic manner by interacting with cell surface receptors via proteins and
bioactive lipid ligand, by conferring their membrane content to the recipient cell surface or by delivering
effector molecules (including oncogenes, transcription factors, small and large non-coding RNAS) into
recipient cells [27, 34, 35]. EVs were purified from most body fluids and there are clear evidences that they
play an important role in the regulation of physiological processes such as stem cell maintenance [34], tissue
regeneration [36], immune surveillance [37] and coagulation [38], but also in pathological processes [27]. EVs
can therefore be considered as a signaling platform: multifunctional agents capable of controlling biological
functions.

The most investigated pathological role of EVs concern their implication in tumor biology. It has been shown
that EVs actively participate in the formation of a pre-metastatic tumor niche [35, 39]. Likewise, EVs stimulate
and modulate tumor progression [35, 40] via their ability to induce cell proliferation, hence directly triggering
tumor growth and angiogenesis. EVs promote metastasis, through protease secretion [41] and the consequent
matrix remodeling, as well as immune evasion by modulating T cell activity [42].

Apart from cancer, EVs also participate in the spreading of a large range of pathogens such as HIV via the
horizontal transfer of chemokine receptor 5 (CCR5) [43], Epstein-Barr virus (EBV) that spreads through the
transfer of EBV-targeted gene-specific miRNAs in non-infected cells [43], and prions via the delivery of the

PrP protein and glycoforms into recipient neuronal cells [44]. Evidence also suggests that EVs contribute, in



some extent, to the propagation of neurodegenerative diseases as neurons communicate through the secretion
of EVs [45]. Neuronal EVs nonetheless are able to provide long-range communication within the central
nervous system and have an effect on neuronal networks located at longer distances. In the context of
Alzheimer’s disease, the amyloid B peptides are indeed released associated to exosomes, thus contributing to
the deposition of amyloid 8 in neighbor zones of the brain [46]. Besides, the EV circulating levels have been
found to be elevated in other diseases including malaria [47], cardiovascular diseases [48], auto-immune
diseases such as systemic lupus erythematous [49] and diabetes mellitus [50].

4. Regenerative role of EVs

Mesenchymal stem cells (MSCs) are probably one of the most investigated cell types in regenerative medicine,
being considered as a remarkable player of the tissue regeneration approaches. Indeed, MSCs display
regenerative/immunomodulatory properties, as well as low immunogenicity [51, 52]. One of the main
mechanisms involved in MSC-mediated tissue repair concerns cell paracrine effect [18, 53]. MSCs provide
multiple trophic and pro-survival signals including cytokines, which are mainly released by means of EVs.
EV-mediated paracrine effect seems to bridge the gap between cell administration and the injection of soluble
biological factors, overcoming limitations related to both. On the one side, limitations related to viable cell
transplantation could be overcome. This applies to the risks of uncontrolled cell replication, differentiation or
vasculature occlusion. On the other side, EV approach also circumvent instability drawbacks associated to
manufacture, storage and administration of soluble biological factors since EVs not only carry but also protect
its bioactive cargo [18].

The protective and reparative properties of MSC EVs represent an important therapeutic tool for personalized
medicine [54]. One may foresee the production of EVs ex vivo, their purification, characterization and
reinjection into the patient in the attempt to revert organ failure. In this regard, the regenerative potential of
EVs was demonstrated preclinically for several organs such as liver, heart, lungs, brain, kidneys, bones and
skin (Figure 1), as it will be overviewed herein.

Several reports highlight the role of MSC EVs in cardiac protection. The regenerative effect of intramyocardial
injection or reperfusion of MSC EVs was investigated in murine models of myocardial ischemic injury. EV
therapy was observed to decrease the infarct size and improve blood flow as well as cardiac systolic and

diastolic performance in comparison with control [55-58].



EV-mediated lung repair was equally investigated. Tests were performed in a mice model of acute lung injury
induced by Escherichia coli endotoxin. MSC EVs played a therapeutic role by a reduction in pulmonary
edema, lung protein permeability and in inflammation [59]. The therapeutic properties of MSC EVs was also
shown in a murine model of acute kidney injury. Gatti et al., demonstrated that administration of MSC vesicles
induced an inhibition of apoptosis and a stimulation of tubular epithelial cell proliferation [54]. In a related
approach, Reis et al., and Zhou et al. demonstrated that EVs from MSCs inhibited necrosis, apoptosis and
promoted cell proliferation as well as improvement of renal function in murine models of kidney injury [55,
56].

MSCs EVs may also play a significant role for the treatment of liver fibrosis by inhibiting epithelial-to-
mesenchymal transition (EMT) and protecting hepatocytes. Indeed, in a murine fibrotic liver model, MSC
vesicles decreased the hepatic inflammation and the collagen production while reducing fibrosis by tissue
remodeling [57-59].

MSC EVs seem to be also of interest for wound healing by accelerating re-epithelialization and reducing scar
widths. In this case, therapy based on MSC EV's may promote collagen production as well as neoangiogenesis.
Indeed, MSC EVs induced the generation of new vessels and favored their maturation in wound sites via the
stimulation of the proliferation and migration of HUVECs. MSC EVs also facilitated skin wound healing via
the recruitment of fibroblasts to tissue wound area. Moreover, MSC EV treatment appeared to engage two
kinds of response depending of the stage of the pathology: increase of collagen | and Il production in the early
stage and inhibition of collagen expression in the later stage to reduce scar formation [60, 61]. These results
highlight the high potential of MSC vesicles for the treatment of cutaneous wounds.

The impact of MSC EVs on bone regeneration was also studied. Furuta and his team have shown that the use
of MSC EVs allowed, by a paracrine effect, an acceleration of fracture healing [62]. In a related investigation,
it was demonstrated that treatment with MSC EVs enabled to promote osteochondral regeneration. MSC EVs
completely restored cartilage and subchondral bone [63].

In the neurosvascular field, MSC vesicles were reported to participate in functional recovery post stroke due
to increased axonal density and increased synaptophysin-positive areas in the injured zone. MSC vesicles
treatment also resulted in an increase of neuroblasts and endothelial cells inducing an improvement of neurite

remodeling, neurogenesis, and angiogenesis [64]. Besides their intrinsic regenerative properties, EVs may be



customized in order to display further functionalities. For instance, a highly discussed paper in the field
reported neuron targeting and crossing of the blood brain barrier by engineering EV-secreting cells to express
Lamp2b (an enriched in EV protein) fused to the neuron-targeting RVG peptide. The obtained EVs were used
for the neuronal delivery of BACE-1 siRNA, successfully silencing BACE-1, a beta secretase in Alzheimer’s

disease related to toxic beta amyloid formation and deposition [65].

Extracellular vesicles for
personalized regenerative medicine

Figure 1: Hopes on the regenerative effect of extracellular vesicles extends to several organs. Considering pre-
clinical data, extracellular vesicles, especially from mesenchymal stem cells, hold great promises for the

regeneration of the several organs including heart, lungs, bones, liver, skins and kidneys.

5. Physically triggered EV release in the organism: physiology, pathology and mechanisms

EVs are continuously released in blood vessels in response to physiological or pathological shear stress levels
(Figure 2). Shear stress in blood vessels is a well-known trigger stimulus for EV release from endothelial as
well as blood cells, such as platelets and erythrocytes [66, 67]. For instance, the basal level of circulating
phosphatidylserine-positive EVs from platelets is 10’/ml, representing a constitutive release due to platelet
aging and shear stress [66]. Shear stress can modulate not only EV release amount but also its constitution.
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Hergenreider et al. evidenced that endothelial cells exposed to physiological arterial shear-stress levels (20
dynes/cm?) released EVs enriched in atheroprotective miR-143/145, when compared with EVs obtained from
static endothelial cell controls [68]. The physiological process of EV release may be enhanced by intensive
physical exercise [69, 70] or by pathological dysfunction such as vessels stenosis [71, 72]. Considering
physical exercises, there is an increase in blood pressure, which elevates shear stress in blood vessels and
subsequently the level of circulating EVs [69, 70, 73]. Such EVs may participate in distal signaling in exercise-
mediated processes [73]. Regarding stenosis, the pathological reduction in vessel lumen diameter induces
extremely high shear stress levels. While wall shear stress range in normal veins and arteries is 1-10 and 10-
60 dyne/cm?, respectively, this value may exceed 1 000 dyne/cm? in highly stenotic arteries [74]. Wall shear
rates may reach 20 000 s, as the case in stenosed coronary arteries [75]. Patients featuring severe aortic valve
stenosis displayed increased circulating EV levels in correlation with valvular shear stress intensities [76].
Procoagulant-rich EVs from platelets, which are abundantly released by shear forces in stenotic vessels may
be behind the correlation between stenosis and thrombosis or acute cerebral infarction [77, 78]. Similarly,
arterial hypertension, which is related to increased shear stress in blood vessels [79, 80], is also associated to
increased circulating levels of endothelial and platelet EVs [81]. Patients with atherosclerotic sites, which are
equally related to pathologically high shear stress levels [82], display elevated circulating EV levels as well
[83]. Circulating EVs have been currently regarded as a potential marker for cardiovascular diseases whose

prognostic value may be of interest to evaluate cardiovascular risk [84].
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Figure 2: Physically triggered EV release in blood vessels due to physiological and pathological shear stress

levels. Increased EV release is observed in sites of high shear stress such as atherosclerotic plaques.

The mechanisms involved in EV release triggered by a shear stress may involve active cell response to
membrane tension. Cells respond to membrane tension by regulating their membrane area [85]. In this regard,
plasma membrane folds and blebs contribute to enhance membrane surface. Once cell membrane is submitted
to a shear stress, these membrane folds and blebs flatten, resulting in an increase in membrane tension. When
membrane reservoir is depleted, membrane tension is no more buffered, activating trafficking and exocytosis
to restore membrane reservoir [86-89]. Different pathways may activate cell trafficking. For instance, cell
spreading-induced membrane tension results in exocytosis activation via a glycosylphosphatidylinositol (GPI)-
anchored protein recycling pathway together with Golgi lysosome release [90]. Enhanced exocytosis may be
related to an increased exosome release.

In the case membrane tension leads to membrane rupture, there is an elevation in intracellular
Ca?* triggering lysosomal exocytosis and fusion of lysosomes with the plasma membrane, mediating
resealing [91]. Plasma membrane wounding leads to a local drop in membrane tension and the rapid

formation of a localized blebs. An increase in intracellular Ca?* levels is known to participate in EV
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release process [92, 93]. It has been shown that Ca?* entry coupled to tension drop promote the local
recruitment of Endosomal Sorting Complex Required for Transport-111 (ESCRT-I11) [94]. Recent
research has evidenced that ESCRT components participate in the biogenesis of microvesicles
during budding step [95] and pinching-off [96].

It is important to highlight, that EV release in response to shear stress is expected to be
dependent on shear stress intensity. At higher shear stress levels, the mechanisms involved in EV
formation may be quite different. Particularly, when the elongation of plasma membrane reaches a
maximum, the cell is no more able to withstand membrane tension. The so-elongated lipid bilayer is
thermodynamically unstable, leading to the tearing in fragments that spontaneously self-assembly to
form EVs [97].

6. EV production technology

EV production technology is a main issue to be addressed to enable EVs application as regenerative effectors
or bio-camouflaged delivery systems for drugs and contrast agents. Concerning the latter, both healthy and
malignant cells have been investigated as source for EV production. In the case of EVs from malignant parent
cells, homotypic cell transfer is envisioned as a Trojan horse approach to deliver a cytotoxic drug to tumor
cells [98]. However, the translation of these nanosystems into clinics encounters a major challenge concerning
a production method that assures not only high quality but also high quantity. Moreover, the question of the
cell source remains unclear. Since EVs might mimic parent cell features, the cell type source may impact
targeting and biological properties of EVs.

Since EVs are constitutively released by cells, comparative studies in vitro have been performed to evaluate
the relative amount of EVs spontaneously secreted by several cells. These studies concluded that MSC derived
from hESC (human embryonic stem cells) secrete the highest amount of exosomes followed by the human
embryonic kidney cell line (HEK) [99]. Nonetheless, most of current analysis do not take in consideration that
both EV production and release into the medium are dynamic processes limited by cellular uptake recycling.
EV production will indeed increase until reaching a plateau depending on cell production rate, cell recapture
rate and culture medium volume. In this regard, a time range until plateau of about 8-12 hours was reported

for breast cancer cells, for instance [100].
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When considering spontaneous EV release, it is important to highlight that in vitro culture of most cell lines
and primary cells require fetal bovine serum (FBS) or platelet lysate (PL) as a supplement to a basal medium.
FBS and PL contain certain nutritional and macromolecule growth factors that enhance cell growth. It has to
be noted that the use of FBS and PL contains on their own a lot of EVs, and if not depleted from them, they
can be co-purified, obscuring the role of the produced EVs [101, 102].
Currently, the method of choice for scalable EV production relies on spontaneous EV release from cells
cultured in hollow-fiber bioreactor providing high surface-to-volume ratios and supporting large numbers of
cells at high densities [103, 104]. The hollow fibers supply anchored cells with the medium in a laminar flow.
Although the method concentrates EVs in a reduced volume, the major inconvenient is that the protocol is
extremely time consuming resulting in a low-yield EV release of about 5 g from 108 cells in 14 days [103].
Besides spontaneous EV release process, cells can be further stimulated by external signals to trigger a larger
amount of EV release into the extracellular medium. As such, research performed to date reports the use of
mainly two approaches: biological/chemical stimulation and physical methods (Figure 3).

6.1. Biological/Chemical trigger
Biological approaches devoted to increase EV production are based on external bioactive stress applied to
cells. In this sense, serum deprivation stands out as a widely-used trigger for inducing cell stress in vitro as it
reduces basal cellular activity and induces apoptosis. Studies performed by Sun et al., showed that serum
deprivation augments EV release by 2.5-fold in human myeloma cells [105]. Although EV shedding is an
energy-dependent process, certain tumor cell lines, such as myeloma cells, have the ability to support intense
EV shedding whilst reprogramming their metabolism to fulfill the requirements prompted by nutrient
deprivation. Likewise, lung and breast cancer cells can display an increment of EV production when subjected
to hypoxia [106, 107]. Given the role of EVs in tumor progression, the increase in the release of EV by tumor
cells under hypoxia could lead to an exacerbated tumor invasion and, ultimately, to metastasis. Serum
deprivation and hypoxia are considered as simple EV production methods since no additional procedures are
required to eliminate the vesiculation-triggering external agent.
Although opposite, cell activation represents a usual strategy to trigger EV release. Indeed, upon stimulation
with TNF-q, IL-8 , and leukotriene B4, neutrophils double the amount of EV released compared with resting

cells [108]. Interestingly, EVs obtained in this context, exhibit a different phenotype as compared to serum
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starvation-induced counterparts. That is the case for endothelial cell-derived EVs that display constitutive
markers such as CD31 and CD105 when produced under serum starvation, whilst expressing CD54 and CD62E
when activated by TNF-a [4]. However, this method is hindered by the need for further purification steps in
order to remove the bioactive agent in excess.
EV secretion can also be triggered by chemical agents. For exemple, cytochalasin B, an actin polymerization
inhibitor, promotes the release of EVs featuring cell surface receptors and contain intraluminal proteins from
the cytosol [109, 110]. In fact, cytochalasin B-treated freshly isolated neutrophils show an enhancement of EV
release[108]. Ethanol has also been shown to increase EV production by hepatocarcinoma cells (Huh7.5 cells)
that release large quantity of EVs in a time- and dose-dependent manner, reaching a 10-fold maximum upon
incubation with 100 mM of ethanol [111].

6.2. Physical trigger
Recent research has shown that EVs and EV-like cell derived vesicles are triggered by applying physical and
mechanical stress on cells. Several groups indeed have tried to exploit this new approach to obtain EVs. For
example, a study performed by Jiang et al. demonstrated that high shear-stress induces a significant increase
in microvesicle production in megakaryocytes [112]. Our team [113] and others [97] have demonstrated the
feasibility of inducing EV release by shear stress in a laminar flow using a microfluidic device. EV release
was induced by forcing cells to pass through microchannels inferior to cell diameter in a biomimetic approach,
inspired by EV release via high shear stress in blood vessels. The mechanism that governs the shear stress-
induced nanovesiculation resides on the pressure-induced elongation of plasma membrane due to the resistance
to shear forces. The so-elongated lipid bilayer is not stable thermodynamically, leading eventually to the
formation of small nanovesicles [97]. On the other side, Yoon et al. conceived a cell-slicing system to produce
nanovesicles directly from cells, exploiting the self-assembly capacity of phospholipids. The system is made
up of silicon nitride blades along the microchannels to slice cell membrane when passing through the device.
As a result, free plasma membrane fragments with intact lipid bilayer structure form vesicles that contain
parental cell-derived factors as well as possible exogenous materials present in the medium [114]. Notably,
authors should explore the potential release of organelles during the cell membrane disruption.
Alternatively, the use of centrifugal force combined with filters (10 and 5 um) is also shown to be a promising

tool to obtain nanosized vesicles. While cells are forced to pass through membrane pores by the centrifugal
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speed, cell shape changes. Due to the friction force generated between the plasma membrane and the surface
of the filter (hydrophilic surfaces interaction), cell elongates and disrupts. Then, phospholipids are able to
spontaneously self-assemble generating vesicles in the 100 nm size range. The yield is 250 higher than classical
spontaneous release, based on protein quantification [115]. A similar approach was used by Jang et al. which
subjected cell types to several extrusion steps through filters with decreasing size pore after internalizing a
chemotherapeutic drug into cells [116]. Another similar approach investigated is the use of cavitation to disrupt
cells followed by ultracentrifugation and sonication to create nanosize vesicles, and loaded with a pH driven
gradient with a therapeutic compound [117].

It must nonetheless be kept in mind that these techniques are mainly based on the destruction of cell membrane
and the self-assembly of the smaller generated membrane fragments into nano-sized lipid bilayer. The resulting
vesicles are most probably constituted by organelles membranes or carry along genetic material, hence may
not necessarily share all common features from biogenic EVs. This issue reinforces the need to provide
appropriate characterization of mechanically-triggered EVs before considering pre-clinical and clinical
implementation.

A related cell-disruption method for producing EV-like entities, known as “nanoghosts”, has received
increasing attention [118, 119]. The nanoghosts production is based on the isolation of the whole cell plasmatic
membrane after removal of cytosolic fraction by consecutive cell disruption (i.e., nitrogen cavitation,
hypotonic shock, and extrusion) and differential centrifugation. The obtained nanoghosts are then devoid of
cytosolic proteins and nucleic acids that would otherwise potentially carry further signaling information.
Although nanoghosts are not from natural biogenesis, they represent promising candidates as delivery systems
due to their (i) biomimetism, (ii) stealthiness, (iii) biocompatibility, (iv) forthright drug loading capacity
through mechanical approaches and (v) possibility of bio-engineering via parental cells. Concerning the latter,
parent cells may be bio-engineered to express a specific surface protein with therapeutic potential. Nanoghosts
can inherit such new factor harnessing researchers with an extremely tunable nanocarrier [120]. Additionally,
as cells are not subjected to any external signal that could modulate cell biology (i.e., starvation, cytokines,
chemokines, etc.), no putative change is induced in the cytoplasmic membrane as for its protein and lipid
composition, and thus, it mimics exactly the intact cellular surface microdomains. MSC plasma membrane-

derived nanoghosts indeed recapitulate the expression of typical membrane receptor such as CD44, CD90, and
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CD105 [121]. Likewise, mouse macrophage membrane-coated liposomes exhibit similar level expression of
integrins a4 and 1 as compared to murine macrophage RAW264.7, which endows liposomes with avidity
against VCAM1-expressing tumor cells [122]. This constitutes a huge advantage over the heterogeneous
extracellular vesicles, which greatly differs in terms of membrane composition depending on the triggering
signal and the intracellular origin. By keeping virtually unchanged membrane microdomains whose receptor
and ligand content mimics that of parental cells, researchers can exploit specific receptor-ligand interaction

more accurately to increase tissue-specific homing [123].
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Figure 3: Biological, chemical and physical triggers able to stimulate or induce EV release by parent cells.

7. EV loading technology

EVs have been reported to be loaded with chemotherapeutic agents, nanoparticles, radiotracers, miRNA and
fluorescent probes (Figure 4a). Loading step is a key process for EV-based therapy and imaging. In this regard,
technical approaches devoted to cope with this matter can be classified in three categories. One of them relies
on pre-loading parental cell with the cargo in question followed by inducing EV production. As such, the
released EVs inherit not only cell features but also cytoplasmic solutes as well as the cargo. Other strategies
are either based on loading the EVs during the process of formation using physical methods, or on directly

loading the EVs after their production and isolation (Figure 4b-d).
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Figure 4: Engineering extracellular vesicles to enclose molecules, macromolecules or nanoparticles for
therapy or imaging purposes (A). Loading strategies may rely on pre-loading parental cells with the
cargo of interest before inducing EV release (B); loading the EVs during their production step (C) or

directly loading EVs after their production and isolation (D).

7.1. EV production form a previously loaded parent cell
One of the main approaches for loading a compound of interest into EVs is the transfection of the donor cells
in order to make them over-express a RNA or a protein that will then be packed into the exosome cytosol or
its membrane. This technique has been used for the loading of miRNAs into EVs in few studies using miRNA
expression vectors or pre-miRNAS [124, 125]. For example, Wiklander et al. transfected HEK293T cells with
enhanced green fluorescent proteins (EGFP) plasmid using polyethylemine in order to produce EGFP-positive

exosomes [126].

A similar approach has also been successfully used to produce EVs loaded with a particular protein. This is
performed either modifying the protein sequence by adding a membrane targeting sequence (e.g.

myristoylation domain, PIP3 doming, prenylation domain) [127] or by creating fusion proteins with natural
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EV targeted proteins such as lamp2b, PDGFR [128],C1-C2 domains of lacthaderin [129] or tetraspanins [101].
Alvarez-Erviti et al. have used this method to produce neuron targeting exosomes by fusing lamp2b protein to
the brain targeting RV G peptide [101]. This very appealing publication led to further use of this technique by
other groups [130]. However, Hung and Leonard recently demonstrated that peptides fused to N terminus of
Lamp2b were probably degraded by endosomal proteases, resulting in no detection of the peptide on both cells
and EVs [131]. Interestingly, glycosilation protected the peptide from degradation. Finally, this two-step
procedure (engineering followed by loading) seems to be quite laborious and difficult to transfer into clinical
practice, particularly if patient derived cells are used.
Another approach is loading donor cells with exogenous moleules/particles, which are then released into EVs.
This is an approach that has been used by our group. Using a top-down procedure, we designed EVs loaded
with nanoparticles from parent cells that had previously been loaded with the compound of interest. HUVEC
cells were incubated with various nanoparticles to allow their internalization. Biological stress caused by serum
starvation was used to trigger the release of vesicles that inherit the cargo from the parent cell. This strategy
enabled the encapsulation into EVs of different nanoparticles, independently from their chemical composition
or shape such as iron oxide nanocubes, gold nanoparticles, iron oxide nanoparticles, quantum dots and
gold/iron oxide nanodimers [132]. The combined loading of drug and nanoparticles in EVs can also be done
following this method. In another study carried out in our laboratory, vesicles derived from macrophages
(THP-1) cells were successfully loaded with iron oxide nanoparticles and several therapeutic molecules
irrespective of their molecular weight or their hydrophobicity [133]. Different magnetic vesicles loaded with
either a chemotherapeutic drug (doxorubicin), an anticoagulant protein (tissue-plasminogen activator (t-PA))
or two photosensitizers (disulfonated tetraphenylchlorin (TPCS2a) [133] or mTHPC [134] were produced.
However, these techniques are of low yield, limiting its application.

7.2. Loading during EV production
EVs can also be loaded during the process of production, in other words, they can encapsulate the desired
cargo whilst being formed. This approach can only be used when EVs are formed using physically-triggered
methods of fractionation of the plasma membrane and reformation of micro/nano-size vesicles.
An example is the study performed by Toledano et al. in which they report the drug loading of nanoghosts

produced from the membrane of MSCs. The cells are treated with a tris-magnesium buffer which removes, in
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theory, a part of the cytosol. Cells are then processed by centrifugation, precipitation and washing steps to
obtain “cytoplasm-free” cells (referred to as ghost-cells), which are then mildly sonicated to fractionate the
membrane. It has to be noted that no proof of cytoplasm depletion is provided. The product is extruded 0.4 um
polycarbonate membrane in presence of tumor-necrosis-factor related apoptosis inducing ligand (TRAIL). The
final outcome are TRAIL-loaded nano-sized vesicles [135]. Similarly, the disruption of platelets by sonication
in presence of nanoparticles was reported to result in nanoparticle encapsulation [136]. In another study,
doxorubicin-loaded vesicles were designed by inducing the disruption of macrophages following serial
extrusion steps using filters in a medium containing doxorubicin [116].
On overall, the disrupting/reformatting EV loading methods seem to be efficient for the loading of both
lipophilic and hydrophilic compounds. However, this technique has some drawbacks: EV membrane
disruption during the process probably leads to potential membrane asymmetry loss, loss of the inner
physiological cargo of the EVs (miRNA, soluble proteins) and requires high volume/concentration of the
hydrophilic or lipophilic compound to be loaded. The loss of membrane asymmetry may potentially impact
EV fate considering that it can modify receptor presentation and consequently recognition by recipient cells.
7.3. Loading after production
Another option is loading EVs once they have already been produced. These approaches may be based on
simple EV incubation with cargo or may rely on chemical transfection agents or physically-triggered strategies.
Concerning the latter, low molecular weight and hydrophobic molecules can be directly loaded into EVs by
simple incubation in a passive way. For instance, molecules such as curcumin have been efficiently loaded
into exosomes after only 5 minutes of incubation [137]. Additionally, miRNAs [138] and therapeutic
molecules such as doxorubicin [116] have also been loaded into exosomes by incubation at 37°C for 1 and 2
hours, respectively. Spontaneous EV loading has been also reported for lipophilic tracers such as PKH26 or
PKH67, which can be transferred into EV membrane via hydrophobic interactions [40, 107]. However, lipidic
tracer incorporation should be performed limiting molecule excess to prevent the formation of micelles that
can be co-purified with the EVs, leading to contamination.
Chemical transfection approaches have also been reported to load siRNA in EVs, but the loading efficiency

was low compared to other methods [139]. Additionally, leftover micelles formed from the transfection agents
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(e.g. Lipofectamine 2000) can be present in the resulting EV preparation. Overall, this method seems
inadequate for therapeutic purposes, mainly due to the toxicity of cationic lipids.

Physically-triggered strategies comprising electroporation, sonication, freeze-thaw cycles or extrusion may be
used for loading EVs after their production. Electroporation consists in submitting EVs, suspended in a
solution containing the cargo of choice, to an electrical field. Pores are formed during this process into EV
membrane, allowing the diffusion of the cargo, mostly siRNA, into the lumen of the exosomes [140].
Electroporation has been reported to obtain siRNA-loaded exosomes to knockdown a target protease in
Alzheimer’s disease [101]. Nevertheless, Kooijmans et al. reported later that the results from this study were
indeed an artefact [141]. The process of electroporation induced electrochemical reactions, leading to the
release from the electrode of metal ions, which induced siRNA aggregation. Such aggregates, co-precipitated
with exosomes during the centrifugation step, mediated siRNA transfer and brain targeted gene silencing.
Indeed, aggregation inhibition by a metal ion chelator such as EDTA prevented siRNA co-precipitation with
exosomes. Additional methods of loading have been tested based on the incubation of EVs with the desired
cargo or relying on sonication, freeze-thaw cycles or extrusion [142]. High-energy probe sonication was used
to load MSC derived nanoghost with plasmic cDNA (pDNA). However, due to the high shear force applied
during sonication, naked pDNA was fragmented. To solve this problem, polycations (e.g. polyethylenimine)
were used to compress and protect the DNA from degradation [143]. For encapsulating catalase (a relatively
high molecular weight antioxidant enzyme) into exosomes, sonication and extrusion method were the most
efficient method, followed by the freeze-thaw cycle and simple incubation at room temperature. The formation
of pores as well as the disruption and resealing of exosomes following sonication or extrusion enabled catalase
diffusion into EVs [142].

Apart from engineering the internal vesicle cargo, the EV membrane may be also directly modified at will.
Our group has also reported a method of direct vesicle “decoration” based on the use of nanoparticles.
Endothelial cells were incubated with anion iron oxide nanoparticles that were capable of attaching to EV
membrane by electrostatic interactions [144]. Other groups have also reported the use of antibodies to decorate
EV surface in vivo. This is the case of platelet EVs reported to be labelled with fluorescent annexin and
different antibodies by simple incubation (anti-CD63, anti-CD61 and anti-CD62P) [145]. Nevertheless,

antibody dissociation from the exosome can occur when encountering other endogenous antigens. Click
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chemistry was also proposed to functionalize the EVs surface. Although chemical modification may partly
changes the EV biological property, this method allows a rapid covalent bonding of specific chemical groups
through a two-step process in presence of copper [146, 147]. First, an alkyne group is attached to the EV
membrane proteins. Then, this chemical group is linked to an azyde-functionalized compound of interest.

Grafting of fluorescent dye was achieved as a proof of concept.

A recently reported approach for loading EVs is forcing membrane fusion of EVs with synthetic liposomes
loaded with the compound of interest by freeze-thaw cycles. Sato et al. used several freeze-thaw cycles to
disrupt membranes by the growth of ice crystals leading to reformation of hybrid EV/liposomes while thawing.
With this method, the properties of the exosome surface can easily be modified by fusing them with liposomes
embedding peptides or antibodies of interest as well as poly(ethylene glycol) (PEG) [148]. Alternatively
micelles composed of PEG lipids have been incorporated into EV membrane by co-incubation, resulting in an
increase of the EV half-life in mice [149] and coupling of a targeting agent to EVs [150]. Another study from
the same group described the use of GPI anchored proteins to decorate EVs with coupled nanobody, allowing

targeting in vitro [151].

Overall, despite all the different loading methods described up to date, there is an urgent need for comparison
of EV loading methods. Besides, EV integrity and loss of intrinsic material after the loading process also
deserve further attention.

8. Engineering EVs for therapy and physically-triggered therapy and theranosis

Currently, clinically used drug delivery systems are mostly chemically synthesized based on lipids [152]. The
emergence of naturally derived carriers featuring highly desired attributes is increasingly recognized [153].
EVs are one of the highlighting examples as they feature many advantages compared to already existing
synthetic systems. In the first place, EVs can be obtained from the cells of patients in an autologous set-up,
and thus they may be less immunogenic than artificial delivery vehicles. Secondly, they have phospholipid
bilayer, which can fuse with the membrane of recipient cells, thus improve the cellular internalization of the
encapsulated molecule [154]. Finally, the small size and the constitution of EVs partially protect EVs from
phagocytosis by the mononuclear phagocyte system and promotes their extravasation through tumor vessels
and their diffusion in tumor tissues [155]. Besides their intrinsic features, as explained throughout this review,

EVs may be processed to display extrinsic contrast and therapeutic properties.
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Therapeutic properties have been evidenced for several drug-loaded EVs. For instance, the intranasal
administration of curcumin-loaded exosomes protected mice from brain inflammation [137]. Curcumin-loaded
exosomes are currently under clinical investigation as a potential colon cancer treatment (clinical trial no.
NCT01294072). The exosomes used in this studies are from plant origin and are intended to be administered
via the oral route to patients. The rationale behind the use of plant-derived exosomes is the possibility of
producing large amounts of exosomes for carrying out therapeutic studies in a clinical setting [156].

Another therapeutic molecule that has been successfully encapsulated in EVs and showed promising results is
doxorubicin [130]. The same compound was also encapsulated in another study but using RAW 264.7-derived
exosomes and tested on an ectopic mouse colon adenocarcinoma model. In vivo experiments showed that
tumor growth was substantially reduced and cardiac adverse effects drastically decreased that are normally
observed when administering drug-loaded exosome in comparison to the free drug. In addition, a comparative
study with commercial doxorubicin-loaded liposomes (Doxil) showed that doxorubicin-loaded exosomes
reduced tumor growth more efficiently [116].

Besides exosomes, nanoghosts have been investigated as doxorubicin nanocarriers. In this approach,
doxorubicin-loaded biodegradable PLGA nanoparticles were coated with monocyte-derived membranes
leading to an increment in cellular uptake and cytotoxicity in MCF7 cells in vitro [157]. Nanoghosts have also
been investigated as a drug delivery system in vivo. As an example, nanoghosts produced by decorating
emtansine-loaded liposomes with macrophage membrane were found to augment drug circulation time, but
also targeting of 4T1 metastatic loci in lung. Such nanoghosts markedly reduced the number of metastasis
nodules in lungs, displaying a 4 fold higher effect compared to drug-loaded liposomes [122].

Apart from therapeutic molecules, other studies have also investigated the delivery of interfering RNAs via
EVs. Ohno et al. produced EVs containing let-7a miRNA for tumor suppression. Results showed that EVs
were successfully taken up by malignant cells, inhibiting them [125]. Plasmid cDNA (pDNA) has also been
successfully delivered into cancer cells by loading into MSC-derived nanoghosts. The pDNA, encoding for a
cancer-toxic gene (C-terminal fragment of the human matrix metalloprotease-2), was transfected into cancer
cells in both in vitro and in vivo models. Tumor growth was inhibited in a metastatic lung cancer and a

subcutaneous prostate cancer model [150].
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A pioneer study performed by our group reported the design of different physical-triggered hybrid endothelial
cell-derived EVs containing heating nanoparticles, fluorescent quantum dots and/or contrast nanoparticle
agents. These EVs delivered thermal therapy as they heated under the effect of an alternating magnetic field
and tracking could be performed by fluorescent imaging or MRI [132]. In another of our studies we produced
THP1 macrophage-derived EVs loaded with both drugs and nanoparticles. We showed that photosensitizer-
loaded magnetic EV internalization by malignant cells could be modulated in a spatio-temporal manner using
magnetic forces. As a result, the death of tumor cells could be spatio-temporally controlled [133]. Such
photosensitizer-loaded magnetic EVs were administered to tumor-bearing mice. We evidenced that they could
be monitored by MRI and fluorescence imaging while eliciting a light-induced cytotoxic effect on malignant
cells. Our group coined the term “theranosomes™ for such physically-triggered EVs delivering a therapy and
enabling imaging [134]. We have also demonstrated that cancer cells, treated with a cytotoxic drug and
magnetic nanoparticles, released EVs that sequestrate this dual theranostic cargo being able to disseminate it.
In vivo experiments showed that cancer EVs sequestrating a theranostic photosensitizer drug were detected in
the blood following photodynamic therapy in tumor-bearing mice [158]. In an interesting approach, cancer
EVs were investigated for malignancy-targeted delivery of theranostics by Bose and colleagues. Cancer
theranostic EVs were prepared by loading with gold-iron oxide nanoparticles, indocyanine green and an
antagomirs (blocking the oncogenic miR-21). The theranostic potential of these EVs was demonstrated in a
murine model with a preferential tumor accumulation evidenced by optical imaging and MRI [159].

9. Concluding remarks

Personalized nanomedicine offers new prospects for individualized diagnosis profiles, stratification of patients
and the tailoring of clinical treatments. For instance, by providing feedbacks on the accumulation of a
theranostic agent in the target versus healthy tissues, nanomedicine may allow to discriminate patients who
will probably respond positively to a specific treatment from those featuring an elevated risk to develop side
effects, thus requiring a different therapeutic option [165]. EV-based personalized nanomedicine opens up
additional possibilities in customizing therapy and diagnosis as EVs carry along disease hallmarks, intrinsic
regenerative effectors, while also enabling the biocamouflage of theranostic agents.

Currently, EV diagnostic platforms are under development and clinical validation by companies such as

Exosomics Siena and Exosome Sciences. Exosome Diagnostics and Caris Life Science are additional
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companies also focusing on harvesting and deciphering a multitude of molecular information enclosed in EVs

to guide treatment decisions for personalized healthcare.

The clinical investigation of EV-based personalized therapy is in its beginning stages but it is increasingly
expanding. Moving EV-based personalized therapy to the clinical practice will require focus on the
development of cost-effective, standardized methods for EV production and loading in a scale-up perspective.
Considering EV production and loading, a trade-off between vesicle yield, loading and the amount of
operational steps should be considered. In this regard, physically triggered methods seem to be very promising
to obtain high yield in EV production as well as high EV loading while requiring no further procedures to
eliminate the vesiculation-triggering agent. However, the impact of mechanical stress on EV biological
properties should be assessed before considering physical stress an eligible method. An additional point to be
considered is EV precursor cell choice, as it directly impacts on EV yield and intrinsic EV properties such as
therapeutic effect, half-life and biodistribution. Clinical translation demands compliance with regulatory
requirements. In this regard, preclinical and clinical development of EVs should be guided by safety standards.
Accordingly, aspects related to traceability, processing, transport and storage of EV's become essential issues

to guarantee health protection of donors as well as recipients [160].

Until now, studies provided the basis for customizing EVs to deliver drugs, proteins, nanoparticles and nucleic
acids. Proof-of-principle studies on physically-triggered EV theranostic bring new hopes for spatio-temporal
controlled therapy combined to tracking. Future investigations should focus on establishing current good
manufacturing practice (cGMP) methods for EV manufacturing, leading to standardization and increased
regulatory confidence in EV products. cGMP EV production would be equally useful to produce EV standards
for comparative purposes. This would markedly improve the uniformity, consistency, and reproducibility of
EV quality control and characterization. Multi-technique EV profiling should be performed in order to
determine EV size, polydispersity, purity, biochemical markers and sterility in batches. Storage protocols
should be validated in order to ensure that EVs will keep their physico-chemical features and therapeutic
properties during and after shelf time. Additionally, EV potency and toxicological issues should be accessed
in vitro and in appropriate in vivo models. Issues related to the influence of the administration route on EV

biodistribution and half-life should be considered as well as the frequency of administration to achieve a
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therapeutic effect. Future advances in EV processing taking into account these issues are expected to progress

EV-based personalized medicine concept towards implementation into the clinical practice.
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