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Abstract

Extracellular vesicles (EVs) are cellular-derived versatile transporters with a specialized property for trafficking
a variety of cargo, including metabolites, growth factors, cytokines, proteins, lipids, and nucleic acids,
throughout the microenvironment. EVs can act in a paracrine manner to facilitate communication between
cells as well as modulate immune, inflammatory, regenerative, and remodeling processes. Of particular
interest is the emerging association between EVs and stem cells, given their ability to integrate complex
inputs for facilitating cellular migration to the sites of tissue injury. Additionally, stem cell-derived EVs can
also act in an autocrine manner to influence stem cell proliferation, mobilization, differentiation, and self-
renewal. Hence, it has been postulated that stem cells and EVs may work synergistically in the process of
tissue repair and that dysregulation of EVs may cause a loss of homeostasis in the microenvironment
leading to disease. By harnessing the property of EVs for delivery of small molecules, stem cell-derived EVs
possess significant potential as a platform for developing bioengineering approaches for next-generation
cancer therapies and targeted drug delivery methods. Although one of the main challenges of clinical
cancer treatment remains a lack of specificity for the delivery of effective treatment options, EVs can be
modified via genetic, biochemical, or synthetic methods for enhanced targeting ability of chemotherapeutic
agents in promoting tumor regression. Here, we summarize recent research on the bioengineering potential
of EV-based cancer therapies. A comprehensive understanding of EV modification may provide a novel
strategy for cancer therapy and for the utilization of EVs in the targeting of oncogenic processes.
Furthermore, innovative and emerging new technologies are shifting the paradigm and playing pivotal roles
by continually expanding novel methods and materials for synthetic processes involved in the
bioengineering of EVs for enhanced precision therapeutics.
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Background
Extracellular vesicles (EVs) have recently come to the at-
tention of investigators as important biological entities
with the unique capability for trafficking a variety of
intercellular cargo, including lipids, proteins, and nucleic
acids [1, 2], throughout the human body as well as in
biological media such as blood, urine, breast milk, and

cerebrospinal fluid [3]. Cells communicate with each
other by exchanging information through the secretion
of soluble factors such as growth agents, cytokines, and
genetic material [4–7], all of which can be encapsulated
within EVs [1]. EVs are also involved in the modulation
of genetically encoded messages via miRNA trafficking
and can program cells involved in repairing damaged tis-
sue [8, 9]. Due to these pleiotropic effects, EVs are hy-
pothesized to play an influential role in modulating the
tissue microenvironment as it relates to the repair and
regeneration of damaged or diseased tissues [3, 6, 10], as
well as for the removal of unwanted proteins and toxic
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materials [6, 11]. These unique characteristics of EVs
highlight their importance in understanding the patho-
physiology of conditions as diverse as cancer, cardiovas-
cular disease, infectious diseases, and neurodegenerative
disorders [4, 6, 11–13] (Fig. 1).
In the first half of this review, we will discuss the role of

EVs in facilitating communication throughout the micro-
environment, as well as their synergistic effects with bone
marrow-derived stem cells in processes as diverse as in-
flammation, immunomodulation, cellular reprogramming,
and tissue repair and regeneration (Fig. 1). In the second
half of this review, we will dive into knowledge gathered
from ongoing research concerning stem cell-derived EVs
and evidence of their correlation with differing oncological
states (Fig. 2). A greater understanding of the synergistic
functions between EVs and stem cells is essential for a bet-
ter understanding of cellular homeostasis and the patho-
genesis of cancer and may also provide a novel delivery
platform for new-generation therapies aimed at targeting
inflammatory diseases and cancers through the develop-
ment and utilization of bioengineered EVs (Figs. 2 and 3).

Effects of stem cell-extracellular vesicle interactions on
the cellular microenvironment
EVs play an important and fundamentally synergistic role
with stem cells in various steps leading to the activation of
immune and inflammatory pathways [4, 13–15]. Stem
cell-derived EVs exert an immunomodulatory influence
by reducing inflammation and enhancing the local im-
mune response following the arrival of immune cells at
the sites of tissue injury [2, 6, 13], including the modula-
tion of both the primary and adaptive immune responses
[13, 14]. Broadly, EVs derived from stem cells have been
found to (i) promote survival of hematopoietic stem cells;
(ii) activate monocytes, macrophages, and B cells [13, 14];
(iii) enhance the function of CD4+ regulatory T cells; and
(iv) suppress the activity of natural killer and CD8+ cyto-
toxic T cells [13, 14] (Fig. 1).
EVs have also been reported to possess the capability for

recruiting various types of stem cells scattered throughout
the microenvironment to the sites of tissue injury and facili-
tate their coordination in tissue repair [8, 11, 16, 17]. Once
mobilized stem cells reach the sites of tissue injury, they

Fig. 1 A schematic overview of the role of extracellular vesicles (EVs) in the cellular microenvironment. EV cargo loads may contain a diverse set
of molecules such as growth factors (VEGF, PDGF, FGF), inflammatory mediators (Alix, TNFα, TSG, IL-6, SDF-1), heat shock proteins (HSP90, HSP70),
and microRNAs (mir-21, mir-178)
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themselves can further secrete growth factors and cytokines
in a paracrine manner to mediate the repair of damaged tis-
sues and promote further wound healing [17–19]. Evidence
suggests that stem cells migrate to the sites of tissue dam-
age by following a chemo-attractant gradient and, once
there, make connections with damaged cells to create
replacement cells and complementary tertiary cells for tis-
sue regeneration [1, 20–22]. Studies have shown stem cell-
derived EVs to possess diverse capabilities including, but
not limited to, educating bone marrow cells towards
self-renewal [3, 23], regenerating skin following burn
injury [2, 24, 25], inducing quiescent endothelial cells
towards angiogenesis [2, 26–28], and influencing down-
stream phenotype differentiation of recruited stem cells.
Since the discovery of the immunomodulatory and re-

generative properties of EVs, numerous animal models
have demonstrated evidence of the important roles that
stem cells and stem cell-derived EVs play in the treat-
ment of a diverse array of diseases including, but not
limited to, cardiac damage, arthritis, bone deformity,
muscle degeneration, brain injuries, and cancer im-
munotherapy [12, 13, 29–31]. Of particular importance,

numerous studies have shown the efficacy of stem cell-
derived EVs for limiting infarct size and improving heart
function following acute myocardial ischemic events as
well as their efficaciousness in treating a variety of muscu-
loskeletal insults as varied as bone and spinal disc injuries,
and muscular degeneration [25, 32–35], highlighting the
enormous potential for using stem cell-derived EVs for
improving recovery following complex surgeries involving
these tissues [25, 32–35] (Fig. 1).
Microenvironmental immunomodulatory effects are not

only limited to EVs derived from mesenchymal stem cells
but also involve those derived from stem cells coming from a
diverse array of lineages. Recently, Oh and Jeon described
the capability of transplanted neural stem cell-derived small
EVs (NSC-sEVs) in reducing the extent of spinal cord injury
via their effects on the microenvironment by decreasing
neuronal apoptosis and neuroinflammation, while promoting
autophagy of already-damaged tissues following the sentinel
event, which led to an overall improvement in functional
neuronal recovery [36]. EVs derived from induced pluripo-
tent stem cells (iPSC) have also been shown to be isolatable
for providing a therapeutic iPSC-based platform without

Fig. 2 Schematic of interactions between EVs, stem cells, and cancer cells in the process of oncogenesis, and the differential bioengineering
applications of EVs and stem cells for effecting anti-oncogenic activity
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incurring the normal risks associated with iPSC therapy such
as the risk for tumorigenicity [37]. Additionally, by
virtue of their pleiotropic signaling effects, EVs have
also been shown to possess the capability of convert-
ing hematopoetic stem cells into liver cells, and bone
marrow stem cells into lung cells [10, 23, 25].
Given their role in recruiting stem cells, modulating in-

flammatory responses, and catalyzing tissue repair, EVs
represent a promising novel class of therapeutic agents
that may be utilized by themselves for delivery of thera-
peutic cargo or as adjunctive agents for enhancing stem
cell transplantation therapy at the sites of injury [11, 25].

Extracellular vesicle and stem cell involvement in cancer
growth and signaling
Tumors release various cytokines, growth factors, and
inflammatory mediators that modulate immune re-
sponses in the surrounding tissue microenvironment
[13, 15, 38]. These signals attract EVs and cells along a
chemo-attractant gradient towards the site of the tumor
[38, 39]. For example, directed migration and incorpor-
ation of EVs in metastatic tumors has been readily
observed in tumors as varied as breast cancer, prostate
cancer, and brain cancer, supporting the theory of EV-
tumor tropism [38, 39]. The function of EVs in the

Fig. 3 A schematic illustration demonstrating the diverse array of approaches available in EV engineering for enhancing effective therapeutic
cargo and drug delivery in the treatment of cancer. These approaches include but are not limited to membrane surface antigen modifications,
genetic modification of parental cells, chemical modification of EVs, sensor probe conjugation with EVs, conjugation of anti-tumor enzymes and
proteins, and EV synthetic modifications
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tumor niche appears complicated and ambiguous due to
contradictory results from different studies in different can-
cer cell lines. For example, increasing evidence has indi-
cated that EVs exert both stimulatory and inhibitory effects
in mice models of breast, ovarian, lung, and brain cancer
[39, 40], suggesting that EVs can suppress or promote
tumor growth and/or invasion depending on both their
interactive behavior with microenvironments of different
tumor subsets and the specific characteristics of their en-
capsulated cargo. Therefore, EVs may be involved in up- or
downregulation of inflammation, immune surveillance, and
metastatic checkpoint monitoring depending on the spe-
cific type or set of interactions between specific subsets of
EVs and the specific tumor setting [13, 18] (Fig. 2).
Although EVs have been described to exhibit both stimu-

latory and inhibitory effects in a variety of cancer cell lines,
they have mainly been described as a stimulator of tumor
growth and progression due to their disruptive effects on
the local inflammatory process and activity for challenging
host immune surveillance activities [13, 38, 41–43]. Limited
evidence have also suggested that EVs have stimulatory
effects not only on cancer cell growth but also on tumor in-
vasion and metastasis as well [39, 41, 43], which is the lead-
ing cause of death and mortality worldwide [43, 44]. Recent
studies have described tumor microenvironmental modifi-
cations by EVs leading to the creation of an atmosphere
more hospitable for progression of metastatic processes
[18, 43, 44] with increasing evidence suggesting that EVs
carry pathogenic proteins, growth factors, microRNA,
and oncogenic factors that promote cancer spreading
[39, 41, 43] (Fig. 2).
Although it is reported that cargo delivery by EV-derived

apoptotic bodies to normal host cells leads to subsequent cell
cycle arrest [39, 40, 45], cancer cells on the other hand have
been described to utilize EVs for the delivery of pro-
oncogenic factors to meet their ceaseless demand for nutri-
ents and energy necessary for their rapid growth and contin-
ued survival [40, 45]. However, due to their lack of functional
DNAse, Chk2, and defective p53 and p21 tumor suppressor
proteins, cancer cells are conferred immunity against pro-
apoptotic bodies [40, 45], while simultaneously highjacking
the remaining functions of the EVs cargo delivery system for
promoting their own growth and survival (Fig. 2). Due to
these pro-oncogenic factors, a better and more detailed un-
derstanding of the tumor cell-EV interaction profile would
help elucidate a more comprehensive understanding of can-
cer biology in the future and would provide a reasonable lead
for developing a stem cell-based EV delivery platform for tar-
geting cancer growth and metastasis.

Bioengineered stem cell-derived EVs—a novel approach
for cancer therapy
One important property of EVs is their strong tropism
for migrating towards oncologic sites. This property

makes them potentially valuable cellular vehicles for the
delivery of therapeutic cargo involved in regulating a
multitude of cancer signaling pathways [15, 39, 45]. Due
to their oncotropic properties, several studies have iden-
tified EV-based therapies as a potential candidate plat-
form amenable to bioengineering for targeting cancer
growth and metastasis [38, 39, 43]. Administration of
EVs transduced with anti-tumor therapeutic genes have
already been described to decrease tumor growth size and
limit metastasis in certain experimental models [18, 45],
further supporting previously observed findings demon-
strating the efficacy of local injection of genetically bioen-
gineered EVs for suppressing metastasis in mice with
resistant tumors [46, 47] (Figs. 2 and 3).
Positive oncolytic effects have also been demonstrated by

EVs released from stem cells [39, 47]. Numerous studies
have described stem cell-derived EVs loaded with exogen-
ous anti-tumor enzymes, and then subsequently activated
with a pro-drug, to successfully toxify and kill cancer cells
[45–47]. Thus, stem cell-derived EVs have been proposed
as an attractive transportation platform for the delivery of
anti-tumor agents to especially difficult-to-reach locations,
such as across the blood-brain barrier (BBB) for the treat-
ment of intracerebral lesions [38, 44, 48]. In fact, bioengi-
neered EVs have already been described to prevent brain
tumor metastasis by trafficking anti-tumor proteins across
the BBB towards remaining diseased portions of the brain
parenchyma status post surgery of incompletely resected
brain tumors [46, 49]. Similar studies using HCC1806, a
more resistant and aggressive model of breast carcinoma in
nude mice, also demonstrated a significant reduction in
tumor burden following administration of bioengineered
EVs [46, 49] (Fig. 2). Further investigation can thus reveal
the potential for bioengineered stem cell-derived EVs to be-
come a powerful transportation tool for treating cancer.
Despite the challenges and controversies surrounding

stem cells, stem cell-derived EVs hold enormous potential
as targets for cancer-related research and bioengineering
in the development of oncologic treatment options. Gen-
etically engineered EVs have already led to durable and
reproduceable improvements in cancer therapy and drug
delivery in select models [24, 44], with further advances
poised to introduce new therapeutic proteins and epitope
targets to the field [1, 24] (Fig. 2). Furthermore, the cap-
ability for in vitro maintenance of stem cell-derived EVs in
the laboratory setting allows for the expedient screening
of new EV-encapsulated drugs in determining their phar-
macokinetic and pharmacodynamic properties prior to
their translation into in vivo models. Further understand-
ing of the interactions between cancer and stem cell-
derived EVs remains a promising topic for developing a
new generation of effective cancer treatment options cen-
tered around a platform involving stem cell-derived EV-
based delivery therapies.
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Differential approaches for EV bioengineering in the
development of advanced targeted cancer therapeutics
Engineered EVs have gained significant attention as a
potential new platform in the development of a new
generation of cancer immunotherapeutics [50, 51]. Strat-
egies for EV modification are varied and can involve
either modifications of parental cells or of EVs directly
[51]. In the parental cellular modification approach, vec-
tors can be used for inducing the expression of select
proteins or noncoding RNA in progenitor cells [46, 52].
These modified parental cells can then package the
newly expressed proteins into EVs for targeted export
throughout the microenvironment [52]. Small interfering
RNAs (siRNAs), drugs, and other small molecules can also
be internalized into source cells in a similar manner and
be released from parental cells via exocytosis [42, 46]. Al-
ternatively, siRNAs, drugs, and small molecules can be
targeted to EVs directly via genetic, metabolic, or surface
molecular engineering methods [53, 54]. Direct EV modi-
fication can involve direct permeabilization of the EV
membrane for the uptake of small molecules [52, 55] as
well as surface modifications. EV surface modification can
be achieved via biochemical means for a diverse array of
molecules including, but not limited to, tumor-killing pro-
teins and conjugation mediators, such as carbodiimides,
which enable EV surface conjugation of chemotherapeutic
molecules and specific siRNAs [53, 56] for targeted onco-
logic therapy (Fig. 3) (Table 1).
In addition to the traditional methods of EV bioengin-

eering, the advent of new technologies is rapidly expand-
ing the methods by which EVs can be synthesized and
modified for targeted cancer therapies including the de-
velopment of artificial EVs [51, 58]. Artificial EVs are

semi-synthetic or fully synthetic EVs, which like native-
bioengineered EVs, can also be conjugated via genetic
engineering-based modifications to improve therapeutic
efficacy against cancer [51, 55, 58]. One recent develop-
ment in artificial EV-based therapy is the utilization of
microfluidic-based technology, which provides an effect-
ive platform for antigenic modification, allowing for im-
proved surface engineering of EVs to allow for enhanced
imaging of cancer tissues and also enabling the produc-
tion of intact MHC peptides to facilitate immunologic-
ally based tumor regression [51, 55, 58]. Studies utilizing
microfluidic-based EVs decorated with melanoma tumor
peptides (glycoprotein-100, MART-1, and MAGE-A3) on
the EV surface revealed an enhanced ability for antigen
presentation and T-cell activation [44, 54, 58] [54, 55, 58],
with activation of glycoprotein-100-specific CD8+ T cells
and effective reduction of melanoma tumor volume in mice
[42, 54, 58]. Overall, antigen-specific CD8+ T-cell prolifera-
tion was significantly induced by artificially-engineered EVs
compared to native, non-engineered EVs [54, 58, 60], sup-
porting the idea that microfluidic-based technology has the
potential to serve as an automated and highly-integrated
platform for rapid real-time production of therapeutic EVs
for the advancement of targeted cancer immunotherapy
[55, 60] (Fig. 3) (Table 1).
Bioengineered EVs have demonstrated efficacy for the de-

livery of therapeutic molecules in a diverse array of onco-
logical diseases, including but not limited to brain tumors,
pancreatic cancer, colon carcinoma, breast cancer, and lung
cancer [50, 54, 59]. This increased efficacy is due to the prop-
erty of EV-tumor tropism, which allows for bioengineered
EVs to be used for targeted delivery of therapeutic cargo to-
wards cancerous cells [50, 54]. In general, bioengineered EVs

Table 1 Summary of the different approaches in the engineering of EVs for precision cancer therapeutics

Engineering approach Examples Advantages Disadvantages References

Overexpression of
protein in parent cells

Rabies viral glycoprotein, CD63,
GLUT4, HSPs, BDNF, CD24, EpCAM,
CD3, SMPD2, HIF-1α

Enhanced cargo loading,
efficient delivery, relatively simple,
biocompatible, stable expression

Low transfection efficiency,
contamination of non-
transfected EVs, risk of
genotoxicity

[51, 52,
57]

Antibody/antigen
conjugation

CD9 antibody with Alexa-647,
mCherry, photoreceptor crypto-
chrome 2, Nef-E7 fusion protein

Specific and easy to operate, targeted
delivery, high therapeutic potential

May impair functionality, low
loading efficiency, antigen
immunogenicity

[50, 51, 55,
56]

Modification of surface
proteins

Arg-Gly-Asp (RGD) peptide,
Ac4ManNAz, PDGFR

Easy, effective for delivery, fast and
scalable production, extended half life

Compromise membrane
integrity, may change surface
area

[24, 52, 55,
58]

Synthetic modification EMMPRIN, MHC-I and MHC-II Greater tracking efficiency, high
drug loading efficiency

Toxicity, washing required,
potential deformation of
membrane

[51, 52, 54,
58, 59]

Chemical modification Glypican-1, c(RGDyK) peptides Enhanced fusion efficiency, better
conjugation, stable binding

Toxicity, may impair
functionality, harsh chemicals
involved

[51, 54, 56,
59]

Passive and active
loading (sonication,
incubation,
electroporation)

Paclitaxel, imatinib, siRNA,
doxorubicin

Simple, intact membrane, quick and
efficient, simple protocol,
chemical free

Aggregation, slow passive
loading, low efficiency,
untargeted release of drugs

[51, 52,
54–57]
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divert cargo traffic away from non-cancerous tissues and
towards cancerous tissues, and additionally enhance cellular
uptake of diverted cargo [5, 42, 56]. Examples of the efficacy
of this property have been demonstrated in multiple
experiments including in a study involving rabies viral
glycoprotein-modified EVs which were described to
direct cargo traffic towards tumor tissues for the
unloading of anti-tumor proteins [50, 51, 54]. Modified
EVs expressing surface folate receptor-α were also de-
scribed to preferentially-direct cargo towards brain cells,
suggesting the potential for utilizing EVs for targeting
brain tumors across the BBB [42, 48, 51]. In addition to
surface-tagging, numerous studies have also demonstrated
the anti-cancer efficacy of bioengineered EVs via intra-
membranous loading with chemotherapeutic agents such
as doxorubicin, 5-flurouracil, paclitaxel; or siRNA such as
miR-134, anti-miR-503, miR-143 for reducing tumor
growth [54, 56, 57, 59]. For example, intravenous injection
of EVs loaded with doxorubicin via electroporation dem-
onstrated a marked inhibitory effect on tumor cell growth
[54, 56] (Fig. 3) (Table 1).
Apart from pure therapeutics, bioengineered EVs can

also be used for diagnostic visualization of oncologic
regions-of-interest, as demonstrated by in vivo tracking
of EV-conjugated with near-infrared dye Xenolight DiR
(1,1′-dioctadecyltetramethyl indotricarbocyanine iodide)
following intravenous injection into tumor bearing mice
[57] (Fig. 3) (Table 1).
It is well-known that EVs transport antigens loaded onto

MHC class I and II complexes, and stimulate immune re-
sponses in relation to cancer prevention and homeostasis
[50, 51, 58]. However, bioengineered EVs have a number of
distinct advantages over native naïve EVs when it comes to
cancer immunotherapy [54, 57, 58]. Bioengineered EVs can
be designed to enhance the display of T-cell epitopes by in-
ducing high-stability peptide-MHC-II complexes during
targeted trafficking towards tumor regions [44, 50, 54, 58].
Enhanced tumor presentation of antigens by bioengineered
EVs may stimulate T cells to attack tumors and lead to a
correspondingly more aggressive anti-tumor immunologic
response [42, 50]. Recently, several studies have described
the enhanced immunologic phenomenon of bioengineered
EVs in cancer therapy, demonstrating stronger CD8+ cyto-
toxic responses and anti-tumor immunity [42, 57] as well
as promoting natural-killer cell activation and proliferation
which was correlated to tumor regression [54, 56, 57].
Bioengineered EVs can also be pre-emptively loaded with
viral or bacterial antigens for targeted activation of the im-
mune system to fight against cancer. For example, dendritic
cell-derived EVs loaded with viral antigens have demon-
strated the capability for activating a CD8+ T-cell-mediated
anti-tumor immunological response [43, 59, 61], while an-
other study demonstrated the capability of bioengineered
EVs conjugated to bacterial and viral antigens for activating

macrophage and T-cell-mediated cytotoxic immune re-
sponses against cancer cells as well [57, 59, 60]. Addition-
ally, unlike native EVs, bioengineered EVs would not
contain any pro-oncologic growth factors that could
be delivered to the tumor microenvironment due to
the basis that they are engineered in a specific con-
trolled environment.
In an alternative approach to bioengineering EVs for

cancer immunotherapy, anti-tumor proteins can also be
conjugated directly onto the membranes of EVs [54, 57].
For example, programmed death-ligand 1 (PD-L1) and
tumor necrosis factor-related apoptosis-inducing ligand
(TRAIL) engineered onto the surface of EVs demon-
strated the ability to suppress tumor growth via CD8+
T-cell activation [51, 54, 61]. EVs can also be engineered
to express microRNA Let-7a and GE11, a peptide that
targets and binds to the epidermal growth factor recep-
tor, which is displayed on a number of tumors of epithe-
lial origin [50, 51, 56, 57]. Additionally, conjugation of
CD147 onto the surface of EV membranes demonstrated
a marked reduction of colorectal cancer in treated patients
and presents as a promising potential EV-mediated immu-
notherapeutic cancer treatment option [51, 55, 56]. Simi-
larly, EV membrane surfaces modified with EpCAM and
CD24 demonstrate promising diagnostic and immuno-
therapeutic potential for ovarian cancer and deserve fur-
ther future investigation as well [55, 57].

Technical challenges
Despite the promising potential of bioengineered EVs,
limitations to their development and utilization as thera-
peutic tools exist [51, 55]. These limitations include the
possible precipitation of unexpected and undesired im-
mune reactions, poor packaging efficiency of EVs, low
stability, and high toxicity [54, 55, 58]. These challenges
suggest a need for the development of artificial EVs that
are more immunologically inert and with greater stabil-
ity [50, 58]. However, since the synthetic design of engi-
neered EVs depends wholly on their specific purpose of
use, there is no one perfect protocol for EVs synthesis,
and novel combinations of synthetic techniques could
even possibly offer new insights and broaden the field of
EV bioengineering [50]. Another technical challenge of
bioengineered EVs is the fact that they are not well char-
acterized due to their heterogenic nature, making it diffi-
cult to optimize dosages for human patient treatments
[50, 51]. Additionally, many currently available EV bio-
engineering approaches, such as parental cellular trans-
fection, suffer from poor yield, contamination, low
purity, and high time-consuming operations [54, 57, 58].
Before bioengineered EVs can become a therapeutic

reality, there is a need for improvements and standards
within the currently available framework. Bioengineered
EVs should be well characterized, a set of protocols
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should be developed and standardized, production of
high-quality clinical grade EVs should be upscaled, and
loading efficiency of therapeutic cargo should be im-
proved. In order to facilitate the establishment of these
necessary standards while making EVs therapy attainable
for the public, there necessitates the availability of effi-
cient and cost-effective technologies such as mass pro-
duction of microfluidic systems in order to generate EVs
with consistent characteristics and in sufficient quan-
tities for clinical trials. Additionally, there is a need for
greater understanding of the role of EVs in both path-
ology and in normal tissue, so that the risk of adverse
and nosocomial side-effects can be properly assessed
prior to the clinical administration of bioengineered EV
therapy. The need for greater understanding is especially
true regarding EVs crossing the blood-brain barrier, as
there is very limited mechanistic knowledge about that
specific application [50, 54]. Lastly, long-term safety and
therapeutic effects of bioengineered EVs will be difficult
to predict and should be assessed with long-term follow-
up studies.

Conclusions
EVs present a tremendous new opportunity in medicine
for the development of a biologically based therapeutic
platform for targeted drug, small molecular, and gene de-
livery [1, 11, 62]. Despite the enormous therapeutic poten-
tial of EV-based therapies, there is still much debate over
the process of their purification, isolation, recovery, and
interactive biology [5, 8]. Other open topics of discussion
currently limiting the use of EVs in the clinical setting in-
clude (1) lack of an optimized EV production mechanism,
(2) lack of an optimized visualizable platform for tracking
and gauging EVs activity in vivo, (3) non-standardized
purification and tagging protocols for the exploration of
mechanistic release studies, (4) the undetermined native
cargo of diverse arrays of EVs and their non-standardized
potential for drug, small molecular, and gene loading, and
(5) the undetermined exact mechanism of cargo delivery
and incorporation into recipient cells. Further technical
challenges include the determination of appropriate in-
struments and suitable cell culture media, standardization
of methods for purification, recovery and characterization
of purified EVs, and effective EV storage methods. Despite
these challenges, however, EV engineering still presents as
a tremendous opportunity for the development of an anti-
oncologic platform. Due to the rapid advancement and in-
tegration of novel approaches in EV bioengineering, a
more detailed understanding of the tumor-EV interaction
profile would help elucidate a more comprehensive under-
standing of cancer biology overall and would provide both
a promising and reasonable lead for developing a future
stem cell-based EV delivery platform for targeting cancer
proliferation and metastasis.
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