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Bioprinting of exosomes: Prospects and
challenges for clinical applications
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Pandorum Technologies Private Limited, Bangalore Bioinnovation Centre, Electronic City Phase
Bengaluru, Karnataka, India

Abstract

Three-dimensional bioprinting (3DBP) is an additive manufacturing technique that
has emerged as a promising strategy for the fabrication of scaffolds, which can suc-
cessfully recapitulate the architectural, biochemical, and physical cues of target tis-
sues. More importantly, 3DBP offers fine spatiotemporal control and high submicron
scale resolution, which can be leveraged for the incorporation and directional gra-
dient release of single or multiple biomimetic cues, including cell-derived exosomes
(EXOs). EXOs are extracellular vesicles that originate from the endosomal compart-
ment of various cell types, with sizes ranging from 30 t0120 nm. They act as cell medi-
ators and contain discrete cell constituents, including growth factors, cytokines, lipid
moieties, nucleic acids, metabolites, and cell surface markers, depending on the cell
type. Essentially, owing to their therapeutic potential, EXOs derived from mesenchy-
mal stem cells (MSCs) have been recently investigated in several clinical trials for the
treatment of various conditions, including cancer, diabetes, dry eyes, periodontitis,
and acute ischemic stroke. The 3DBP strategy of EXOs is especially useful in tissue
engineering and regenerative medicine applications, as tissues can be biofabricat-
ed to closely mimic the complex microarchitecture and developmental profiles of
native heterogeneous tissues for restoring biological functions. Moreover, EXOs can
be manipulated to carry exogenous cargo such as genes or proteins of therapeutic
interest, confer multifunctional attributes, and further enhance their tissue regenera-
tive potential. However, significant challenges, including the selection of appropriate
bioink, pattern resolution, engineering-defined exosomal gradient, spatial presen-
tation and modulation of EXO release kinetics, as well as EXO stability and storage
conditions, must be addressed for the successful translation of therapeutic grade
EXOs to clinical settings. In this review, we highlight the recent advances and offer
future perspectives on the bioprinting of EXOs as regenerative biotherapeutics for
the fabrication of complex heterogeneous tissues that are suitable for clinical trans-
plantation.

Keywords: Exosomes; 3D bioprinting; Bioink; Tissue engineering

1. Introduction to exosomes

Cell-secreted lipid-bound extracellular vesicles can be classified into three subtypes,
including exosomes (EXOs), microvesicles, and apoptotic bodies, each of which have
their own unique set of characteristics based on their biogenesis, release pathways, size,

Volume 9 Issue 2 (2023)

453 https://doi.org/10.18063/ijb.690


https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

International Journal of Bioprinting

Bioprinting of exosomes

content, and function. The biogenesis of EXOs occurs
through a series of events that is initiated through the
formation of primary endocytic vesicles facilitated by the
inward budding of the plasma membrane®. The fusion
of multiple endocytic vesicles results in the formation of
early endosomes that mature into late endosomes and
eventually multivesicular bodies (MVBs), which are
subsequently released into the extracellular space!®. EXOs
have been found to play a significant role in intercellular
communication®’ and a wide gamut of physiological
processes, including tissue repair**, maintenance of stem
cell phenotype!®, immune response’), and pathological
processes, such as cardiovascular disease®, ocular
conditions", neurodegeneration”, and autoimmune
disorders!""'2. Over the past decade, EXOs have garnered
widespread attention as emerging diagnostic biomarkers
of diseases? and as potential cell-free nanotherapeutics for
the treatment of various pathological conditions!*'4],

EXOs have long served as novel biomarkers in clinical
diagnostics on account of their contents, including proteins
and nucleic acids, such as deoxyribonucleic acid (DNA),
messenger ribonucleic acids (mRNAs), and microRNAs
(miRNAs), which serve as reliable predictors of disease
progression?. Studies have shown that in certain types of
cancers, tumor cells release EXOs at a significantly higher
amount compared to normal cells!>'. Moreover, the
exosomal cargo released by unhealthy cells possesses a
unique expression signature that is specific to a particular
pathological condition”. Owing to this distinctive
attribute, EXOs have been widely considered crucial for
clinical diagnosis of various pathological conditions,
including cancer and other neurodegenerative, infectious,

and metabolic diseases!".. More recently, EXOs have also
shown great potential as regenerative biotherapeutics™**,
immunomodulatory factors"®”), and drug delivery
vehicles®™ due to their unparalleled ability for intracellular
crosstalk. For example, EXOs derived from cardiac progenitor
cells have been shown to modulate gene expression in cardiac
fibroblasts and endothelial cells, exerting a cardioprotective
and pro-angiogenic effect in infarcted hearts in vivol.
In another instance, the internalization of bone marrow
mesenchymal stem cell (BMMSC) EXOs by chondrocytes
harvested from patients with osteoarthritis demonstrated
that tumor necrosis factor-alpha-induced inflammatory
effects were inhibited, while the production of collagen (Col)
IT and proteoglycans (PGs) was upregulated by these cells
in vitro®l. The EXO-mediated transfer of microRNA-23b-
3p that is secreted from mechanically stimulated Schwann
cells has also been shown to promote neurite outgrowth
in vitro and enhance axonal regeneration in a sciatic nerve
injury rat model in vivo??. Furthermore, studies have
revealed that MSC-derived EXOs exert anti-inflammatory
effects by suppressing macrophage activation through the
inhibition of nuclear factor kappa B (NF-kB) signaling
cascade to modulate foreign body responses to implanted
biomaterials in vivo!'®"l. More recently, EXOs have been
engineered to deliver exogenous therapeutic moieties to
recipient cells for use as targeted drug delivery vehicles in
various applications, including cancer®?. Moreover, EXOs
have been investigated as biotherapeutics in numerous
clinical trials for addressing a wide range of conditions!.
Additionally, several companies are actively investigating
clinical grade EXOs for the treatment of various clinical
indications, as presented in Table 1.

Table 1. List of major companies developing therapeutic EXOs for various clinical indications

Company Product Cell source Indication Clinical trial
Aegle Therapeutics AGLE 102 BMMSCs Dystrophic epidermolysis bullosa Phase 1/2a
Exopharm Plexaris Platelets Wound healing Phase 1
United Therapeutics UNEX-42 BMMSCs Bronchopulmonary dysplasia Phase 1
Direct Biologics ExoFlo BMMSCs ARDS Investigational new drug
Organicell Zofin Perinatal COPD, COVID-19, osteoarthritis Phase 1/2
exolL-12 Engineered MSCs Cutaneous T-cell lymphoma Phase 1
Codiak Biosciences exoSTING Solid tumors Phase 1
ex0ASO-STAT6 Myeloid-rich cancers Phase 1
Avalon Globocare AVA-201 Engineered MSCs Oral cancers Phase 1
Evox Therapeutics DeliverEx platform with Engineered MSCs Niemann-Pick disease type C Pre-clinical
transmembrane protein cargo
Ilias Biologics ILB-202 Engineered MSCs Acute inflammatory diseases Phase 1
Capricor CAP-2003 Cardiospheres Duchenne muscular dystrophy Pre-clinical

Abbreviations: ARDS, acute respiratory distress syndrome; BMMSC, bone marrow-derived mesenchymal stem cells; COPD, chronic obstructive pulmo-
nary disease; COVID-19, coronavirus disease 2019; MSC, mesenchymal stem cells.
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2. Exosomes as cell modulators in
regenerative medicine

The therapeutic potential of cell-derived EXOs, which
includes their anti-inflammatory, immunosuppressive,
pro/anti-angiogenic, and anti-fibrotic properties, has been
actively exploited for various applications of regenerative
medicine". For example, Zhang et al. demonstrated that
EXOs can promote the proliferation of dermal fibroblasts
and epidermal keratinocytes, inhibit apoptosis, and activate
the protein kinase B (Akt) pathway to promote cutaneous
wound healing through a rat skin burn model®®!. Shabbir
et al. showed that MSC-EXOs enhanced the migration
of normal adult fibroblasts and diabetic chronic wound
fibroblasts, isolated from a diabetic patient with non-
healing ulcer, in vitro®". EXOs have been found to induce
angiogenesis and activate several key signaling pathways,
suchas Akt,STAT3,and ERK, whichareknowntoinducethe
expression of various growth factors, including hepatocyte
growth factor, insulin growth factor 1, nerve growth factor,
and stromal cell-derived factor 1, all of which are conducive
for wound healing and tissue regeneration. In a similar
study, Geiger et al. demonstrated that fibrocyte-derived
EXOs exhibited pro-angiogenic properties and induced
the migration and proliferation of diabetic keratinocytes
to accelerate wound closure in diabetic mice in vivo®..
Additionally, miRNAs present in secreted EXOs have been
shown to exert cardioprotective effects by enhancing the
functionality of cardiomyocytes, preventing fibrosis, and
promoting angiogenesis in ischemic cardiac muscles after
myocardial infarction (MI)®*l. Wang et al. showed that
subretinal delivery of retinal pigment epithelium-derived
EXOs ameliorated photoreceptor loss and enhanced
visual responsiveness in an N-methyl-N-nitrosourea-
induced mouse model of retinal degeneration™!. Along
similar lines, Yu et al. demonstrated that the intravitreal
administration of MSC-derived EXOs inhibited apoptosis,
suppressed inflammatory responses, and downregulated
monocyte chemoattractant protein-1 (MCP-1) to improve
visual acuity and recovery in a laser-induced retinal injury
mouse model®. Yet, another study revealed that the
intravenous administration of BMMSC EXOs in a focal
cerebral ischemia mouse model improved neurological
functions through long-term neuroprotection and the
induction of angiogenesis®'.

In addition to MSC-derived EXOs, there are mounting
data to suggest that EXOs produced by immune cells
can also be availed for tissue regenerative applications.
For instance, EXOs derived from polarized macrophage
populations can be manipulated to negatively or positively
regulate bone regeneration®. Particularly, EXOs released
from M1 macrophages have been shown to reduce

osteogenic differentiation of MSCs by inhibiting bone
morphogenetic protein (BMP) 2, BMP9, and runt-related
transcription factor 2 (RUNX2) expressions, while EXOs
from M2 macrophages increased osteoconductive gene
expression in MSCs compared to controls®?. Along
similar lines, M2 macrophage-derived EXOs which are
rich in miR-501 have been found to promote myotube
formation in C2C12 cells in vitro and pubococcygeal
muscle regeneration in a stress urinary incontinence
animal model in vivo®l. Additionally, EXOs from M2
macrophages enriched with miR-590-3p have been found
to promote colonic epithelial cell proliferation in a dose-
dependent manner in vitro and improve the wound-
healing ability of epithelial cells upon administration in
a dextran saline sulfate-induced colitis murine model
in vivoP". Likewise, EXOs from B cells have been shown
to regulate bone homeostasis during fracture healing by
inhibiting excessive osteogenic activity in a mouse fracture
model®). There is also evidence showing that EXOs
released from dendritic cells (DCs) and regulatory T cells
play a crucial role in exerting cardioprotective effects
following MI®**l. Another study found that EXOs secreted
from DC mediated CD4* T-cell activation and improved
cardiac function in mice post MIP. Along similar lines,
EXOs produced by regulatory T cells have been found to
inhibit the proinflammatory function of effector T cells®,
induce a tolerogenic phenotype in DCs", and promote
M2 macrophage polarization™!, thereby fostering a
microenvironment conducive for cardiac repair and
regeneration. Furthermore, EXOs released from dendritic
epidermal T cells, which are T cells in the skin that possess
a dendritic-like shape, have been found to promote the
proliferation of epidermal stem cells and accelerate wound
re-epithelialization in a murine excision wound injury
model in vivol*l.

There is a growing line of evidence showing that
EXOs play an active role in extracellular matrix (ECM)
remodeling and in directly influencing cell binding and
migration into tissue matrix*"**.. More specifically, it has
been demonstrated that cells continuously endocytose
ECM molecules and re-secrete them on the exofacial
surface of EXOs!*¥, which confer unique ECM-modulating
properties to EXOs that can be exploited for orchestrating
tissue regeneration and wound healing. In regard to this,
several ECM molecules, including fibronectin (FN),
glycosaminoglycans (GAGs), proteoglycans (PGs),
hyaluronic acid (HA), and enzymes, such as proteases
and glycosidases, have been identified on the exofacial
surface of EXOs!""*. Studies have shown that FN-coated
EXOs, which are involved in the endocytosis of integrin
avB1l-fibronectin complex, interact with heparan sulfate
(HS) PGs on the cell membrane to facilitate EXO uptake™’!
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or bind with cellular integrin receptors to promote
directional cell migration via focal adhesion formation.
Additionally, the binding of FN-coated EXOs with laminin
or Col fibrils in the ECM offers enhanced cell adhesion
dynamics for augmenting cell adhesion and migration**#7,
Likewise, HSPGs have been demonstrated to facilitate the
uptake of EXOs by recipient cells™. Exofacially bound
HA, secreted by BMMSCs, has been shown to contribute
toward ECM reorganization, tissue regeneration, and
the regulation of EXO interactions with target cells*’).
Furthermore, EXO surface-associated enzymes, such as
matrix metalloproteases (MMPs), have been implicated to
facilitate EXO mobility, release immobilized growth factors
and signaling mediators, as well as influence cell migration
within the ECM matrix via regulated matrix degradation®").
With regard to their tissue regenerative potential, BMMSC
EXOs have been demonstrated to negate proteolytic activity
by attenuating MMP2 expression coupled with elevated
expression of tissue inhibitors of MMP1/2 and imparting
elastic matrix regenerative benefits in an abdominal
aorta aneurysm rat model in vivoP'!l. In another study,
adipose MSC (AdAMSC) EXOs reduced MMP1, MMP13,
and ADAMTS-5 (a disintegrin and metalloproteinase
with thrombospondin motif 5) expressions in human
chondrocytes, thereby preserving chondrocyte-rich ECM
and preventing cartilage degeneration®>*l. As another
exemplar, weekly intra-articular injections of EXOs derived
from immortalized human embryonic MSCs promoted
cartilage repair and regeneration through the upregulation
of Col II deposition and GAGs in an osteochondral defect
rat model in vivol®*l.

Despite the favorable effects in different pathological
conditions, one of the main challenges associated with the
systemic delivery of EXOs is their rapid clearance from
the circulation (plasma half-life of 2-4 min) by virtue of
their accumulation in parenchymal organs, such as liver,
lung, and spleen”. Hence, efforts have been made to
facilitate the sustained release of EXOs from implantable
biomaterial scaffolds to improve the bioavailability of
EXOs and enhance their therapeutic outcomes. With
regard to this, Shafei et al. loaded EXOs into alginate
(Alg)-based hydrogel scaffolds to enhance angiogenesis
and Col synthesis as well as to improve wound closure in
a full-thickness wound excision rat model®®. In another
study, Alg scaffolds loaded with human umbilical cord
MSC EXOs were employed to repair bone defects in rats
in vivol. EXOs secreted from cardiomyocyte-derived
induced pluripotent stem cells, which have been loaded
into engineered hydrogel foam that is composed of type I
Col, facilitated cardiac regeneration in infarcted hearts®.
Chen et al. discovered that endothelial progenitor cell-
derived EXOs from a shear thinning hydrogel, composed of

adamantine and B-cyclodextrin-modified hydroxyapatite,
improved angiogenesis and functionality following MIF.
Shi et al. showed that gingival MSC-derived EXOs loaded
into a silk/chitosan hydrogel were found to improve
wound healing in a diabetic skin defect rat model®. These
studies demonstrated that the controlled release of EXOs
from biomaterial scaffolds could serve as novel therapeutic
platforms for inducing and promoting tissue injury repair
and regeneration in vivo.

3. Three-dimensional bioprinting

Recently, three-dimensional bioprinting (3DBP), an
additive manufacturing technique, has emerged as
a promising strategy for engineering intricate tissue
scaffolds for various biomedical applications®*?. Indeed,
cell-laden gelatin- or fibrin-based bioinks printed
alongside an embedded vasculature, and subsequently
functionalized with endothelial cells to create a perfusable
vascular network within a 3D perfusion chip have been
shown to yield soft heterogeneous tissues at centimeter
scale that can be maintained for long periods of time®¢*],
In this transformative approach, it is quite eminent that
scaffolds can be fabricated through precise layer-by-layer
deposition of materials to yield biologically relevant
constructs with intricate geometries®!. More importantly,
the fine spatiotemporal control and high submicron scale
resolution offered by 3DBP allow for the incorporation and
directional gradient release of single or multiple biomimetic
cues over a sustained period of time, which is amenable
for tissue engineering and the applications of regenerative
medicine!®. This is particularly advantageous, as tissues
biofabricated using this methodology can closely mimic
the physical, biochemical, and complex developmental
profiles of native heterogeneous tissues in vivol*?.

Therefore, biomaterial scaffolds fabricated with
specific growth factor patterns and gradients conducive
for tissue development have been employed through
various bioprinting approaches®!. These approaches have
been investigated for the development of bone, cartilage,
nervous, and vascular tissues® . For example, in order to
mimic the bone and cartilage layers at the osteochondral
interface, a highly porous nanocomposite scaffold
with defined microarchitecture and spatiotemporal
patterning of growth factors has been engineered through
stereolithography technique®. Results have shown that
the fabricated osteochondral scaffold promotes human
bone marrow-derived MSC attachment and proliferation,
but more importantly, induces chondrogenic and
osteogenic differentiation of seeded MSCs in vitro. In
addition, the differentiated cells significantly upregulated
glycosaminoglycan production, Col II synthesis, and
calcium deposition compared to the control samples.
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In another study, therapeutic growth factors,
vascular endothelial growth factor (VEGF), and bone
morphogenetic protein 2 (BMP2) were incorporated
as spatiotemporally defined patterns in implants using
extrusion-based bioprinting for simultaneous induction of
angiogenesis and osteogenesis'®’. The results demonstrated
that implants with distinct spatial presentation of VEGF
promoted an increase in vessel invasion compared to
implants that have been homogenously loaded with VEGE.
Furthermore, bioprinted implants with both spatial VEGF
gradients and defined BMP2 localization accelerated bone
defect healing with minimal heterotopic bone formation,
suggesting that spatiotemporally defined growth factor
delivery can be employed for the regeneration of large
bone defects in vivo. In a different study, extrusion-
based 3D-printed scaffolds with physical (microgrooves)
and biochemical (spatiotemporal gradients of nerve
growth factor and glial cell line-derived neurotrophic
factor) cues were employed to provide axonal guidance
and  chemoattractant/chemokinetic =~ function  for
neuroregeneration!®®. In a rat model of nerve injury, the
3D-printed scaffolds facilitated nerve regeneration across a
10-mm nerve gap and demonstrated functional restoration
of the regenerated nerve 12 weeks after implantation
in vivo.

Concurrently, these studies show the potential of 3DBP
as a promising methodology for spatiotemporal patterning
of growth factors, cell modulators, and therapeutic moieties
to tightly regulate tissue development for engineering
complex functional tissues for tissue transplantation or
drug screening applications.

4, Bioprinting of exosomes for regenerative
therapy

Although gradient patterning of growth factors offers
biomimetic path-specific biochemical cues for tightly
regulated tissue regeneration, the supraphysiological
release of protein therapeutics has been shown to induce
adverse effects without significant therapeutic benefits.
For instance, major adverse events such as heterotopic
ossification, osteolysis, infection, and cancer have been
implicated with INFUSE® bone graft, which consists of a
Col sponge, loaded with recombinant human BMP2(7],
Alternatively, directional gradient release of EXOs at the
target site can be availed to modulate tissue regeneration
and function. The advantages of employing EXOs over
recombinant therapeutic growth factor (GF) proteins are
multifold. As EXOs are naturally produced in the body,
they possess unique membrane proteins that facilitate
the internalization by recipient cells”!. Furthermore, as
EXOs are native to the body, they are associated with low
immune responses and thus safe even at high dosages for

clinical applications”?l. Moreover, as EXOs directly activate
signaling processes to regulate cell function via the gene
transcription machinery, they act upstream of protein
synthesis"”), and thus can be leveraged to modulate tissue
repair and regeneration. With the above considerations,
the 3DBP of cell-derived EXOs offers great potential
in the engineering of implantable constructs for the
localized delivery of EXO-based therapeutics with precise
spatiotemporal control.

As a proof-of-concept model, EXOs have been
incorporated in a bioink to engineer scaffolds with spatially
well-defined patterns for promoting cell differentiation
in vitro”#, With regard to that, EXOs derived from different
macrophage subsets have been incorporated into scaffolds
fabricated via inkjet-based bioprinting, and their influence
on C2Cl12 mouse myoblasts has been investigated!”*.
In order to facilitate the bioprinting process, glycerol
was used as an additive in the bioink to reduce EXO
agglomeration, increase the viscosity of the bioink, and
also serve as a humectant to reduce solvent evaporation
at the tip of the nozzle. Cellular uptake studies showed
that fluorescently labeled ECM-bound EXOs were readily
taken up by C2C12 cells within 15 min, suggesting that a
bioprinted solid-phase ECM environment did not affect
EXO membrane integrity for effective delivery of cargo
into the cell cytoplasm. More importantly, ECM-bound
EXOs derived from proinflammatory M1 macrophages
demonstrated spatial inhibition of myogenesis, whereas
EXOs from pro-regenerative M2 macrophages promoted a
microenvironment that spatially induced myogenesis in a
dose-dependent manner in vitro. These results corroborate
the evidence showing the compatibility of 3DBP with
EXOs and the potential use of the spatially defined patterns
of EXOs to spatially trigger intended biological functions.

In another study, BMMSC EXOs were incorporated
in a decellularized cartilage ECM/gelatin methacrylate
bioink and 3D printed using the dynamic projection
stereolithography technique to yield EXO-functionalized
scaffolds”. The final bioprinted structure, which
possessed radially oriented channels to promote cartilage
repair and regeneration, was crosslinked in the presence
of a photoinitiator, lithium acylphosphinate, and 405-nm
wavelength visible light”. Subsequent implantation of
these scaffolds in a rabbit osteochondral defect model
demonstrated that the EXOs released from the bioprinted
scaffolds rescued cartilage mitochondrial dysfunction,
promoted chondrocyte migration, and supported
M2 macrophage polarization, thereby facilitating the
regeneration of cartilage in vivo”. Although this study
did not aim to spatially distribute EXOs in the bioprinted
structure, it provided evidence that the 3DBP of cell-
derived EXOs can be used for tissue regeneration.
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In a different approach, engineered gene-activated
EXOs were grafted onto acellular 3D-printed porous
polycaprolactone (PCL)-based scaffolds for vascularized
bone remodeling in vivo”. More specifically, the gene
encoded for VEGF protein was exogenously loaded into
EXOs derived from chondrogenic progenitor cell line
ATDCS and anchored onto the surface of PCL scaffolds
fabricated viaextrusion-based bioprinting throughaflexible
linker to confer dual functions: induction of osteogenic
differentiation and promotion of vascularization in vivo.
Surface modification was carried out on the 3D-printed
PCL scaffolds using 10% 1,6-hexanediamine solution to
yield amino group-coated scaffolds, to which an exosomal
anchor peptide, CP05, was covalently tethered via EDC/
NHS  (1-(3-dimethylaminopropyl)-3-ethylcarbonamide
hydrochloride/n-hydroxysuccinimide) chemistry with a
graft efficiency of approximately 27%. Finally, the CP05-
modified PCL scaffolds were incubated with EXOs carrying
the VEGF plasmid DNA to engineer EXO-activated PCL
bone scaffolds. Micro-computed tomography data showed
that the EXO-activated PCL scaffolds demonstrated
evidence of newly-formed bone that had integrated well
with the native bone tissue 12 weeks after implantation
in a rat radial defect model. Additionally, hematoxylin
and eosin staining confirmed the presence of newly-
formed blood vessels, while immunofluorescence staining
demonstrated a positive staining for the angiogenic marker
CD31. These findings suggest that there is potential use of
functional-engineered EXOs tethered to well-designed
acellular scaffolds in the treatment of segmental bone
defects.

In a different strategy, lyosecretome, a freeze-dried
formulation of MSC secretome that is known to contain
EXOs and secreted proteins, directly adsorbed onto the
surfaces of 3D-printed PCL scaffolds or incorporated in an
Alg bioink and co-printed along with PCL was evaluated as
apotential scaffold prototype for bone tissue engineering!””.
In this study, AAMSCs harvested from the adipose tissues
of humans were employed, and a cryoprotectant, mannitol,
was added to the conditioned media prior to the freeze-
drying process to preserve the integrity of EXO and stabilize
the secreted proteins. A rapid release of EXOs and proteins
was observed from PCL scaffolds employing the adsorption
approach, while a controlled release of EXOs and proteins
was observed in composite scaffolds composed of PCL and
alginate hydrogel. In addition, the release of these bioactive
factors can be fine-tuned by altering the composition and
crosslinking density of the Alg hydrogel.

Cumulatively, results from these studies (Table 2)
indicate that EXOs immobilized in a solid-phase bioink
ECM environment or surface-functionalized onto
bioprinted scaffolds maintain physical integrity and

Table 2. List of studies combining bioprinting with EXOs for potential tissue regenerative applications

Potential Ref.

Model

Exosome function

Exosome

Bioprinting tech-

nique

Exogenous Bioink

cargo

Bioactive factor

application

presentation

composition

Not

[74]

Skeletal myogenesis

In vitro

M1 EXOs: spatial inhibition of

myogenesis

Spatial distribu-

tion

Inkjet

Macrophage-derived

EXOs

mentioned

M2 EXOs: spatial promotion of

myogenesis

[75]

Cartilage repair and
regeneration

In vivo

Homogenous bulk  Restore chondrocyte mito-

distribution

Stereolithography

Gelatin methacry-

BMMSC EXOs

Rabbit osteo-

chondrial dysfunction

late/decellularized
porcine cartilage

chondral defect

Enhance chondrocyte migra-

[76]
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Figure 1. Bioprinting of cell-derived exosomes for tissue engineering and regenerative medicine applications. (A) Homogenous distribution of EXOs in
bioprinted scaffolds can be used for EXO-mediated tissue regeneration. (B) EXOs localized along the walls of bioprinted scaffolds can be availed to pro-
mote immunomodulation and mitigate fibrosis at the host graft interface to improve implant outcomes following transplantation. (C) EXOs incorporated
in well-defined spatiotemporal patterns can be employed for guided angiogenesis and neurogenesis to yield maturated biofabricated tissues ex vivo. (D)
Gradient distribution and controlled release of multiple EXO types from bioprinted scaffold can be utilized for the guided development of heterogeneous
tissues ex vivo.

retain biological activity, thus showing potentiality for the regenerative microenvironment in vivo. As a case in point,
fabrication of implantable constructs that could modulate EXOs that are homogenously distributed inside bioprinted
immune responses or stimulate tissue regeneration upon scaffolds can be exploited for controlled release applications
transplantation in vivo. Furthermore, the results also to mediate tissue regeneration (Figure 1A), while EXOs
demonstrated that EXOs can be efficiently manipulated that are localized to the walls of bioprinted scaffolds can be
to carry exogenous cargo, such as genes or proteins of availed to help promote immunomodulation and mitigate
therapeutic interest, and bestow multifunctional attributes fibrosis at the host-graft interface, so as to improve
to further enhance and augment their tissue regenerative implant outcomes after transplantation (Figure 1B).
potential. Likewise, bioprinted scaffolds incorporating EXOs in
well-defined spatiotemporal patterns can be employed for

Additionally, 3DBP can be used for the fabrication of guided angiogenesis and neurogenesis to yield maturated,
complex heterogeneous tissues that are suitable for clinical functionally relevant biofabricated tissues with agreeable
transplantation via spatial representation of EXOs for the neovascularization ex vivo (Figure 1C). These engineered
induction and promotion of a controlled targeted tissue tissues can then be easily integrated and anastomosed with
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host vasculature upon transplantation in vivo. Moreover,
the gradient distribution and controlled release of multiple
EXO types from bioprinted scaffold encapsulating various
cell types can be utilized for the guided development of
heterogeneous tissues in numerous regenerative medicine
applications (Figure 1D). However, one important aspect
that needs to be considered for the sustained release of
EXOs from bioprinted scaffolds is the dosage of EXOs
at the target site, which should produce the intended
therapeutic effect over a sustained period of time. In this
context, several studies have revealed that the desirable
time course of action for therapeutic EXOs depends on the
end clinical application. To cite an instance, EXOs released
from engineered hydrogels over a duration of 4-21 days
induced angiogenesis, stimulated re-epithelialization, and
promoted wound closure in chronic diabetic wounds”#],
In a similar situation, the sustained release of stem cell- or
progenitor cell-derived EXOs from hydrogel scaffolds over
a period of 21 days promoted myocardial regeneration in
infarcted hearts**%!l,

5. Future perspectives

Bioprinting presents a unique opportunity to spatially and
temporally pattern cell-derived EXOs at high resolution
for engineering biologically relevant tissues. Additionally,
this approach yields scaffolds with gradient release profiles
of different exosomal types that can be used for the
synchronized development of complex tissues composed
of various cell types. This is critical for the fabrication
of heterogeneous tissues with desired phenotype and
function. However, despite the promising potential of
3DBP, there are several challenges to be addressed in
printing EXO-laden bioink formulations to form scaffolds
for tissue engineering applications. Firstly, the appropriate
selection of bioprinting technique is crucial for the optimal
bioprinting of EXOs. For instance, 3DBP approaches
such as stereolithography and selective laser sintering are
often excluded, as they are associated with high operating
temperatures, hazardous chemical solvents, and extended
use of high-intensity ultraviolet (UV) irradiation™®, all of
which might significantly affect the biological function of
bioprinted EXOs. On the other hand, extrusion, inkjet, or
laser-assisted bioprinting approaches are often employed
for bioprinting of growth factors and cell modulators,
as they are relatively gentle and do not compromise on
the bioactivity of encapsulated biotherapeutics®*®. The
preferred 3DBP technique should be capable of achieving
high printing resolution to systematically create defined
exosomal gradients within the scaffold. This is essential for
the spatial presentation and modulation of different EXO
release kinetics to induce neotissue formation, which can
effectively mimic the complex microarchitecture of native

heterogeneous tissues for the restoration of biological
function. Secondly, the choice of bioink is another
important factor that needs to be considered, as it should
not negatively impact the physical, chemical, or biological
attributes of encapsulated EXOs. The selected bioink
should provide a compatible microenvironment that is
conducive for maintaining the stability and preservation of
the intended biological function of EXOs. For example, the
selection of an appropriate shear thinning bioink is favored
for extrusion-based bioprinting, as it will significantly
reduce the magnitude of shear stresses exerted on EXOs
during the printing process, which might otherwise
adversely affect its biological activity.

From the viewpoint of EXOs, few considerations
remain for successful translation and clinical application of
cell-derived EXOs as regenerative therapeutics®®’l. Firstly,
the source of producer cells for EXO production should be
carefully examined because the choice of cells determines
the quantity, functional activity, and target clinical
application of EXOs. For instance, EXOs derived from
corneal stromal stem cells have been shown to be enriched
with anti-angiogenic factors, and thus can be used to
engineer avascular tissues, such as the cornea®, whereas
EXOs derived from BMMSCs or AdMSCs have been
shown to contain high levels of pro-angiogenic factors that
can be used for vascular tissue repair and regeneration®.
Likewise, MSC-EXOs derived from different tissue sources,
including bone marrow, umbilical cord, menstrual blood,
and chorion, promote neurite outgrowth in varying
degrees®. Furthermore, the age and physiological state of
the cells should also be considered to ensure reproducible
EXO quality (cargo composition) with minimal batch-
to-batch variability. Besides, the choice of the bioreactor
system, be it the stirred tank bioreactor or hollow fiber
bioreactor, plays a crucial role in the large-scale production
of EXOs for clinical use, which is still in its infancy; this
is attributed to the influence of cell culture parameters on
EXO yield and cargo composition!®. Particularly, through
the application of fluid shear stress®®” or hypoxic culture
conditions®, physical stimulation has been shown to
increase EXO quantity and confer enhanced therapeutic
attributes, such as pro-angiogenic, immunomodulatory,
and neuroprotective effects, which are advantageous for
promoting vascularization in tissues in vivo.

Additionally, careful consideration needs to be given
to the isolation, purification, and characterization of
EXOs for the production of clinical grade EXOs. Although
there is no consensus or standardized protocols for these
methods, the International Society of Extracellular Vesicles
has laid out the minimal set of information required for
studies on EXOs!*!. With regard to this, ultracentrifugation
(UC), wherein centrifugal forces of 100,000-200,000 x g
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are imposed on biological culture fluids to separate EXOs,
remains the gold standard for isolation and concentration
of EXOs!**"l. However, this technique is not amenable for
scaled-up manufacturing processes, as it leads to EXO
aggregation and is often characterized by low EXO yield
and purity!®*’. In contrast, tangential flow filtration (TFF),
which involves the use of a permeable membrane filter and
tangential fluid flow to separate and purify biomolecules
of specific sizes, shows potential for large-scale EXO
production, as it has demonstrated consistent production
between batches and an improvement in quality, but
more importantly, it is 100-fold more efficient in isolating
EXOs compared to standard UCP'?. Size-exclusion
chromatography (SEC) is another frequently employed
technique used for EXO purification. It addresses
limitations associated with UC, including the elimination
of protein or cell debris contamination and the prevention
of EXO aggregation. It is also a viable option for large-scale
EXO separation and purification®!. While UC, TFE, and
SEC isolate and purify EXOs based on size and/or density,
these techniques do not inherently possess the ability to
purify specific EXO subpopulations or engineered EXOs
loaded with therapeutic factors'®*.. Hence, immune capture
approaches, such as affinity chromatography that is
suitable for up-scaled production of EXOs, can be availed
for purification of EXO subpopulations or engineered
EXOs**l. However, it should be highlighted that the
elution of intact EXOs is a challenge for chromatography-
based purification methods. No single EXO isolation/
purification step has been proven efficient; hence, a
combination of different isolation/purification techniques
has been employed™. For instance, a combination of TFF
and bind-elute SEC protocols has been demonstrated to be
more effective in purifying EXOs from C2C12 myoblast
cultures compared to a single-step purification technique.
Along similar lines, the TFF-SEC combination method
was shown to be efficient in the isolation of EXOs from
urine®”. More notably, clinical trials employing therapeutic
EXOs routinely utilize a combination of TFF with UC
purification protocols®!. Collectively, these observations
suggest that careful consideration is required for choosing
the ideal combination of protocols for the optimal isolation
and purification of various therapeutic EXOs.

Furthermore, there is a dearth of high-throughput
methodologies to accurately assess EXOs quantitatively
and qualitatively, so as to determine their purity, dosage,
and potency. Nevertheless, rapid advances are being made
with the advent of novel technologies that could accelerate
the clinical translation of exosome-based therapeutics.
Conventional characterization studies that evaluate
the quality of produced EXOs typically include the
determination of particle quantity and concentration using

nanoparticle tracking analysis, visualization of particles by
electron microscopy to determine the size and structure,
quantification of total protein content via bicinchoninic
acid assay, analysis of proteome by mass spectrometry,
and identification of specific positive and negative
exosomal surface markers using immunoblotting and flow
cytometry techniques'**".. In addition, engineered EXOs
need to be assessed quantitatively and qualitatively to
characterize exogenously loaded therapeutic cargo via mass
spectrometry, and their potency must be evaluated using
relevant functional assays!'*.. Furthermore, other exosomal
components that originate from producer cells, such as
nucleic acids, proteins, and lipids, should be thoroughly
investigated to understand and prevent unwarranted issues
associated with immunogenicity, genotoxicity, and/or
carcinogenicity™!. The standardization of these methods
is paramount for establishing safety and efficacy profiles
that are critical for the successful clinical development
and translation of produced EXOs. Hence, the quality
control and acceptance criteria used to assess the quality
and consistency of EXO production should be inherently
based on identity, purity, safety, and efficacy of therapeutic
EXOs!™.

Finally, there is also a lack of understanding on
the impact of storage conditions on EXO stability and
bioactivity!®!. This understanding is imperative to discern
the effects of storage-mediated changes on EXO size,
number, cargo profiles, cellular uptake behavior, and
bioactivity because these attributes inherently define the
therapeutic attributes of produced EXOs. As storage at
4°C affects the biological activity and protein content of
EXOs"!, the current consensus for EXO storage appears
to be -80°Cl'“*I. However, as different EXO types or
subpopulations may demand different storage conditions,
it becomes crucial to optimize the storage conditions for
each EXO-based therapeutic!®!. Furthermore, factors such
as the constituents and pH of storage buffer, number of
freeze-thaw cycles, and storage container material also
play crucial roles, as they may alter the characteristics of
therapeutic EXOs!'™. Recent studies have demonstrated
that the addition of cryoprotectants in EXO storage
formulations, such as the Food and Drug Administration
(FDA)-approved  excipient trehalose, significantly
improves the stability of EXOs!'""!%?. Another promising
approach is the lyophilization of EXOs, which has been
shown to increase the stability and the shelf life of freeze-
dried EXOs!**'%3,

From the regulatory point of view, therapeutic EXOs
need to be manufactured in a current good manufacturing
practice (cGMP) facility in accordance with the adhered
regulations for manufacturing traditional biologics, such
as recombinant proteins and antibodies®. One important
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aspect concerning this is the sterilization of produced EXOs.
As a biological entity, EXOs contain many components,
including nucleic acids, such as DNA, mRNAs, miRNAs,
proteins, lipids, etc., which are not compatible with
conventional steam, radiation, or gas-based sterilization
techniques'®!. These techniques have the propensity to alter
or inactivate the therapeutic cargo, thereby affecting the
safety and efficacy of therapeutic EXOs. The 0.2 pum sterile
filtration technique is the standard technique adopted for
manufacturing EXOs™®!. However, this technique is not
feasible for therapeutic particles bigger than 200 nm or
those that tend to undergo agglomeration. Additionally, for
commercial EXO products, residual protein or DNAs from
producer cells that exist outside EXOs are still considered
to be a component of EXOs, and thus part of the product
itself®”l. Therefore, it is essential to separate these unbound
impurities that might compromise the safety and efficacy
of produced EXOs. Other than that, EXO therapeutics
should be tested for bacterial endotoxins, mycoplasma, and
infectious viral load, including human immunodeficiency
virus I and II, hepatitis B and C viruses, cytomegalovirus,
Epstein-Barr virus, and parvovirus. Finally, as EXOs are
considered to be a new class of drugs, investigators should
engage closely and proactively interact with regulatory
agencies to streamline protocols for the development of
EXO-based therapeutics®.
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