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Abstract Cell-based therapies have been used as promising treatments for several untreatable diseases. However, cell-
based therapies have side effects such as tumorigenesis and immune responses. To overcome these side effects, therapeutic
effects of exosomes have been researched as replacements for cell-based therapies. In addition, exosomes reduced the risk
that can be induced by cell-based therapies. Exosomes contain biomolecules such as proteins, lipids, and nucleic acids that
play an essential role in cell-cell and cell-matrix interactions during biological processes. Since the introduction of
exosomes, those have been proven perpetually as one of the most effective and therapeutic methods for incurable diseases.
Much research has been conducted to enhance the properties of exosomes, including immune regulation, tissue repair, and
regeneration. However, yield rate of exosomes is the critical obstacle that should be overcome for practical cell-free
therapy. Three-dimensional (3D) culture methods are introduced as a breakthrough to get higher production yields of
exosomes. For example, hanging drop and microwell were well known 3D culture methods and easy to use without
invasiveness. However, these methods have limitation in mass production of exosomes. Therefore, a scaffold, spinner flask,
and fiber bioreactor were introduced for mass production of exosomes isolated from various cell types. Furthermore,
exosomes treatments derived from 3D cultured cells showed enhanced cell proliferation, angiogenesis, and immunosup-
pressive properties. This review provides therapeutic applications of exosomes using 3D culture methods.
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1 Introduction

Most cells secrete extracellular vesicles (EVs), these
secreted EVs play an important role in intercellular com-
munication [1]. Exosomes are part of EVs and are wrapped
with a bi-layered lipid membrane with a size distribution of
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identified to be present in exosomes [5]. With these varying
contents, exosomes are secreted into the extracellular space
and regulate cell-cell communication, cell differentiation,
and proliferation, angiogenesis, stress response, and
immune response [5, 6].

Exosomes from various cell types have been treated as a
novel approach for regenerative methods instead of cell-
based therapy. Zhang et al. reported that human umbilical
cord mesenchymal stem cell (UC-MSC)-derived exosomes
significantly promoted re-epithelialization in an in vivo rat
skin burn model, enhancing wound healing [7]. Long et al.
reported that bone marrow mesenchymal stem cell (BM-
MSC)-derived exosomes alleviated chronic hippocampal
dysfunction induced by status epilepticus with reduced
proinflammatory cytokines [8].

Undoubtably, exosomes have therapeutic potential for
incurable diseases. However, exosome production yield
(the amount of exosomes produced per cell and time) is
low (1-4 pg protein/day, 10° cells) compared to the need
for exosomes (100-500 pg per patient) required to perform
clinical trials [9, 10]. To overcome this obstacle, three-
dimensional (3D) culture methods have been investigated
instead of traditional two-dimensional (2D) culture meth-
ods for the extraction of exosomes [11]. 3D culture meth-
ods have been devised to more accurately mimic cell—cell
and cell-matrix interactions in tissues [12]. Although
hanging drop is regarded as a standard method for 3D
culture systems, new approaches have been devised to
overcome limitations such as the limited size of spheroids,
insufficient environment for adhesion, and distribution
imbalance of nutrients and oxygen in the hanging drop
method [13-16]. Various 3D culture methods, including
microarray wells, hydrogels, scaffolds, spinner flasks, and
hollow fiber bioreactors, are used to produce exosomes
with elevated production yield, higher similarity to native
tissues, and upregulated gene expression. These are
remarkable substitutes for traditional 2D cultures for exo-
some extraction (Fig. 1) [11, 17, 18].

To understand the prospective features of exosomes
from 3D culture methods, we reviewed the pros and cons of
various existing 3D culture methods. The effects of exo-
somes on different 3D culture methods are also briefly
discussed. Cell types that can be used as regenerative
medicines are described in relation to target diseases. This
is followed by the enhanced production yield and thera-
peutic effects of exosomes by 3D culture. Finally, we
present the recent perspectives of treatment with 3D culture
exosomes. This review can provide a preview of the
pathway for development of 3D culture methods and
applications for enhanced exosome treatments. In addition,
we provide information on the factors that are upregulated
in exosomes based on their cell types and describe how we
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can use these improved exosomes as regenerative medicine
to treat incurable diseases.

2 3D culture methods for exosome production

To increase production yield of exosomes, several 3D
culture methods have been researched. As previously
explained, the 3D culture method increases cell-cell and
cell-matrix interactions [19] which enhanced exosome
production yield and therapeutic effects of exosomes [20].
In addition, some 3D cultured cells can produce exosomes
in serum-free medium [21]. Considering these advantages,
3D culture is an effective method for extracting exosomes.
Although 3D cultures using a hanging drop method or a
microwell array have been studied, various other 3D cul-
ture methods have been devised to overcome the limita-
tions of hanging drop and microwell array methods and
provide several additional effects of exosomes acquired
from these 3D cultured cells [22]. In addition, methods
using spinner flask and fiber bioreactor have been studied
for the mass production of exosomes and accurate exosome
acquisition.

2.1 Hanging drop method

The hanging drop method is a 3D culture method that uses
a mechanism to gather the cells in the center of a droplet
and then the cells aggregate spontaneously (Fig. 2A). The
hanging drop method has the advantages in forming
spheroids without using any scaffolds or other supportive
structures. Also hanging drop method is relatively simple
and easy to be performed and cost-effective for forming
spheroid compared to other conventional methods. How-
ever, hanging drop method also have several disadvantages
compared to other 3D cell culture methods. For example,
hanging drop method has a relatively low throughput due
to limited production (a spheroid per single droplet). This
means that it can be a time-consuming method to generate
a large number of spheroids for high-throughput production
[23]. Therefore, hanging drop method need further devel-
opment in terms of mass production. Additionally, limited
production yield of the hanging drop method is directly
related to difficulty in exosome extraction and inability in
culture medium exchange [24]. Despite these properties,
there were several studies that produced exosomes using
the hanging drop method. Conventional hanging drop
methods for producing 3D spheroids have been studied to
enhance the therapeutic properties and to promote anti-
inflammatory effects [25]. However, the hanging drop
method has also been used for exosome production
recently due to the benefits of 3D culture. Kim et al. formed
MSC derived 3D spheroids using the hanging drop method
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Fig. 1 Schematic illustration of
exosome production using
various three-dimensional (3D)-
culture methods and cell types.
3D culture systems, such as
hanging drop, microarray,
scaffold etc. achieved enhanced
features of exosomes, including
higher production rate, higher
cell proliferation, angiogenesis,
and immunosuppressive
properties. (biorender.com was
used to create this figure)
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with droplets of 2.5 x 10* MSCs in 35 pl medium for
72 h. Exosome production yield of 3D spheroids formed
using the hanging drop method was approximately twofold
higher than that of the conventional 2D cultured cells [26].
This study explains the mechanism of enhanced exosome
production yield by hypoxic conditions in the central area
of the spheroids. On the other hand, Giusti et al. formed
cancer 3D spheroids using hanging drop methods to mimic
in vivo tumor features [27].

2.2 Microwell array

As previously described, the hanging-drop method is dif-
ficult to handle. In addition, it has limitations in regulating
the spheroid size. However, microwell arrays are suit-
able for generating spheroids of the desired size and shape
(Fig. 2B). In a microwell array, cells are seeded into an
array of small wells (usually ranging from 100 to 500 pm
in diameter) that could be coated with a material that
promotes self-assembling or growth of cells. In addition,
the shape of microwell can be designed to squares, cylin-
ders, hexagons, and etc. as researcher desired [28]. Using a
microwell array for the production of 3D spheroids is
easier than using the hanging drop method and generates a
large number of 3D spheroids due to continuous patterns of
microwells [14]. Using these advantages of microwell
array, Faruqu et al. formed 3D cultured dental pulp
pluripotent-like stem cells using a microwell array that
secrete exosomes under optimal serum-free conditions for

easy exosome extraction [29]. Furthermore, Faruqu et al.
also reported that 3D cultured UC-MSCs using a microwell
array under serum-free condition secreted exosomes
enhancing fibroblast migration and proliferation [21].

2.3 Scaffold

The hanging drop method and microwell arrays are rep-
resentative method for 3D cell culture. However, they have
insufficient microenvironments for providing large adhe-
sion area. 3D cultured spheroids with inadequate adhesion
area can cause cell necrosis or apoptosis in the central part
of the spheroids [15]. Scaffolds can provide a microenvi-
ronment for enhancing cell adhesion that mimics the
in vivo conditions. Compared to 2D cultures, exosomes
produced from 3D cultured MSCs exhibited improvement
in tissue regeneration activity [30]. Spheroids of a certain
size are more vulnerable to cellular and physiological
gradients, but scaffold-based 3D culture methods could
enhance cell-matrix interactions by encouraging cells to be
resistant to cell and physiological gradients. In addition,
exosome production by scaffold-loaded 3D cultured cells
was reported to be enhanced [31]. Various types of scaf-
folds have been applied to exosome production, including
hydrogels and extracellular matrix (ECM) mimetics.
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Fig. 2 Diverse 3D culture methods for exosome production.
A Schematic figure of spheroids using the hanging drop method.
(biorender.com was used to create this figure) B Microwell array
method. Reprinted with permission from Wiley [29]. C Schematic

2.3.1 Hydrogel

Hydrogels are water-swollen and crosslinked polymer
networks that can be tailored to mimic the properties of the
ECM (Fig. 2C). Hydrogel-based 3D cultures provide
abundant adhesion sites and an optimizable ECM for the
cells. Among the hydrogels that can be applied to 3D
culture, photocrosslinkable chitosan hydrogel increases cell
adhesion and provides an appropriate cell culture envi-
ronment [32]. Hydrogels used as a 3D culture method
positively influenced the characterization and biofunction
of cell-derived exosomes due to the optimized 3D
microenvironment. For example, Yu et al. devised a self-
assembling collagen hydrogen that can be used to culture
microscale 3D models. They mixed freeze-dried rat tail
collagen 1 and human periodontal ligament stem cell sus-
pension before being injected into premade molds to form
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figure of hydrogel-based exosome production. (biorender.com was
used to create this figure) D Micro-CT images of the 3D scaffold.
Reprinted with permission from Elsevier [37]

collagen hydrogels. 3D cultured human periodontal liga-
ment stem cells in the hydrogel upregulated the expression
of osteogenesis related genes and proteins. In addition,
their devised collagen hydrogel enhanced exosome pro-
duction yield by 2.5-fold and protein content by 2.9-fold.
[17]. Han et al. reported that a microneedle array patch
using mesenchymal stem cell (MSC)-loaded gelatin
methacryloyl (GelMA)-based hydrogel improved the cell
retention and survival rate, sustained the release of exo-
somes, and improved the function of exosomes that were
derived from 3D cultured cells [33]. It has been also
reported that GelMA-based hydrogel provided the biolog-
ical niches to cultured MSCs. Therefore, MSCs loaded on
GelMA-based hydrogel showed increment in cell stemness
and exosome production yield [34].
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2.3.2 ECM mimetics

ECM mimetics are synthetic materials designed to mimic
the structure and function of the ECM. For example,
nanofibrous scaffolds that mimic the ECM can be produced
by electrospinning polymer blends such as polylactic acid
and polycaprolactone. The fabricated scaffold can be
functionalized by attaching functional ligands to enhance
exosome production yield. These materials can be used to
promote cell attachment and differentiation, as well as
enhance exosome production yield [35]. In addition, syn-
thesized scaffolds can have unique compositions and
structural patterns for certain purposes. For example, mesh-
like scaffolds enhance cell adhesion, proliferation, and the
homogenous distribution of transplanted cells [36]. Several
studies have been conducted using the above advantages of
ECM mimetics. Gao et al. fabricated a hydroxyapatite
scaffold that was 3D-printed (Fig. 2D). The scaffold was a
3D cylinder with 200 pm pores. Exosomes released from
scaffold-based 3D cultured cells showed higher expression
of tetraspanins (CD9 and CD81) and endosomal pathway
proteins (TSG101) than exosomes released from 2D cul-
tured cells [37]. Yang et al. used a 3D graphene scaffold
synthesized by chemical vapor deposition. Synthesized 3D
graphene scaffold exhibited continuous and porous struc-
ture with 100 to 300 pm pore size. The 3D graphene
scaffold had electrical conductivity as well as microscale
topographic features and a porous structure. Therefore,
secreted exosomes exhibited enhanced therapeutic effects
on Alzheimer’s disease mice with their memory and cog-
nitive deficits [38].

Fig. 3 Diverse mass 3D culture A
methods for exosome

production. A Spinner flask-

based 3D culture of cells and
identification of exosome.

Reprinted with permission from
Elsevier [11]. B Photograph of

the hollow fiber bioreactor-

based 3D culture system. ﬁ
Reprinted with permission from

BMC [18]

S
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2.4 Spinner flask

A spinner flask is a 3D cell culture system that uses rotation
to allow cells to aggregate to a supporting matrix. The
spinner flask stirs the medium of the flask to obtain a
uniform distribution of nutrients and oxygen by two side
caps for gas exchange (Fig. 3A). High cell culture yield
and the possibility of mass culture are the advantages of
this culture system. However, shear stress generated by
spinning can cause damage to cultured cells [16]. In
addition, serum is required for spheroid formation in the
spinner flask, but for exosome isolation, cells should be
cultured in serum-free medium. In this point, the feature of
the spinner flask that total medium exchange is difficult can
be a disadvantage for exosome production. Nevertheless,
Harazti et al. cultured MSCs in a spinner flask using sup-
port matrix beads for aggregation. Isolated exosomes from
spinner flask cultured MSCs showed higher siRNA deliv-
ery efficiency to neurons than exosomes from 2D cultured
MSCs [11].

2.5 Fiber bioreactor

The hollow fiber bioreactor is a 3D cell culture system that
contains multiple hollow semi-permeable fiber membranes
(Fig. 3B). For 3D cell culture, cells are seeded in intra- or
extra-fiber spaces, with diameters of approximately
200 pm. Hollow-fiber bioreactors have the advantages of
mass culture and high cell culture yield. Another advantage
is that nutrients and oxygen can be automatically injected
through a sealed tube to reduce labor. Gas and nutrient
exchange occur through a semipermeable fiber membrane.
Therefore, the media flow in one direction for the clearance
of waste from the culture [39]. Because mass production is
possible by connecting numerous hollow fibers to one

Fiber bioreactor
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bioreactor, it is suitable for automated mass exosome
production. These characteristics of the hollow fiber
bioreactor improved exosome production efficiency. Yan
et al. compared the exosome production yield of MSCs
cultured in a hollow-fiber bioreactor to conventional 2D
culture MSCs. The yield of exosomes from bioreactor-
cultured 3D MSCs was 7.5-fold higher than that of exo-
somes from 2D cultured MSCs [40]. Cao et al. also
reported a higher exosome production yield from 3D MSCs
cultured in a hollow-fiber bioreactor. The yield of 3D-ex-
osomes was 19.4-fold higher compared to that of 2D-ex-
osomes. Furthermore, the concentration of 3D-exosomes in
the harvested supernatants was 15.5-fold higher compared
to that of 2D-exosomes [18].

2.6 Others

In some cases, exosome production in 3D culture was
conducted by stacking fibroblast sheets. Fibroblasts express
more ECMs compared to other cell types and were cultured
with ascorbic acid for a long time to form a fibroblast sheet.
By stacking these cell sheets, a 3D culture environment
was formed. Exosomes from scaffold-free 3D cultured
fibroblasts promoted ECM synthesis and secretion, when
the exosomes internalized into the surrounding cells [41].
In another case, there was an exosome production method
from 3D cultured cells that used an ultralow adhesion
material. Hu et al. fabricated 3D fibroblast spheroids using
an ultra-low attachment flask [42]. In addition, Kim et al.
prepared 3D MSC spheroids by using poly(2-hydroxyethyl
methacrylate) (poly-HEMA)-coated plates. Spheroids with
a smaller diameter produced more exosomes than those
with a larger diameter. Compared with the hanging drop
method, the poly-HEMA method tended to produce several
small spheroids at the same cell seeding density. Therefore,
the exosome production yield was higher when using the
poly-HEMA method than when using the hanging drop
method [26].

3 Exosomes from 3D spheroids of diverse cell
types

3.1 Mesenchymal stem cells (MSCs)

MSCs are adult stem cells that can self-renew and differ-
entiate into various cell types, such as adipocytes, chon-
drocytes, and osteoblasts. Generally, MSCs show positive
surface markers CD73, CD90, and CD105 and lack of
expression of surface markers CD14, CD34, CD45, CD19,
CD79a, and HLA-DR [43]. Traditionally, bone-marrow
have been used as a major source of MSCs isolation for
more than 20 years [44]. However, BM-MSCs were
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extracted through an invasive and painful procedure. Due
to this obstacle, readily available and non- or less-invasive
sources such as adipose-tissue, umbilical cord, and dental
tissue were studied for MSCs isolation sources [45, 46].
Although they are MSCs with similar morphology and
surface markers, their differentiation potentials are differ-
ent. For example, BM-MSCs show advantages with
osteogenesis and chondrogenesis compared to adipose
derived-MSCs (ADSCs) [47, 48].

MSCs are mostly used cell therapy method because of
their capacity of secreting trophic factors related to critical
cell functions such as cell-cell interactions. Many previous
studies have shown that paracrine mechanisms can mediate
tissue repairment and regeneration. Exosomes are consid-
ered as a major driver of these therapeutic effects with
paracrine factors secreted from MSCs [49]. BM-MSCs
derived exosomes have paracrine factors related to lung
protection, insulin-like growth factor-1 (IGF-1), anti-
apoptotic effects, miR-22, and promote treatment for stroke
via promoting neurite remodeling and functional recovery
[50-52]. However, as described in differences of differ-
entiation potential of MSCs based on their sources, char-
acters related to each MSC were slightly different. Katsuda
et al. reported an enzyme related with degradation of beta-
amyloid contained fourfold more in ADSCs exosomes than
BM-MSCs exosomes [9]. Also, Del Fattore reported BM-
and UC-MSCs exosomes prohibit proliferation and induce
apoptosis of cancer cells, U§7MG glioblastoma cells, but
AD-MSC exosomes promote growth of US87MG glioblas-
toma cells without affecting cell viability [53]. Finally,
Lopez-Verrilli et al. described differences between growth
of dorsal root ganglia and neurite treated with MSCs from
various sources [54, 55]. To fostering usages of these
exosomes with various -characteristics from different
sources, exosomes were studied for enhancing their thera-
peutic effects and production yield with 3D culture.

3.1.1 Bone-marrow mesenchymal stem cells (BM-MSCs)

BM-MSCs are multipotent adult stem cells that are
extracted from the bone marrow. They can differentiate
into osteoblasts, chondrocytes, adipocytes and myocytes.
Also, they played an essential role in mediating the
immune system and hematopoietic stem cell activity [55].
Treated exosomes extracted from BM-MSCs enhance
osteogenesis, angiogenesis, and bone regeneration [17, 56].
Gao et al. compared application of 2D and scaffold-based
3D cultured BM-MSCs exosomes on HUVECs prolifera-
tion (Fig. 4A). 3D culture exosomes have higher expres-
sion levels of tetraspanins (CD9 and CD81), vascular
endothelial growth factor (VEGF), and high mobility group
box 1 protein than 2D culture exosomes and show
enhanced HUVECs proliferation (Fig. 4B). Human
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Fig. 4 A Schemes for enhancing proliferation of HUVECs through

3D cultured BM-MSC exosomes and 2D cultured exosomes (bioren-
der.com was used to create this figure). B CCK-8 assay of the

umbilical vein endothelial cells (HUVECsS) treated with 3D
culture exosomes show enhanced tube formation (Fig. 4C)
[37, 57]. Dinh et al. used a pulmonary fibrosis (PF) model
and injected 3D MSC-derived exosomes. The results
showed an enhanced inspiratory capacity and respiratory
compliance. In addition, miRNAs hsa-let-7a-5p and hsa-
let-7f-5p were upregulated [58].

3.1.2 Umbilical cord mesenchymal stem cells (UC-MSCs)

UC-MSCs are similar to BM-MSCs but can be extracted
from readily prepared sources. And secretomes of UC-
MSCs and BM-MSCs are slightly different in inflammation
related cytokines, IL-5, IL-7, IL-10, IL-12, IL-13, and
VEGEF [59]. In traditional 2D cell cultures, UC-MSCs have
a short doubling time (~ 4 days) compared to BM-MSCs
(~ 7 days). In addition, the yield of exosomes derived
from UC-MSCs was four times more than that of exosomes
derived from BM-MSCs and adipose derived-MSCs. Based
on these advantages, UC-MSCs have been used to optimize
exosome production [11].

3D culture exosomes show enhanced production yield
and therapeutic efficacy of UC-MSCs than 2D culture
exosome [11, 18, 38, 40]. Haraszti et al. have shown that

< o
o oS e
HUVECs

exosome MSCs
e

-®

2D culture

2D-exo control

HUVECSs C Light microscopy images of the tube formation assay and
the number of tubes formed by HUVECs. Reprinted with permission
from Elsevier, 2021 [37]

exosomes extracted from spinner flask-based 3D culture
were 20-fold higher production yield than exosomes from
2D culture. With the tangential flow filtration (TFF) iso-
lation method, the yield of exosomes from 3D culture was
120-fold higher than that of exosomes derived from 2D
culture. And these 3D cultured UC-MSC exosomes were
enriched with ribonucleoproteins, collagen, and secreted
proteins. In addition, neurons internalized more 3D culture
exosomes than 2D culture exosomes [11]. Yang et al.
showed that exosomes extracted from scaffold 3D culture
contain higher levels of proteins related to the elimination
of AP deposition in the brain, such as neprilysin, insulin-
degrading enzyme, and heat shock protein 70, which can
lower the risk of Alzheimer’s disease (AD) [60], than
exosomes from 2D culture. In addition, AD mice injected
with exosomes from 3D culture showed lower levels of
tumor necrosis factor alpha (TNF-a), interleukin 1 beta
(IL-1B), and heme oxygenase-1 (HO-1), which can alle-
viate the inflammatory response and oxidative stress lead-
ing to the reduction of AP accumulation compared to the
2D culture exosome-injected group [38, 61]. For enhanced
wound healing effect, Camdes et al. reported spinner flask
3D cultured UC-MSC exosomes. When compared to 2D
cultured UC-MSC exosomes, both contained proteins
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related to the inflammatory response, cell migration,
hemostasis, and homing. 3D culture exosomes exclusively
contained hemostasis proteins such as CAPZB, CDC42,
H3A, H3F3A/B, HIST2, LMANI, PLAT, PLAU, PLAUR,
PPIB, RACI1, and SERPINB2 [62, 63]; inflammation-re-
lated proteins such as CD151, PDGFRB, PLAU, RACI,
and TGFp [64, 65]; and proteins involved in the formation
of ECM structures such as CD44, FN1, ITGB1, PDCD6IP,
PLAUR, and VCAN [66-68]. Through enriched proteins
related to the wound healing process, 3D culture exosomes
showed enhanced wound healing effects on wound sites
compared to 2D culture exosomes. In addition, fibroblast
viability was promoted by 3D culture exosome treatment
[66].

3.1.3 Amnion-derived mesenchymal stem cells (AMSCs)

The amniotic membrane of the human placenta is the
source of AMSCs. AMSCs are easy to obtain without
contamination and have fewer ethically related problems
compared to other MSCs [69]. AMSCs shows higher level
of integrin alpha-4 (ITGA4) and CD49 compared to BM-
MSCs [70]. In addition, these cells have a low risk of tumor
formation because there is no telomerase expression, which
is otherwise considered a side effect of MSC transplanta-
tion [71, 72].

Owing to their high accessibility and safety, AMSCs
have been studied as a therapeutic method. Treated AMSCs
induce angiogenesis and re-epithelialization in the wound
area [73]. Shu et al. reported that when AMSCs were
injected in experimental autoimmune encephalomyelitis
mice, the expression of neuron-repair factors such as nerve
growth factor, ciliary neurotrophic factor, and brain-
derived neurotrophic factor was promoted, and the pro-
duction of proinflammatory cytokines such as interferon
gamma, TNF-o, IL-1f, and interleukin-17 was decreased
in the spleen and central nervous system [72]. Miceli et al.
reported enhanced in vitro capillary-like structure forma-
tion of HUVECs and immunosuppressive potential when
ultra-low-attachment culture dish-based 3D culture AMSC
exosomes were treated. However, there were no significant
differences between 2 and 3D cultured AMSC exosomes
[69].

3.2 Dental pulp stem cells (DPSCs)

DPSCs are extracted from dental pulp tissue of human
teeth. DPSCs have fibroblast-like morphology similar to
BM-MSCs but are smaller than BM-MSCs. DPSCs show
similar immunophenotypes and osteogenic, adipogenic,
and chondrogenic potential compared with BM-MSCs
[74]. However, DPSCs have a short doubling time
(~ 2 days) compared to BM-MSCs doubling time
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(~ 3 days). Also, DPSCs have higher potential for osteo-
genesis and lower potential for adipogenesis as demon-
strated by their upregulated osteogenic differentiation
factors and runt-related transcription factor 2 and down-
regulated adipogenic differentiation factors and peroxi-
some proliferator-activated receptor gamma [74, 75].

DPSCs were studied to treat periodontitis by lowering
proinflammatory reaction. Shen et al. reported that DPSC-
derived exosomes show effective therapeutic results in
periodontitis, inducing the conversion of macrophages
convert from a proinflammatory phenotype to an anti-in-
flammatory phenotype [76, 77]. Zhang et al. reported that
with ultra-low-attachment culture dish-based 3D cultured
DPSCs, the yield of exosomes was sixfold higher com-
pared to that of 2D cultured DPSCs. In addition, after
injection of exosomes from 2 and 3D culture into the
periodontitis model of a ligature-induced periodontitis
mouse model and a dextran sulfate sodium-induced colitis
mouse model, 3D culture exosomes showed lower levels of
osteoclasts and downregulated expression of TNF-o, IL-
1B, and interleukin 6 compared to 2D culture exosomes and
PBS only groups [78, 79] Zhang et al. also reported that 3D
cultured DPSC exosomes lowered the number of Thl7
cells and increased the number of Tregs compared with 2D
cultured DPSC exosomes and PBS only groups. Peri-
odontitis and colitis can be alleviated through the balance
between Thl7 cells and Tregs as shown in Fig. 5.
[78, 80, 81].

3.3 Dermal papilla cells (DP cells)

Dermal papilla cells (DP cells) are located at the base of
hair follicles in the dermis layer of the skin. They play a
crucial role in hair follicle formation, growth, and cycling
by regulating the development and differentiation of sur-
rounding epithelial cells. Researchers have attempted to
determine the hair follicle cycle to help people suffering
from hair loss. Based on these efforts, the promotion of
follicles in the resting phase (telogen) to the active phase
(anagen) is of interest [82]. Regulating DP cells can
transform follicles from telogen to anagen phase [83, 84].
However, Higgins et al. reported 2D cultured DP cells have
no therapeutic effect on hair follicle induction. Neverthe-
less, de novo hair follicles were induced in 3D cultured DP
cells [85]. Through this approach, researchers have tried to
use expressed secretomes and EVs from 3D cultured DP
cells and obtained positive results for the regeneration of
hair follicles [86, 87].

Exosome from DP cells was also studied to make hair
regrowth. Hu et al. reported that ultralow attachment cul-
ture dish-based spheroids of DP cells showed enhanced
expression of CD133 and P-catenin [88]. CD133 is
expressed in the early stages of the anagen phase. CD133
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3D-exos, PBS

3D-exos

Fig. 5 Micro-CT images to show 3D reconstructions of maxillae of the PBS- and 3D exosome treated groups (scale bar = 500 um). Reprinted

with permission from Springer Nature, 2021 [78]
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Fig. 6 A Schemes illustrating how DP spheroids are used as a
treatment for transition of the hair cycle from telogen to anagen via
the migration and secretion of exosomes. B Schemes illustrating how

induces the ECM produced by DP cells called versican,
which can be detected during the late anagen stage [89]. In
addition, B-catenin that induces stem cells differentiate into
follicular keratinocytes, is an essential factor for sustaining
the function of hair follicles [90]. Minoxidil, a well-known

Exosomes

B \

)
bFGF SFRP2
e lals

e P "
Nucleus

e
-~
{ bFGF/B-catenin Hair follicle

\ Downstreamtargets‘ l / development

miR-218-5p abundant 3D exosome can enhance hair follicle devel-
opment through up-regulating B-catenin. Reprinted with permission
from Springer Nature, 2020 [88]

treatment for hair loss, enhances the production of Ki67
only; however, 2D cultured DP cell exosomes and an ultra-
low-attachment culture dish-based 3D culture exosomes
showed higher expression of CD133 and B-catenin with
Ki67. With these upregulated factors, in vivo hair regrowth
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in C57BL/6 mice and the anagen phase of hair follicles
were both accelerated (Fig. 6A) [88]. In 3D cultured DP
cell exosomes, miR-218-5p were up-regulated 25-fold
more than 2D DP cells exosome. miR-218-5p were shown
that can stimulate the Wingless-related integration site
signaling pathway, which is important for the hair growth
cycle as shown in Fig. 6B [88, 91].

3.4 Lung spheroid cells (L.SCs)

Cell therapy has been studied for lung diseases such as
chronic obstructive pulmonary disease and idiopathic PF
[92, 93]. However, conventionally used cell therapy
method with MSCs have little benefit in lung regeneration
[94, 95]. Instead, LSCs showed therapeutic benefits in
ameliorating PF and lung regeneration [96, 97]. LSCs
express CD90, CD105, KRTS5, aquaporin 5 (AQPS), and
CCSP for lung mesenchymal markers and epithelial
markers [98, 99].

Exosome can deliver effective therapeutic factors from
LSCs to disease experimental model. Dinh et al. reported the
LSC exosome-treated group showed increased AQPS and
von Willebrand factor-positive cells and decreased o-
smooth muscle actin-positive cells, representing alleviated
alveolar epithelia and vascular injury and decreased collagen
deposition with fibrotic response [58, 100, 101]. In addition,
SMAD3 and monocyte chemoattractant protein-1 were
lower in the LSC exosome-treated group, which can lower
the risk of fibrosis [102, 103]. In in vivo PF model, inspira-
tory capacity, respiratory compliance, and resistance were
improved with LSC exosome treatment [58]. For miRNAs,
hsa-miR-99a-5p, hsa-miR-100-5p, and antifibrotic miR-
30a-3p were upregulated in LSC exosomes [58]. There was
no comparison with 2D cultured LSC exosomes, but when
considering the therapeutic results related to LSCs, the
application of LSC exosomes needs further investigation.

3.5 Cancer cells

2D cultured cancer cell lines have been used to determine
the mechanisms of cancer growth and development.
However, 2D culture cells are not sufficient to describe
native tumors [104, 105]. To improve cell-cell and cell-
matrix interactions in traditional 2D culture, 3D cultures
considered for a more accurate understanding of the native
tumor environment and their mechanisms [104—-107]. Tu
et al. reported nonadherent culture wells-based 3D culture
exosome isolation and its useful adaptation to mimic the
progression of cancer in the pancreatic cell line, PANC-1.
Compared to 2D culture exosomes, the production of 3D
culture exosomes is approximately threefold higher [108].
For miRNAs in PANC-1, miR-1246, miR-21, miR-17-5p,
and miR-196a had higher levels in 3D culture exosomes
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than in 2D culture exosomes, while the expression of miR-
4454 was higher in 2D culture exosomes [108]. The former
miRNA groups that are abundant in 3D culture exosomes
are related to carcinogenesis, proliferation, and inhibition
of apoptosis in various cancer types [109-112]. However,
miR-4454 is related to cancer metastasis [113]. Also,
glypican-1 was upregulated in 2D culture exosomes and 3D
culture exosomes compared to conventional 2D culture
[108]. Naseri et al. reported the maturation of dendritic
cells (DCs) induced by cancer stem cells (CSCs) for T-cell
proliferation and CSCs-directed cytotoxicity. The expres-
sion of DCs for IL-12 to IL-10 ratios in the hanging drop-
based 3D cultured CSCs exosome-treated groups was
upregulated. In addition, T-cell proliferation by DCs was
significantly higher in 3D cultured CSCs exosomes [114].
Table 1 summarizes the above exosome related studies
using 3D culture methods.

4 Conclusion and future perspective

Exosomes have been used in many recent medical studies
and have shown promising results. However, owing to the
limitations of the exosome production methods, their use
must be optimized using various techniques. For this pur-
pose, several techniques have been researched, such as 3D
culture and genetic engineering of cells. The genetic
engineering method is also used to increase the production
or effectiveness of exosomes, but the 3D culture method is
less invasive, making it advantageous compared to genetic
engineering [115]. 3D culture methods attempt to enhance
the specific properties and production yield of exosomes by
mimicking the characteristics and interactions of the cell
niches in the body.

3D cell culture methods can be classified into several
categories, including hanging drops, microwell arrays,
scaffolds, hydrogels, spinner flasks, and hollow fiber
bioreactors. These methods increase the production effi-
ciency of exosomes and encourage them to exhibit specific
properties. Each method has advantages and disadvantages
in terms of production efficiency, labor requirements, and
functional properties. For example, the method of using
scaffolds could have a specific functional ligand in addition
to being able to create a 3D cell structure. Whereas the
hanging drop method requires a lot of effort from
researchers, which is not suitable for mass culture of cells
and mass production of exosomes. Diverse cell types are
used for exosome production using 3D culture methods.
Three types of MSCs, DPSCs, DP cells, LSCs, and cancer
cells were the main cell types studied for the production
and effects of exosomes. Exosomes produced by 3D cul-
ture of these cell types showed enhanced production yield
and specific properties, such as enhanced therapeutic



Tissue Eng Regen Med (2023) 20(4):621-635

631

Table 1 Types of 3D cultrue methods and cells for exosome production

Cell lines

Cell type Origin

3D culture Method

Outcome & effect of exosomes

Ref

Human
Rat

Bone marrow MSC

Mouse

Human

Umbilical cord MSC Human

Human

Human

Human

Human

Human
Dental pulp stem cell Human

Human

Amnion stem cell Human

Dermal papilla cell Mouse

Lung spheroid cell Human

Hanging drop
GelMA hydrogel

GelMA hydrogel

3D hydroxyapatite scaffold

The Aggrewell™ plate

3D graphene scaffold

Spinner flask

Hollow fiber bioreactor

Hollow fiber bioreactor

Spinner vessel
The Aggrewell™ plate
Ultra-low-attachment culture dish

Ultra-low-attachment culture dish

Ultra-low-attachment culture dish

Production of exosomes (twofold) T
Production of exosomes 1
Anti-inflammation 1
Neuroprotection |

Fibrotic formation |

Production of exosomes 1
Stemness marker 1
Anti-inflammation 1

Targeting to ischemic area |
HUVEC tube formation 7

HUVEC angiogenesis T

HUVEC proliferation 1

Fibroblast migration 1

Fibroblast proliferation T

In vivo spatial learning T

AP accumulation |

Inflammation |

Oxidative stress |

Production of exosomes (20-fold) 1
Delivery of siRNA to Neuron |
Production of exosomes (19.4-fold) T
Renoprotection effect 1
Anti-inflammatory 1

Production of exosomes (7.5-fold) 1
Chondrocyte proliferation 1
Chondrocyte migration |
Chondrocyte matrix synthesis 7
Chondrocytes stability 1
Chondrocyte apoptosis |

Wound healing 1

Nanog 1

Production of exosomes (6.2-fold) 1
Anti-inflammation 1

Periodontitis, colitis |

Migration 1

Tubulogenesis 1

Angiogenesis 1

Immunoflamation |
WNT/-catenin pathway
Migration 1

Hair growth 7

Inspiratory capacity 7

Respiratory compliance 1
Respiratory resistance 7

Fibrosis |

[26]
[33]

[34]

[37]

[21]

[38]

[11]

[18]

[40]

[66]
[29]
[78]

[69]

[88]

[58]
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Table 1 continued

Cell lines 3D culture Method Outcome & effect of exosomes Ref
Cell type Origin
Cancer spheroid cell Human 3D integumentary organ system Production of exosomes (threefold) 1 [108]
GPC-1 protein T
miR-4454 |
Human Hanging drop In vivo cancer characteristic T [27]
Periodontal ligament stem cell Human Collagen hydrogel Production of exosomes 1 [17]
Osteogenesis T
BM-MSC migration T
Bone defect |
Fibroblast Human Ultra-low-attachment culture dish Collagen biosynthesis T [42]

Inflammation |

effect, immunomodulatory effect, and induction of differ-
entiation of the target cells. For example, as previously
explained, 3D cultured DPSC exosomes could be used as
treatments for periodontitis and colitis through modulating
the balance of Thl7 cells and Treg cells. In addition,
exosomes extracted from scaffold 3D culture could be
applied to treatment of Alzheimer’s disease through higher
levels of protein release related to the elimination of AP
deposition in the brain.

Utilizing the contents of exosomes can be an option for
further improving exosome treatment efficacy. This mod-
ification can be achieved by overexpressing certain pro-
teins or miRNAs in the cells that produce exosomes. The
overexpression of proteins or RNAs induces exosomes to
deliver more proteins or RNAs. In addition to genetic
modification, it is possible to induce the overexpression of
specific proteins or genes through various external stimuli,
such as electric stimuli and organic/inorganic nanoparticles
[116, 117]. These methods can be linked to the 3D culture
methods to further improve the effect of exosomes. Until
recently, the effects of 3D spheroids’ exosomes in human
research were not extensively studied. Therefore, further
clinical studies are needed to prove the therapeutic effects
of exosomes.
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