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ABSTRACT

needed to be solved in the future.

Regenerative medicine

Mesenchymal stromal/stem cells (MSCs) have been applied in an increasing number of clinical trials in
recent years. MSCs have many advantages in cell therapy for regenerative medicine for their extensive
sources, low immunogenicity, self-renewal ability and multilineage differentiation potential. However,
the clinical application of MSCs is still confronted by many challenges including low survival ability in
vivo, the loss of main original characteristics due to two-dimensional (2D) culture for fast expansion, and
the lack of technologies for mass production of high-quality MSCs. Three-dimensional (3D) culture has
been widely regarded as a more preferable and closer physiological microenvironment for cell survival,
growth and behavior, because 3D culture can artificially create an environment allowing cells to interact
with their surroundings in complete three dimensions. Recently, many different 3D spheroid culture
methods have been developed to optimize the biological characteristics of MSCs to meet the demand of
regenerative medicine. In this review, we comprehensively discuss the merits and demerits of different
spheroid formation methods, expound the mechanisms of spheroid formation and its microenvironment,
and illustrate their optimized biological functions and the pre-clinical applications in tissue injury and
regeneration. In the end, we prospect the trends of this research field and propose the key problems
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Introduction

Mesenchymal stromal/stem cells (MSCs) are non-
hematopoietic multipotent stem cells originated from the
mesoderm. Since MSCs were initially isolated from bone
marrow by Friedenstein et al. in 1970 (1), nowadays,
they have been easily separated from a variety of adult or
embryonic tissues including bone marrow, adipose tissue,
umbilical cord, amnion, placenta, umbilical cord blood and
dental pulp, and can be expanded successfully in vitro (2-7).
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MSC:s are characterized by their abilities of self-renewal,
multilineage differentiation, extensive proliferation and
paracrine. Moreover, MSCs lack immunogenicity and
have the homing ability to migrate to sites of tissue
injury in response to inflammatory factors by intravenous
administration (8). They modulate the immune response
and inhibit the inflammation by secreting multiple
bioactive factors to create a niche which promotes the
recovery of injured cells and angiogenesis (9, 10). In order
to easily compare and contrast the increasing data among
different studies, the Mesenchymal and Tissue Stem
Cell Committee of the International Society for Cellular
Therapy proposed minimal criteria to define human MSCs
(hMSCs) in 2006 (11). MSCs would keep adherence to
plastic under standard culture conditions with the capacity
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to differentiate into osteoblasts, chondrocytes and
adipocytes in vitro, and express specific surface markers
CD73, CD90 and CD105, while lack the expression of
several hematopoietic and endothelial markers such as
CD45, CD34, CDI11b or CD14, CD79a or CD19 and
HLA-DR surface molecules (11). Unlike embryonic stem
cells and induced pluripotent stem cells, MSCs have
a wide range of sources without concerns of ethic and
teratoma formation, so they are considered promising
materials for cell therapy in clinic (8, 12, 13).

The first clinical trial of MSCs occurred in 1995. MSCs
were applied as cellular pharmaceutical preparation for
15 patients with hematologic malignancies by auto-
transplantation after adherent culture in vitro, and no
adverse reactions were observed in application (14).
Since then, the research and clinical applications of MSCs
have been booming for their properties of self-renewal
and multi-lineage differentiation potential (3, 15-19). It
is noteworthy that as a potential treatment, MSCs were
used to prevent and reverse the cytokine storm caused by
severe COVID-19 pneumonia for their comprehensive
powerful functions in immunomodulatory and tissue
injury repair (20, 21). As of August 2020, around the
world, more than 1172 clinical trials using MSCs were
registered on ClinicalTrials.gov. The related diseases
involve myocardial infarction, graft versus host disease,
diabetes, liver cirrhosis, spinal cord injury, osteoarthritis,
Crobn’s disease, multiple sclerosis, brain injury and
COVID-19 pneumonia.

Generally, to acquire enough MSCs for therapy in clinic,
MSC:s are isolated from human tissues and 2D cultured
in monolayer for fast expansion. However, numerous
investigations demonstrated that the stemness of MSCs
was gradually weakened with increased number of cell
passage. The causative cell aging, reduced paracrine
capacity as well as low survival rate after transplantation
led to bad therapeutic effects (22, 23). Therefore, the
2D-cultured MSCs need to be optimized to improve cell
quality before clinical application. In 2009, Lee et al.
found that the intravenous hMSCs did not secrete the anti-
inflammatory protein TSG-6 until cells were embolized
in the lung and this improved myocardial infarction in
mice (24), suggesting that 3D MSCs aggregates benefit
the implementation of MSC function. From that time
on, 3D-cultured MSCs have been considered effective
therapeutic agent in in vitro experiments and pre-clinical
therapeutics by scientists and clinicians (6, 25-27). So
far, it has been widely recognized that long-terms of 2D
culture can change the original characteristics and traits
of MSCs, while 3D culture can better preserve MSC
properties due to creating a more natural physiological
microenvironment (28-30).

Cell 3D culture methods can be classified as scaffold-
based and scaffold-free culture systems (31). For scaffold-
based 3D culture, cells are embedded in hydrogels or
cultured in the presence of fibers or sponge-like structures
to provide support, nutrition and extracellular matrix
(ECM). Scaffold-free 3D culture allows the cells to self-
assemble into spheroids to mimic the microenvironments
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in vivo by their own ECM. Compared with scaffold-based
culture, scaffold-free 3D culture is more widely used in
cell therapy research for its unique merits. 3D spheroid
culture can endow MSCs the ability to tolerate the stresses
in vivo, such as inflammatory microenvironment, hypoxia,
nutrient depletion, which improves the survival of MSCs
in vivo and enhances their beneficial function on damaged
tissues. Moreover, the spheroids are generally formed with
consistent size and shape without the need of dissolving
the special scaffold that may cause immune response
problems, which benefits high-throughput screening and
optimization of MSCs as functional units for the demand
of tissue engineering. Optimization of cell-based therapy
by spheroid culture of MSCs has been widely recognized
because it can maintain stemness, improve the ability of
anti-apoptosis and homing post-transplantation, enhance
anti-inflammatory and immunomodulatory effects, and
increase paracrine capacity compared to traditional
2D-cultured MSCs (13, 32, 33).

In this review, we will discuss the biological features
and the medical applications of scaffold-free MSC
spheroids, summarize different culture methods for
MSC spheroid formation, and evaluate their advantages
and disadvantages for application. We will interpret the
internal interactions and microenvironment of MSCs
that may contribute to aggregations, and illustrate the
biological optimization of MSCs for their functions in
spheroid cultures and its therapeutic effect in pre-clinical
animal models. In the end, we will prospect the trends of
this research field and the therapeutic challenges in the
future.

The mechanism of MSC spheroid formation in vitro

In vitro, although the exact mechanism needs to be
further elucidated, it has been accepted that the process
of multicellular spheroid formation is through three steps,
including loose cell aggregation via integrin-ECM binding,
cadherin accumulation, and spheroid compaction (30).
After self-assembly of MSCs via integrin-ECM binding
or homophilic cadherin-cadherin interactions, cells will
be reorganized to form aggregates for minimizing the free
energy (32). Calcium-dependent interactions between
cells and E-cadherin are key inducers to mediate MSC
3D-spheroid formation (6). From the morphologic view,
high-cadherin-expression MSCs interact inside with round
shape, and high-integrin-expression MSCs fully stretch
outside with a spindle shape by intracellular tension of
the aggregates, indicating the existence of mechanical
polarization (32, 34, 35). Endogenous ECM enhances
the formation of MSC aggregates (36), and actin mainly
mediates the viscoelastic behavior to promote fusion and
compaction (35). In addition, the volume of cells in MSC
spheroids is obviously reduced by 75-90% compared to
that of traditional 2D-cultured MSCs (26, 37).

The methods for MSC spheroid culture

Spheroid culture artificially creates an environment
permitting cells to interact with their surroundings in
complete three dimensions, which may better preserve
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Figure 1. Methods used to generate MSC spheroids. (a) Overlay/Non-adhesive surface culture and ultra-low attachment microwell
plates. (b) Gravity-induced spheroids by hanging drop culture and modified strategy (46). (c) Micropatterned substrates by micro-molding
techniques using polydimethylsiloxane (PDMS). (d) Chitosan-mediated spheroid formation after transient adherence. (e) Microfluidic

system (47). (f) Single cell derived sphere formation (45).

MSC properties due to mimicking a natural physiological
microenvironment. Therefore, it is widely regarded
as a preferable way to optimize MSCs (38-40). So far,
many different methods have been developed to form MSC
spheroids (Figure 1), such as non-adhesive surface (6),
hanging drop (41), spinner flask (42), magnetic levitation (43)
and chitosan-mediated (44). Especially, a novel method
regarding single cell derived sphere (SCDS) formation
on cell chip based on self-renewal screening dogma was
developed recently, which exhibited its unique merits and
shed new light in this research field (45). Although the
characterization and properties of spheroids produced can
be changed with different fabrications as well as different
tissue sources, they all demonstrate their advantages to
correspond to different treatment models.

Overlay/non-adhesive surface culture is commonly used
for cell spheroid formation (Figure 1a). Suspended cells
are seeded on plates coated with non-adhesive substrates,
e.g. agarose gel/film (48), polyacrylamide gels (49), poly-
HEMA (50) or in ultra-low attachment culture dishes (6, 51).
It is easy to operate but forming non-uniform spheroid
size and shape. Lee et al. reported that different sized
human umbilical cord blood-derived MSC (hUCB-MSC)
spheroids were fabricated through suspension culture and
obtained the spheroids by filtration using 100 pm and 40
um mesh strainer. After transplantation to rat myocardial
infarction (MI) model, 3D-bullet of hUCB-MSCs had
better therapeutic effect than 2D-cultured cells (6). Now,
commercial microwell plate with ultra-low attachment
has been developed to control the numbers and size of
cell aggregates (35, 52). However, all these methods still
cannot be used for mass production.

Hanging drop cell culture method is the most widely
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used technique for spheroid formation (Figure 1b). Cells
were plated in hanging drops in 35-40 pL of suspension
containing 10,000-25,000 cells/drop for 3-4 days of culture to
spontaneously form cell aggregates (26, 53). MSC spheroids
generated by this method was used to enhance cartilage
repair in a monosodium iodoacetate-induced osteoarthritis
rat model (7) and to alleviate the hepatic injury resulted
from ischemia-reperfusion (54). Another improved 384
hanging drop array for high-throughput 3D spheroid
culture was developed for drug testing by robot. In this
method, drops with cells are added to the hydrophilic plate
surface that can be quickly attracted to form a hanging
drop and confined within the plateau (46). These kinds
of methods can produce uniform sized spheroids due to
the controllable number of cells for spheroid formation,
whereas it is difficult to obtain high yield of spheroids.
Micropatterned substrates are technologies for spheroid
generation usually based on photolithography (Figure 1¢).
Polydimethylsiloxane (PDMS) stamps are used to
mold a layer of polymer (e.g., HA/PEG/polystyrene)
and fabricate controlled microstructures (25, 55, 56).
The micropatterned plates were used to generate MSC
spheroids exogenously expressed with brain-derived
neurotrophic factor (BDNF). These spheroids significantly
improved recovery of hindlimb motor function in spinal
cord injury (SCI) (57). Micropatterns can be manufactured
in various sizes and shapes to meet different experimental
requirements. Aggregates can be achieved and evaluated
with high throughput but it also needs specialized facilities.
Chitosan-mediated spheroid formation is a new popular
substrate-mediated method to generate 3D spheroids
(Figure 1d). As a natural alkaline polysaccharide,
chitosan is considered as a biocompatible and chemically
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modified polymer containing free amino groups. For this
method, acetic acid solution contain 1% chitosan was
coated on coverslip glass to form chitosan membranes.
Hyaluronan, a kind of acid mucopolysaccharide, is
added on chitosan membranes for increasing biological
characteristics of spheroids. With positive charge, chitosan
can easily form a complex with the strong negatively
charged hyaluronan (58). Human adipose tissue derived
MSC spheroids generated from the chitosan-based
substrates could maintain the stemness and enhance the
ability of cartilage differentiation (58), and showed higher
cellular retention ratio than dissociated 2D cells after
injected into muscle of nude mice (44). Formation of
MSC spheroids on chitosan substrates is a little different
from other common non-adhesive bio-membranes. Cells
adhere transitorily on the chitosan membranes by their
degree of deacetylation and then gradually aggregate to form
spheroids. However, the sizes of spheroids cannot be even
and this method cannot produce spheroids on a large scale.
Microfluidic system with microfluidic chips as the
reaction devices can produce 3D cell spheroids by
microwell (59) or microchannel (60) (Figure 1e). It was
reported that the MSC spheroids could rapidly be formed
in the controllable microenvironment with enhanced
ability of osteogenic differentiation after encapsulated
into hydrogel (60). In a 3D microfluidic system,
glial cell-derived neurotrophic factor overexpressing
hMSCs and human neural stem cells were co-cultured,
leading to reduced glial differentiation and obviously
enhanced neuronal differentiation (47). For this type of
method, the most commonly used processing material is
PDMS for its good biocompatibility and breathability.
Although 3D culture on the chip can simulate the
dynamic microenvironment in vivo with reduced reagent
consumption, with small volumes, it is difficult to collect
spheroids for subsequent analysis and treatment. Moreover,
it needs complex chip design and operational control (61).
SCDS formation via cell array chip was recently
developed using umbilical cord mesenchymal stem
cells (UCMSCs) by Suo research team (45). This
novel method is totally dependent on single cell 3D
proliferation to form spheres, which is different from
the above-mentioned 3D culture methods for multiple
cell derived spheroid (MCDS) formations that are
dependent on cells aggregation (Figure 1f). For SCDS
formation, the cell chips are stamped with 10 pum of
diameter of polyethylenimine patches and 50 pm of
gap between two neighboring patches. One single cell
is just allowed to attach on one patch. Therefore, single
MSCs can be patterned on a chip by 2D and cultured
to form SCDS by 3D. Since SCDS formation is based
on the screening or training of cell self-renewal ability
defined by single cell proliferation, it possesses some
unique advantages in many aspects, such as stemness
maintenance, cell survival, stress resistance, angiogenesis
and homing, which greatly meets clinical requirements. In
previous research, SCDS cultured MSCs displayed great
therapeutic potential on acute liver failure in mice (45).
Otherwise, this method can produce SCDS with small and
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uniformed size which is conductive to direct intravenous
injection administration without further cell dissociation
and avoids the heterogeneity problem of MSCs to a greater
extent, therefore has potential for standardized production
in large scale in the future. Remarkably, SCDS culture is
completely superior to 2D culture and MCDS culture in
all the above properties for MSC optimization (45). The
study suggested that the microenvironment for SCDS
formation can stimulate the self-renewal potential of
MSCs and then optimizes MSCs. Although MCDS is
generated by the aggregation of multiple cells, it may
also provide a microenvironment in spheroids to promote
SCDS formation and expansion, and then to enhance
MSC stemness properties as well. However, the relatively
enclosed environment generated by interactions among
SCDSs may weaken the viability and stemness of MSCs
in the entire MCDS, which suggests that the smaller size
of MCDS may lead to better effect of MSC optimization.
Despite many advantages of SCDS, there are still some
mechanisms need to be further explored, for example, how
SCDS culture impacts on MSC inflammatory response,
paracrine capacities, immunomodulatory capacities, and
cellular metabolism. In addition, more efforts need to be
made to solve the problems regarding massive production.

Spheroid culture creates a natural physiological
microenvironment

In multicellular organisms, every cell is surrounded by
other cells and ECM to form a complex cellular society
through cell communication, adhesion, junction and cell
interaction. Cell social connections influence the behavior
and fate of cells, as well as morphological structure
and function. Moreover, physical effects of the in vivo
microenvironment are important for stem cells and matrix
elasticity to direct MSC lineage specification (49). In
traditional 2D cell culture, cells are stretched and grown
on flat plastic petri dishes, whereas in spheroid culture
system, cells are aggregated into spheroids spontaneously
or by force. So, for 2D cells, little areas are exposed to
other cells and nearly half surface areas are exposed to stiff
plastic culture dish (range of stiffness is 1-10 GPa), the
other half are exposed to fluid medium (62, 63). However,
for 3D spheroid cultured cells, almost all surface areas are
covered via cell-cell contact and cell-ECM contact, which
is closer to physiological microenvironment. Moreover,
complex proteins such as collagen and elastin participate
in the formation of ECM structure, contributing to the
elasticity of spheroids. It was reported that typical elastic
modulus of single cells in spheroids is approximately 103
Pa (64), which is far softer than 2D culture condition. Cell
communication and signal transduction in spheroids are
also closer to in vivo condition than in 2D culture.

Microenvironment inside spheroid affects the cell
viability

3D-cultured cell spheroids have the potential to simulate
the microenvironment and physiological activities in vivo.
Cell spheroid has been used as a physiological model to
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study the occurrence of solid tumors and the differentiation
of stem cells (30). Many mathematical and experimental
models have been developed to simulate the transport of
oxygen, carbon dioxide, nutrients and metabolic waste
inside cell spheroids (65-67). When the diameter of cell
spheroid is greater than 500 pum, there will be a three-
layer structure with different proliferation states, including
the marginal zone with proliferative and metabolic
activity, the intermediate layer keeping quiescence and the
necrotic core zone (30). Due to limited diffusion capacity,
metabolic waste accumulated in the central layer of the
multicellular spheroid may cause cell necrosis. Although
the diameter of 100-150 um is considered the stable size
that is adopted for simulating tumor spheroids based on the
consideration of oxygen and nutrition limitation (68), it may
not be appropriate for MSCs since MSCs typically reside
in niches with much lower physiological oxygen tensions
than cancer cells (66, 69). One recent study showed that
353 + 18 um diameter of MSC aggregates composed of
up to 60,000 MSCs did not exhibit an obvious hypoxic
core. The oxygen tension values from the outside edge
of spheroids to the center varied less than 10%, but
cellular metabolism was decreased with increasing cell
numbers and spheroid size. This may result from the
decreased packing density and ECM deposition with
increasing spheroid size. Moreover, caspase 3/7 activity
was increased with spheroid size especially over 500
um in diameter, but Annexin V was not detected in these
spheroids (66). These results indicated that the enhanced
function of MSC spheroids is not oxygen mediated, which
contradicts many hypotheses that spheroid formation
potentiates cell function by generating a hypoxic core
within spheroids with large diameters. In addition, it is
also consistent with the SCDS study that suggests that
MCDS formed by aggregation of fewer cells and expansion
to smaller size (no more than 50 um) may maintain more
stemness owing to the better microenvironment for cell
metabolism and self-renewal (45).

The mechanism by which spheroid culture better
preserves MSC phenotype and innate properties
Spheroids can maintain the stemness of MSCs and
endow them strong multipotency. Spheroid-cultured
MSCs exhibited higher colony-forming efficiency than
2D-cultured MSCs (26, 44, 70). The expression of stem
cell markers and genes related to self-renewal, such as
Nanog, Sox2, Oct4, Klf4, SSEA-4 and B-catenin, are
significantly increased in MSC spheroid cultures (44, 45,
70-72). Ling et al. reported that 3D spheroid culture of
MSCs showed elevated expression levels of histone H3K9
acetylation in the promoter regions of Oct4, Nanog and
Sox2. Moreover, the expression of microRNAs involved
in stem cell potency was changed in accordance with the
expression of these stemness genes (70). Release of actin
cytoskeleton tension promotes Nanog expression, together
with Suv39hl (H3K9 methyltransferase) and H3K9me3
expression down-regulation in 3D spheroid formation (53).
Compared with monolayer culture, the spheroid culture
significantly upregulated the expression of Runx2 and
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osteocalcin genes in MSCs after osteogenic induction (44,
72, 73). It was reported that the differentiation capabilities of
MSCs were significantly enhanced after spheroid formation,
including increased trans-differentiation efficiency into
neurons and hepatocyte-like cells by detecting the increased
expression of Nestin and Albumin (44).

Spheroid culture is effective in improving the paracrine
activity of MSCs (4). Spheroid-cultured MSCs
secreted larger amounts of angiogenesis-inducing and
immunosuppressive factors than 2D-cultured MSCs, such
as VEGF, bFGF, angiogenin, IL-6, IL-8, IL-18, 1L24,
PGE2, CCL2, CCL5, TSG-6 and STC-1 (4, 26, 41, 73, 74),
which contributes to MSC application in cell therapy.

In addition, spheroid culture promotes the survival and
migration ability of MSCs, which is important for MSCs to
home the lesion and function effectively in vivo (35, 75).
Formation of MSC spheroids restores the functional
expression of CXCR4 that is well known as an alpha-
chemokine receptor specific for SDF-1a, a crucial mediator
of cell migration (35, 76). The study found that more
extracellular molecules were produced by spheroids than
by 2D-cultured MSCs, such as laminin and fibronectin that
contributes to cell migration and survival (44). When MSCs
aggregate into spheroids, the expression of ECM proteins
is increased and the E-cadherin mediated cell-cell adhesion
is enhanced, which activates the pEPK and PI3K pathways,
regulates higher levels of SOD2 to decrease oxidative
stress and then facilitates cell survival (7, 33, 42). Several
studies demonstrated that MSC spheroids improved their
potential by expressing some genes at higher levels, for
instance, CXCR4 that increases the ability of homing to
the inflammatory sites and adherence to endothelial cells,
IL-24 that inhibits tumor growth and TSG-6 that has anti-
inflammatory activity (26, 76). Moreover, under hypoxic
environment, spheroid culture enhanced expression of SDF-
lo and HIF-1a, thereby enhancing MSC stress resistance,
survival, homing and angiogenesis in vivo (42, 45).

Generally, adult stem cells are normally quiescent in
the tissue, but can be activated for growth, migration
and differentiation under changed microenvironment
such as injury (77, 78). The niche in vivo helps to keep
MSCs in quiescence, which benefits the maintenance
of stem properties such as self-renewal (79). Due to
better mimicking the properties of MSC niche, spheroid
culture can promote the MSCs to enter GO phase, which
contributes to the recovery of the original characteristics
of MSCs such as mesenchymal trait, stemness, self-
renewal and migration ability that have been lost during
long-term of 2D culture (45). Quiescence also endows
MSC:s the ability to adapt to hostile environment such
as hypoxia, nutrition starvation and ECM-detachment,
eventually enhancing MSC survival. The AMP-activated
protein kinase (AMPK)/ mammalian target of rapamycin
(mTORC) signaling pathway may be involved in spheroid
culture of MSCs (45). AMPK is a crucial metabolic
regulator to maintain cellular energy homeostasis and
thereby benefits cell survival under stresses. The role of
mTORCI is to activate translation of proteins and then
contributes to cell proliferation (80). Spheroid culture
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significantly increased the activity of AMPK and
decreased the mTORC activity. This may explain why
spheroid culture can enhance the quiescence of MSCs.
Recently, evidence has increasingly shown that mMTORC1
is a crucial factor to induce and maintain the cell senescent
state (81, 82). The decreased mTORCI1 activity may delay
the senescence occurrence in MSCs.

Application of MSC spheroids in pre-clinical studies

Spheroids have greater advantages in survival, factor
secretion, maintenance of stemness, migration, anti-aging,
anti-inflammatory and angiogenesis than normal adherent-
cultured cells, indicating their good prospects of clinical
application in tissue wound-healing and regeneration for
inflammatory diseases and common diseases including
bone and cartilage injury (72, 83), tissue inflammation (26,
45, 57, 74), cardiovascular infarction (6) and ischemic
injury (33, 42, 54). For bone and cartilage injury, one
study reported that the transplantation of 3D spheroids of
mouse bone marrow derived MSCs rapidly promoted new
bone regeneration in aged mice with a calvarial defect
through activation of the Wnt/B-catenin and Smad signal
pathways (72). In this study, 3D spheroid MSCs expressed
higher levels of stemness markers and upregulated
expression of osteogenesis-related molecules than 2D
monolayer MSCs in vitro. It was also reported that the
implantation of synovium MSC spheroids at relatively
low density improved chondrogenesis and subsequent
cartilage formation. Aggregates of MSCs up-regulated
the expression of chondrogenic genes (SOX9, COL2A1
and ACAN) and exhibited better cartilage repair than
2D culture (83, 84). For cardiovascular infarction and
ischemic injury, it was reported that the transplantation
of UCMSC spheroids was superior to cells from
conventional 2D culture in therapeutic efficacy for rat MI
model. As a result, the fibrosis area was smaller, infarct
wall was thicker, capillary density was significantly higher
and contractility was improved (6). Another study reported
that spheroid cultured human adipose-derived MSCs
significantly reduced the rate of limb loss in ischemic
tissue owing to the enhanced angiogenesis by higher level
of angiogenic growth factor secretion than 2D-cultured
cells (42). This is consistent with other studies in which
the spheroid culture of MSCs showed better ability of
angiogenesis than 2D-cultured MSCs (33, 45). For other
injuries, it was found that UCMSC spheroids were better
than 2D-cultured UCMSCs for therapy of acute liver
failure in mouse model due to the reduced expression of
tumor necrosis factor-o. (TNF-a) and alpha smooth muscle
actin (a-SMA) (45, 71). In a study regarding SCI in mice,
BDNF-transfected MSC spheroids significantly enhanced
the motor function recovery with reduced damage to
spinal neurons, while conventional 2D-cultured MSCs
failed to exert therapeutic effects (57). In summary, it is
of more importance to apply spheroid cultured MSCs for
regenerative medical studies at present.

Limitation and difficulties of MSC spheroid

https://doi.org/10.37175/stemedicine.v2i5.67

STEMedicine 2(5).67. JAN 2021

application in clinic

Although most of the studies support that MSCs can be
optimized by 3D spheroid culture, under some situations,
spheroids may be not better than 2D-cultured cells for
application (85-89). These studies indicate that MSC
spheroids need to be used in suitable conditions, and in-
depth understanding about key molecules responsible for
the cell fate control of MSCs during spheroid formation is
needed. In addition, spheroid culture promotes the MSCs
to enter GO phase, which inhibits the expansion of cells
although quiescence contributes to the maintenance of
cell stemness. Therefore, more reasonable methods need
to be developed to optimize the MSCs. Recently, Yan et al.
reported a new method for efficient large-scale hMSC
expansion with low indications of senescence phenotype
and stable characteristics for high cell recovery rate (90).
However, this method cannot realize the optimization of
MSCs to enhance MSC properties as spheroid formation did.

Although the existing methods of spheroid formation
can optimize MSCs, they generally cannot avoid cell
dissociation, uneven quality and non-uniform size, which
prevents high-quality optimization and standardized
production of MSCs, and impedes the application of MSC
spheroids in clinic. The method of MSC SCDS formation
based on self-renew screening has tried to overcome the
above shortcomings, but more efforts need to be made
to realize the cell expansion. Furthermore, once the
clinical applications are involved, standardized, large-
scale and uniform MSC spheroid culture is required,
and the corresponding detection methods for spheroid
identification, quality inspection and evaluation are also
essential. However, these problems have not been fully
resolved so far.

Conclusions and perspectives

Spheroid cultured MSCs have shown the abilities of
anti-apoptosis, enhanced stemness, increased sections,
anti-inflammatory and immunomodulatory properties as
well as induced angiogenesis in vitro and in vivo. These
features indicate their unique therapeutic potential in
tissue damage, regenerative medicine and inflammatory
diseases, however, a wealth of problems need to be
solved in the future. First, the in-depth molecular
mechanisms by which crucial regulators, signaling
pathways and biological processes are involved in MSC
survival, senescence, stemness, homing, factor secretion
and differentiation should be uncovered, as well as the
relations between spheroid structure and cell function.
Actually, gene expression differences between MSC
spheroids and 2D cultures have been widely detected
in various spheroid investigations, but little has been
done for further deep explorations. Second, optimized
MSC spheroids for clinical applications should meet
the demands of uniform size, reproducibility, low cell
heterogeneity, stable properties, easy operation for
preparation, and large-scale and standardized production.
Third, the optimal dosing strategy and administration
route of 3D MSC spheroids need to be investigated in pre-
clinical research. Fourth, more clinical trials need to be
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performed to verify the good therapeutic potential of MSC
spheroids. Given the big size of spheroids preventing
them from vein administration, the therapeutic advantages
may be first fully exerted in skin tissue repair of clinical
wounds, ulcers, burns, scars, surgical defects and
deformities, in which the MSC spheroids can be applied
without relying on vein administration.
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