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Mesenchymal stem cells (MSCs) are primary candidates in cell therapy and tissue engineering and are being
tested in clinical trials for a wide range of diseases. Originally isolated and expanded as plastic adherent cells,
MSCs have intriguing properties of in vitro self-assembly into three-dimensional (3D) aggregates reminiscent of
skeletal condensation in vivo. Recent studies have shown that MSC 3D aggregation improved a range of biological properties, including multilineage potential, secretion of therapeutic factors, and resistance against ischemic condition. Hence, the formation of 3D MSC aggregates has been explored as a novel strategy to improve
cell delivery, functional activation, and in vivo retention to enhance therapeutic outcomes. This article summarizes recent reports of MSC aggregate self-assembly, characterization of biological properties, and their
applications in preclinical models. The cellular and molecular mechanisms underlying MSC aggregate formation
and functional activation are discussed, and the areas that warrant further investigation are highlighted. These
analyses are combined to provide perspectives for identifying the controlling mechanisms and refining the
methods of aggregate fabrication and expansion for clinical applications.

Introduction

I

n recent years, mesenchymal stem cells (MSCs) have
emerged as a primary candidate in cell-based therapies
owing to their unique properties.1 To date, over 320 clinical
trials in a broad range of diseases making use of MSCs have
been reported (www.clinicaltrials.org). The clinical promise
of human MSCs is supported by their ability to differentiate and mature into specific phenotypes, their immunesuppressive properties, and their distinct migratory and
potent trophic effects during tissue repair and regeneration.2–
6
Initially isolated from bone marrow (BM),7 MSCs are usually defined as plastic adherent cells, displaying fibroblastic
shape and expressing nonspecific surface markers.8 MSCs
are capable of forming discrete colonies and possess multipotentiality in adipogenic, osteogenic, and chondrogenic
lineages.8 Based on these in vitro criteria, MSCs have been
extracted from many connective tissues,9 including bone
marrow (BM-MSC), adipose tissue (A-MSC), Wharthon jelly
(WJ-MSC), umbilical cord (UC-MSC), cartilage tissue (CMSC), and gingiva (G-MSC).10–12 While whether these MSCs
share the same traits as BM-MSCs is still being debated,13,14
the vast majority of clinical trials under development have
been using BM-MSCs, which comprise only *1 in 105 BM
mononuclear cells.15
Recent clinical studies have shown that manufactured BMMSCs after extensive ex vivo expansion have altered immune

properties and low survival rate post-transplantation, failing
to meet the clinical endpoint compared to minimally expanded BM-MSCs.16 While initially selected and defined as
plastic adherent cells, it was progressively realized that
plastic two-dimensional (2D) cultures alter the native phenotype of MSCs.1,17 Recently, self-assembly of MSCs into
tightly packed clusters with 500–10,000 cells in each aggregate has been shown to create an ‘‘in vivo-like’’ microenvironment and better preserve MSC phenotype and innate
properties.5,6 Indeed, the formation of three-dimensional
(3D) cellular aggregates, even short-term post-expansion,
enhanced the regenerative capacity of MSCs by promoting
the secretion of anti-inflammatory cytokines, proangiogenic,
and chemotaxic factors.5,18,19 The benefits of cell aggregation
has also been shown in preclinical studies, in which intramyocardial transplantation of the 3D A-MSC and BMMSC aggregates in a porcine model improved cell retention,
survival, and integration.20,21 Similarly, transplantation of
synovial MSC aggregates promoted cartilage tissue regeneration in a rabbit model and enhanced meniscus tissue regeneration effectively in rats.22,23 Thus, there is a growing
interest to better understand the mechanism of MSC 3D
aggregation, its impact on cell properties, and its feasibility
in therapeutic applications.
Cellular aggregates have long been used as model systems
to understand tumor biology and embryonic development24–26
and are reported to represent a physiologically relevant
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environment to mimic in vivo behavior.27,28 For neural stem
cells, assembly of cells into 3D neurospheres has been found
to revert the progenitor cells to an early phenotype.29 For
MSCs, the pellet (i.e., a forced cell self-assembly by centrifugation) or micromass (formed by high-density cell suspension) cultures have long been used in chondrogenic
differentiation.30–32 Recently, in vitro MSC self-assembly as
3D aggregates has been suggested to recapitulate the in vivo
mesenchymal condensation events that influence MSC
properties beyond chondrogenic lineage.5,33,34 MSC 3D aggregation is thought to be mediated through intrinsic cell–
cell contacts and cell–extracellular matrix (ECM) interactions,
which enables the localization of endogenous growth factors
and enhances MSC therapeutic potential.24,35,36 Additionally,
the formation of MSC aggregates activated anti-inflammatory protein expression, had high resistance to ischemic
stress, better preserved the multilineage potential, and enhanced the expression of migratory cytokine receptor, such
as C-X-C chemokine receptor type 4 (CXCR4).5,37,38 Finally,
the formation of MSC aggregates could also recreate histotypic structures that serve as building blocks in tissue engineering to create 3D complex tissues.39,40
Hence, it becomes evident that self-assembly of MSCs
into aggregates has significant implication in MSC’s applications in cell therapy and tissue regeneration. This review seeks at understanding and evaluating the potential
mechanism underlying the property enhancement associated with MSC aggregation. To the practical point of view,
this work also discussed the methods suitable for the
generation of MSC aggregates and expansion in bioreactors. Finally, the application of MSC aggregates in various
diseases and the prospects for their clinical application are
also discussed.
Formation of 3D MSC Aggregates
Hypothesis of MSC aggregation and self-assembly
Self-assembly of a dispersed cell population occurs during
embryogenesis, morphogenesis, and organogenesis in vivo
and is thought to arise from intracellular adhesiveness and
energy minimization.41–44 During skeletal development, a
pivotal stage is the condensation of mesenchymal progenitor
cells with the formation of dense cell–cell contacts via adhesion molecules.45 At cellular level, the closely packed cells
are the fundamental cellular units of morphological changes
during prenatal organogenesis, and their initiation, size,
boundaries, and differentiation are tightly regulated by a set
of genes and gene products of cell adhesion molecules (i.e.,
N-CAM and N-cadherin).46 Although the precise in vivo origin of MSC has yet to be defined and whether MSCs in
culture are bona fide in vitro counterparts of the mesenchymal progenitors is still being debated,13 MSCs have many
unique properties and have been used as in vitro models to
recapitulate condensation events.47 Indeed, extensive studies
have shown that MSCs have the tendency for self-assembly
and spontaneously form 3D aggregates in vitro in the absence
of adherent surface, under mechanical forces, or within
confined spaces, reminiscent of their in vivo properties of
aggregation.24,35,48–50 However, the mechanisms by which
MSCs organize into the aggregates and the impact of
such structure on cell behaviors are just beginning to be investigated.
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Differential adhesion hypothesis (DAH) proposed by
Steinberg suggests that cells exhibit cell-type dependent ‘‘affinity’’ and that cell-to-cell adhesion and cell-sorting behavior
in embryonic tissues are driven by the need to minimize interfacial energy (Fig. 1A).44,51 According to DAH, the differential expressions of cell adhesion molecules influence cell
surface tension such that cell populations displaying high
cadherin expression were found at the interior, whereas cells
with high integrin expression at the exterior of the spheroids.43
However, the formation and renewal of cell adhesion bonds
and junctions require changes in cell morphology, which is
also determined by cell contractility and cortical tension.27
Thus, both interfacial adhesion among contacting cells and
cortical tension of the individual cells are important factors
that influence the progression of cell aggregation and the resulted heterogeneous aggregate structure (Fig. 1B).52–54 While
a direct link between integrin density and intracellular tension
is consistent with the spindle shape of MSCs at the surface of
aggregates,6,32,55 whether cell morphology correlates with the
expression of cell adhesion molecules in the aggregates is yet
to be determined. Further studies are also needed to elucidate
mechanistic connection between cortical forces and the aggregates’ structural and biomechanical properties.
In vitro, a three-step model that involves initial cell–cell
contacts, cadherin accumulation, and aggregate compaction
has been proposed.24,56 Although this simplified model
could not solely explain the heterogeneity of aggregate architecture arising during development, it depicts a sequence
of cellular events occurring during aggregate formation
in vitro.43 After the establishment of cell–cell contacts under
physical forces or spatial proximity, the 3D aggregate
self-assembly involves the adapted homophilic cadherin interaction and/or integrin binding to the ECM proteins, enabling the formation of bridges between cells (Fig. 1).24 The
specific involvement of cadherin and/or integrin/ECM depends on both cell type and the specific fabrication method.57
N-cadherin and cadherin-11 are the most expressed cadherins in BM-MSCs,58 whereas E-cadherin expression was
dominant during UC-MSC aggregation.59 The contribution
of cadherin-mediated self-assembly in aggregate formation is
demonstrated in the studies that showed EDTA was able to
disturb BM-MSC and UC-MSC spheroid formation49,59 and
that A-MSCs cultivated in serum-free medium without exogenous adhesion molecules were able to form spheroids.60,61 ECM proteins also play important roles in MSC
aggregations and influence aggregate stabilization and
compactness. During the early stage of aggregate formation,
the ECM (i.e., collagen type I) was more diffuse, while cell–
cell adherent junctions were the dominating force in initial
aggregate formation.32 However, binding to exogenous ECM
proteins has been shown to stabilize and compact tumor
aggregates and the incorporation of gelatin microparticles in
BM-MSC spheroids increased their stiffness, suggesting the
ECM involvement in aggregate stabilization.57,62 In the aggregates of Chinese hamster ovary cells with varying integrin a5b1 receptor density, the interplay between soluble
fibronectin and integrin a5b1 was found to contribute significantly to the tissue cohesion and mediated a shift from
liquid to elastic behavior.63 Thus, the ECMs in the aggregates
not only function as signaling molecules in cell adhesion
but also play a biomechanical role that influences the force
balance and biomechanical signal transduction between
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intracellular cytoskeleton and extracellular microenvironment.64–66 The ECM’s biomechanical role in MSC aggregates
is yet to be elucidated.
Compared to adherent culture, MSC aggregates display
temporospatial heterogeneity owing to the differences in
cellular and biomechanical microenvironments based on
their intrinsic characteristics (e.g., integrin and cadherin expressions as well as cortical tension) (Fig. 1). For example,
MSCs at the interior of the aggregates show round shape
with low intracellular tension, whereas cells at the exterior
display high degree of spreading and intracellular tension
(Fig. 1).62,67 The MSC aggregates also undergo considerable
compaction in culture, and the reduction in diameter from
632 to 353 mm over 21 days has been reported.5,50 These
morphological changes require effective rearrangement and
adaptation of cytoskeleton network, which is known to influence MSC fate in 2D cultures.68 Understanding the role of
cytoskeleton in MSC aggregate formation and its involvement in aggregate compaction and structural organization is
fundamental to better understand the aggregate property
and to refine aggregate fabrication and expansion methods.
Methods to generate 3D MSC aggregates
Various methods have been used to generate 3D MSC
aggregates, including self-assembly on nonadherent surface,
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hanging drop, forced aggregation, surface treatment, and
microfabrication (Table 1 and Fig. 2).5,24,35,69 Similar to their
use in embryoid body formation, these methods utilize
spatial confinement or mechanical forces to increase cell–cell
contacts to precisely control aggregate size and cellular
composition.26,70 Suspension culture on ultra-low attachment
surfaces is easy to implement in the laboratory but leads to
the formation of aggregates with large variations in size
with low viability and low efficiency.50 Various surface
modification methods have been explored to increase aggregate-forming efficiency and modulate composition of
the aggregates. On the polycationic chitosan membrane,
A-MSCs aggregated through noncontrolled cell motility and
readily merged to form aggregates, but the size distribution
displayed high variability.71,72 Nanoculture and poly(ethylene glycol)-micropatterned plates promoted homogeneity
and increased the viability of BM-MSC aggregates.34,73 To
enhance initial aggregate size homogeneity and cell viability,
thermal lifting surface incorporating with endogenous ECMs
was also applied to form BM-MSC aggregates.49
Efforts have also focused on improving aggregate-forming
efficiency, size distribution, and scalability. High throughput
methods that combine spatial confinement and mechanical
forces have been developed and shown to enhance aggregateforming efficiency, size distribution, and cell viability.35 The
use of rotary orbital shakers or spinner flask minimized

FIG. 1. Proposed mechanisms for mesenchymal stem cell (MSC) aggregation and ultrastructure organization. (A) MSCs are
heterogeneous population containing cells expressing various levels of integrins and cadherins. Initial MSC aggregation is
mediated by cadherin–cadherin interactions. Minimizing the free energy, cadherin low/integrin high MSCs sort out at the
edge of the aggregates.43 Mechanical polarization and the increased aggregate compactness are mediated through cadherins.
Cadherins act as anchoring point for the cytoskeleton and mediate the increased cortical tension at the medium-aggregate
interface.53 As a consequence of increased cortical tension and integrin–extracellular matrix (ECM) interactions, MSCs at the
edge of aggregate display spindle shape and organize the actin as stress fibers. (B) In homotypic cell-to-cell contacts, the
interfacial tension (g) is increased by the cortical tension (T) and decreased by the adhesion energy ( J). Since the cells at
the interface with the medium are not associated with cell–cell adhesion complexes, the interfacial tension (g) is equal to the
cortical tension (T). As a consequence, the surface tension is increased by cell–cortex tension (T), leading to increase actin
polymerization at the edge of the aggregates. Color images available online at www.liebertpub.com/teb
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ND
2 · 104
10

2.5 · 105
300–1000
50
ND

5 · 103 cells/mL
2 · 104 cells/mL
3 · 103 cells/cm2

2.5 · 105 cells
1.8–6 · 106 cells/mL
5 · 104 cells/cm2
1 · 103–5 · 104 cells/
cm2

Human bone
marrow
Human bone
marrow
Human bone
marrow

Human bone
marrow

Mouse bone
marrow

Human bone
marrow and
UET-13 line
Human adipose
tissue

Hanging drop + static
semisolid
Polypropylene
tube + suspension
Thermal lifting

Forced aggregation

Forced aggregation
+ agitation

PEG-micropatterned
surface

353 – 28 mm
at day 21

ND

ND

22–54 mm

100 mm

100 mm (day 7)

– 1 mm after
1 week

Increased size,
77–195 mm day 7

+

++

+ + (at day 17)

+ + (at day 17)

+ + (at day 3)
+ + (at day 7)

ND

ND

Increased proliferation
compared to 2D at
day 1 (cell cycle
analysis)
ND
Similar to monolayer at
day 7 (cell cycle
analysis)
ND

50

50

12
6

59

36

50

Ref.

No proliferation after 7 71,72
days (Alamar blue)

49
Increased proliferation
compared to selfassembly (BrdU
assay at day 1)
No change after 4 + + (at day 21)
No proliferation after 7 77
weeks
days (cell cycle
analysis)
+ + (up to day 7) Similar to monolayer
35
No change in
(BrdU assay at day 7)
stirred culture at
day 7
ND
+ (day 5–15)
Decreased proliferation 34,73
compared to 2D

20–100 mm
ND
32–100 mm (day 7) No change in
bioreactor
cultures
ND
159 – 19 mm
at day 17
ND
360 – 60 mm at
day 17
89 – 32 mm
100–250 mm
at day 2

40–100 mm

Proliferation

+ + + (at day 17) No proliferation during
a 21-day culture
period
ND
ND

Aggregate size after
long-term culture Long-term viability

MSC, mesenchymal stem cell; PEG, poly(ethylene glycol); BrDU, 5-bromo-2-deoxyuridine; 2D, two-dimensional; ND, not determined.

Chitoson membrane

20–100
ND

2 · 105 cells/mL
2 · 104 cells/mL

Human gingiva
Human bone
marrow

Low attachment plate
Low attachment
plate + agitation

632 – 35 mm

Initial
aggregate size

1 · 104–1.8 · 105 150 mm to 1.0 mm ND

Human umbilical 1 · 104–1.8 · 105
cells/mL
cord
Human umbilical ND
cord

1 · 10

5

Nonadhesive
96-well plate
Low attachment plate

1 · 10 cells/mL

5

Human bone
marrow

MSC source

Initial cell
number per
aggregate

Nonadhesive
96-well plate

Methods

Starting cell
density

Table 1. Fabrication Methods and the Properties of MSC Aggregates
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FIG. 2. Methods to generate and
cultivate MSC aggregates. MSC
aggregates can be generated by (A)
spontaneous self-assembly; (B)
gravity-induced aggregation in
hanging drops; or in (C) confined
space of 96-well plates. Applied
centrifugal forces induce MSC aggregation in (D) tubes or (E) AggreWell. (F) MSC aggregates form
on chitosan membranes through
the increased cell motility. (G)
Thermal lifting liberates MSC-ECM
complexes to form aggregates.
Long-term culture of MSC aggregates in (H) low attachment plates,
(I) stirred bioreactors, or ( J) semisolid gels. Color images available
online at www.liebertpub.com/teb

aggregate fusion, improved nutrient delivery, and increased
MSC viability.6,50 The formation of MSC aggregates in AggreWell also promoted cell viability in a high throughput
manner through the tight control of initial aggregate size and
minimizing the probability of aggregate fusion.35 Hanging
drop method in semisolid gel limited aggregate contacts and
enhanced cell viability.50 Although spatial confinement during aggregate formation and culture is a common approach to
obtain aggregates of uniform size distribution, the addition of
surfactant such as Pluronic F-68 (PF-68) has also been found to
effectively reduce aggregate coalescing.49 As a nonionic surfactant, PF-68 has been widely used as a culture additive to
reduce cell damage associated with mechanical stress and to
prevent cell re-aggregation in bioreactors, which are advantageous in scalability compared to spatial confinement.74
Biological Properties of 3D MSC Aggregates
Enhanced multilineage differentiation and secretion
of trophic factors
The formation of 3D pellet has long been used to induce
chondrogenic differentiation from MSCs,75,76 but recent
studies have shown that MSC aggregation enhances the
differentiation potential to other lineages as well (Table 2).
Three-dimensional pellet culture of BM-MSC has been
shown to mimic osteochondral bone formation with spatially
segregated chondrogenesis and osteogeneis in the aggregates.77 Direct replating or after dissociation of BM-MSC
and A-MSC aggregates showed increased differentiation
efficiency toward adipogenic, osteogenic, and potentially
epithelial-like or neuronal-like phenotype, suggesting that
3D aggregation could be used as a preconditioning strategy
to enhance MSC function.36,71,73,78 It is commonly believed
that the formation of a hypoxic core in the aggregate is responsible for the enhanced differentiation potential, although
direct experimental evidence is lacking.
The enhanced secretion of anti-inflammatory, proangiogenic, and promitotic factors by aggregation has fueled
strong interest in MSC aggregates because of MSC’s therapeutic potential (e.g., in ischemic cerebral and cardiovascular
injuries) (Table 3). For example, the increased secretion of anti-

inflammatory cytokine stimulated gene/protein 6 (TSG-6) by
BM-MSC aggregates was suggested as the major mechanism
for the beneficial effects of MSCs in mice with myocardial
infarcts.5 Further study has shown that MSCs in the aggregates are self-activated to increase prostaglandin E2 (PGE2)
secretion, which in turn modulates macrophage responses.18
Interleukin-24 (IL-24) secretion was promoted upon cultivation of BM-MSCs as aggregates in spinner flasks, which
significantly reduced the viability of cancer cells.6 BM-MSC,
A-MSC, and UC-MSC aggregates also showed the elevated
secretion of angiogenic factors, including vascular endothelial
growth factor (VEGF), fibroblast growth factor 2 (FGF-2), hepatocyte growth factor (HGF), CXCR4, MCP-3, RANTES,
EGF, SDF-1, and angiogenin.12,37,38,59,79,80 Additionally, an
increase in ECM expression such as collagen, fibronectin, and
laminin was observed in BM-MSC and A-MSC aggregates
compared to monolayers,38,48,79 which enhanced cell survival
and therapeutic potential in wound healing and cardiac diseases (Table 4). The increased secretion of endogenous growth
factors and ECM proteins may regulate the differentiation
potentials of MSC aggregates. For instance, endogenous FGF2 secretion promoted BM-MSC proliferation and osteogenic
differentiation.81,82 The elevated secretion of collagen I in BMMSC aggregates may be a contributing factor to the enhanced
osteogenic differentiation, while the increased collagen III
expression may promote adipogenesis.48,83,84
Mechanisms of functional enhancement
of 3D MSC aggregates
Compared to the adherent cultures, the formation of 3D
aggregates leads to a multitude of changes in both MSC and
their immediate microenvironment. Chief among these factors are changes in MSC morphology, mechanical stress,
cell–cell and cell–ECM contacts, and the gradients of oxygen
and nutrients. Although these factors in concert regulate
MSC properties, studies have provided important insight
into their respective roles in regulating MSC fate.
Effects of morphology and cytoskeleton organization. Compared to adherent MSCs on surface, MSCs in
aggregates have drastic changes in morphology, adhesion
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Table 2. Aggregation Enhances MSC Differentiation Potential Compared to 2D Monolayer

MSC source
Osteogenic differentiation
Human bone marrow

Method to generate
aggregates

Cell
organization

Pellet culture

Aggregates

Human bone marrow

Modified AggreWell

Aggregates

Human bone marrow

Low attachment plates

Aggregates

Mouse bone marrow

AggreWell

Rabbit bone marrow

3D cell sheet

Dissociated
aggregates
3D cell sheet

Human adipose tissue

PEG micropatterned
surface
Chitosan membrane

Aggregates

Hanging drop

Dissociated
aggregates

Human adipose tissue
Rhesus monkey bone
marrow

Chondrogenic differentiation
Rabbit and human
Pellet culture
bone marrow
Human synovial
Hanging drop and
membrane
pellet culture
Adipogenic differentiation
Mouse bone marrow
Forced aggregation

Aggregates

Aggregates
Aggregates

Dissociated
aggregates
Aggregates

Human bone marrow

Low attachment plates

Human adipose tissue

PEG micropatterned
surface

Aggregates

Human adipose tissue

Nanoculture plates

Aggregates

Human gingiva
Rhesus monkey
adipose tissue

Low attachment plates
Hanging drop

Aggregates
Dissociated
aggregates

Differentiation potential

Ref.

Qualitative Alzarin red, collagen type I, and
bone sialoprotein staining (no comparison
with 2D)
2-fold increase in ALP, 2- to 5-fold increase in
osteocalcin, osteopontin, ALP, and RUNX2,
14-fold increase collagen I
Two to eightfold increase in osteocalcin,
osteopontin
Fourfold increase in Alzarin red staining

77
89
6
35

Twofold increase in ALP, osteocalcin,
osteopontin, collagen type I
Qualitative Alzarin red, fourfold increase in
RUNX2
Qualitative Alzarin red, two to threefold
increase in RUNX2
25% increase in ALP, twofold increase
calcification and 20% increase in
osteocalcin expression

141

Collagen type II expression (no comparison
with 2D)
10%–20% increase in collagen type II,
aggrecan, and SOX9 of hanging drop
compared to pellet cultures

75,77

34
71
78

22

Threefold increase in Oil red O staining

35

Qualitative Oil red O staining, two to
threefold increase in PPAR-g, LPL, C/EBPa, and aP2
Qualitative Nile Red staining, increase PPARg expression (14-fold), increased expression
of LRP2, FABP4, LPL
Twofold increase in triglycerides
accumulation
Increased Oil Red O staining
10%–15% increase in Oil red O and LPL
staining

6
34
73
12
78

ALP, alkaline phosphatase; RUNX2, Runt-related transcription factor 2; PPAR-g, peroxisome proliferator-activated receptor gamma; LPL,
lipoprotein lipase; C/EBP-a, CAAT/enhancer binding protein a; aP2, adipocyte protein 2; LRP2, low-density lipoprotein-related protein 2;
FABP4, fatty acid binding protein 4; 3D, three-dimensional.

structure, and cytoskeleton organization and tension, which
are known to regulate MSC properties and contribute to
functional enhancement.85 Morphologically, a flattened cell
layer was formed at the surface of MSC aggregates, which
spread efficiently with less distinct boundaries among
cells.6,71 Conversely, MSCs at the interior of the aggregate
displayed a more irregular and round morphology.6 Cell
shape is known to regulate MSC fate and preferentially direct lineage-specific differentiation through reorganization of
actin cytoskeleton modulated by Rho/ROCK pathways.86,87
Analysis of actin organization indicates a combined presence
of stress fibers and disorganized actin in the BM-MSC aggregates,62 which are compatible with the enhanced osteogenic and adipogenic differentiation.85 Indeed, at the interior
of BM-MSC aggregates, it was observed that cells exposed to
less cortical tension more easily became adipocytes,88

whereas cells at the exterior of the aggregates were exposed
to higher contractile forces and more prone to osteoblastic
differentiation.88 Cell morphological changes are also closely
coupled with chondrogenic differentiation in micromass
culture, where chondrocyte-like cells congregated in the aggregate center.32 Additionally, sequential induction of MSC
aggregates in chondrogenic and osteogenic media resulted in
the formation of a chondro-osseous ‘‘organoid’’ with bony
collar forming around a core of mineralizing cartilage.77
The increased ECM secretion and retention in the aggregates also promote the autocrine signaling, presumably due
to the local growth factor enrichment via ECM binding. For
example, the organization of MSC into 3D aggregates results
in a 25-fold increase in bone morphogenetic protein (BMP)-2
expression compared to monolayer culture.89 Similarly, the
aggregation of human synovial MSCs led to the increased
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Table 3. Aggregation Enhanced Secretion of Trophic Factors Compared to 2D Monolayer
Type of secreted factors
Anti-inflammatory

MSC source

Method for aggregation

Human bone marrow

Hanging drop

Human adipose tissue

Hanging drop

Tumor suppressor
Chemotactic receptor

Human bone marrow
Human bone marrow
Human gingiva

Low attachment plates
Hanging drop
Low attachment plates

Proangiogenic

Human umbilical cord
Human gingiva

Low attachment plates
Low attachment plates

Human adipose tissue

Spinner flask

Human adipose tissue

Hanging drop

Trophic factor detected

Ref.

500- to 1000-fold increase in TSG-6,
and 300-fold PGE2 expression
Fivefold increase in SDF-1
expression
75-fold increase in IL-24 expression
35% increase in CXCR4 expression
35% increase in CXCR4 expression
compared to 2D
Threefold increase in VEGF
Three to fivefold increase in MCP-2,
MCP-3, RANTES, M-CSF, EGF,
VEGF, SDF-1, and angiogenin
expression
5- to 10-fold increase in FGF-2, HGF,
and VEGF expression compared
to dissociated cells
23-fold increase in angiopoietin-like
2 expression

5,18
79
6
37
12
59
12

38
79

TSG-6, TNF-stimulated gene 6 protein; PGE2, prostaglandin E2; IL-24, interleukin-24; CXCR4, C-X-C chemokine receptor type 4; VEGF,
vascular endothelial growth factor; MCP-2, monocyte chemotactic protein 2; RANTES, regulated on activation, normal T cell expressed and
secreted; M-CSF, macrophage colony-stimulating factor; EGF, epithelial growth factor; SDF-1, stromal cell-derived factor 1; FGF-2, fibroblast
growth factor 2; HGF, hepatocyte growth factor.

BMP-2 expression and the enhanced chondrogenesis in vitro
and in vivo.22 These results suggest that endogenous growth
factors such as BMP-2 may have a more pronounced impact
on MSC fate in an ECM-rich microenvironment of the 3D
aggregates. Given the prominent role of endogenous growth
factors, understanding their impact on 3D aggregates is an
important area meriting future investigation.
Effects of cell–cell contacts, cadherins, and gap junctions. It has been demonstrated that cell–cell contacts
provide additional signaling to improve adipogenic and osteogenic differentiation,67 through the increased gap junction
or cadherin signaling.59,90 In chondrogenic differentiation,
the widely used micromass culture induces an artificial
condensation event and creates a cellular microenvironment

that promotes the formation of cartilage tissue in response to
a chondrogenic cytokine milieu.75 Additionally, cell–cell
contact in the aggregates is required to activate Notch signaling to initiate chondrogenesis.91
Cadherins are a class of intracellular adhesion proteins
that provide recognition signals in cell sorting and aggregation during tissue development. N-cadherin is expressed
in the condensed mesenchyme; and blocking N-cadherin
reduced chondrogenesis and perturbed limb development
in vivo.92 In vitro, increased expressions of N-cadherin and Pselectin were observed in A-MSC and G-MSC aggregates
generated on chitosan membrane, affecting the differentiation
of MSCs into osteogenic, myogenic, and adipogenic cells.93,94
Studies have shown that the inhibition of N-cadherin impaired osteoblast differentiation, which can be compensated

Table 4. Aggregation Enhanced ECM Secretion of MSCs Compared to 2D Monolayer
Type of ECM molecule

MSC source

Method for aggregation

Fold of the increased expression

Ref.

Qualitative increase assessed by
immunostaining at 0 h to day 2
3.6-fold increase at day 7
90% increase compared to
trypsinized cells
Twofold increase at day 6
51-fold increase at day 7
Sixfold increase at day 6
Respectively 21- and 1.3-fold
increase at day 6
2- to 80-fold increase at day 6
1.6-fold increase at day 6
13-fold increase at day 6
2- to 30-fold increase at day 6

48

Fibronectin and
laminin
Fibronectin
Fibronectin

Rat bone marrow

Low attachment plates

Human adipose tissue
Human adipose tissue

Chitosan membrane
Spinner flask

Fibronectin
Laminin
Laminin
Glycoaminoglycans:
biglycan and decorin
Collagens
Elastin
Tenascin C
Matrix remodeling
proteins (MMPs,
TIMPs)

Human
Human
Human
Human

Hanging drop
Chitosan membrane
Hanging drop
Hanging drop

adipose
adipose
adipose
adipose

tissue
tissue
tissue
tissue

Human adipose tissue

Hanging drop

Human adipose tissue

Hanging drop

MMP, matrix metalloproteinase; TIMP, tissue inhibitors of metalloproteinases; ECM, extracellular matrix.

71
38
79
71
79
79
79
79
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by cadherin-11.95 N-cadherin is shown to regulate MSC fate
through sequestration of b-catenin and modulation of its
cellular abundance.95,96 Upon destabilization of N-cadherin/
b-catenin complexes, b-catenin is liberated and the canonical
Wnt signaling is activated. Consequently, b-catenin translocated to the nucleus and acted as a transcription factor of
osteogenic genes to regulate osteogenic signaling.96,97 Conversely, suppression of N-cadherin and cadherin-11 expressions attenuated osteogenesis and promoted adipogenic
differentiation through the modulation of b-catenin signaling.93,98 N-cadherin is also required to initiate chondrogenesis
of MSCs mediated through transforming growth factor b but
needs to be cleaved at the later stage of chondrogenic differentiation.99 A switch from N-cadherin to OB-cadherin was
observed to reduce chondrogenic differentiation but increase
osteogenic differentiation.100 Besides regulating MSC differentiation, N-cadherin also modulates the secretion of proangiogenic factors. For instance, N-cadherin increased VEGF
expression in CB-MSCs by the activation of extracellular
signal-regulated kinases (ERKs) and enhancing cell–cell contacts.101 It is apparent that cadherin-mediated cell–cell adhesion plays a fundamental role in regulating MSC properties in
the aggregates.
Connexin-43, a major gap junction protein, is upregulated
upon cell–cell contact in 3D MSC aggregates and is required
for osteogenic differentiation.102,103 Connexin-43 is also differentially regulated during adipogenic differentiation with
increased expression during the early stage of adipogenesis
followed by downregulation in maturation of adipocytes.104
The inhibition of connexin-43 during osteogenic differentiation of BM-MSCs leads to the enhanced adipogenesis,
highlighting the competition between osteogenesis and adipogenesis.105 The enhanced connexin-43 expression was also
observed during chondrogenic differentiation.106 These reports support the notation that cell–cell contacts and expression of adhesion molecules are important to regulate
MSC differentiation potential in the 3D aggregates.
Effects of oxygen diffusion and biomechanical forces.
The multicellular aggregate structure creates a heterogeneous microenvironment with size-dependent gradients of
nutrients, oxygen, and cytokines.107 Among these factors,
oxygen availability has been frequently suggested as a primary factor that influences MSC fate. G-MSC and A-MSC
aggregate formation has been reported to induce a mild
hypoxic environment, increasing the expression of hypoxiainducible factor (HIF)-1a and HIF-2a.12,38 The mild hypoxia
in the aggregates has been suggested as the primary mechanism for the upregulated secretion of proangiogenic factors,
such as VEGF, FGF-2, HGF, and CXCR4.12,38 Secretion of
PGE2, an anti-inflammatory cytokine, is also related to
hypoxia, although the mechanism is yet to be determined.18
The hypoxic environment in the interior of aggregates is also
a contributing factor for the increased ECM expression, including fibronectin, collagen I, vitronectin, and collagen IV.82
An increased protection against reactive oxygen species
through the increased superoxide dismutase 2 expression
was also observed in G-MSCs and A-MSC aggregates.12 Similarly, the protection against apoptosis was observed in
MSC aggregates through the increased expression of Bcl-XL
possibly due to the hypoxic environment.38 However, whether oxygen gradient in the aggregates is solely responsible
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or even sufficient to induce the observed alternation in MSC
behaviors and secretome requires in-depth experimental and
modeling analysis.107 Although oxygen tension is a primary
factor that activates HIF transcription, glycolytic metabolites
such as pyruvate and lactate can also activate and stabilize
HIF under normoxic condition.108,109 Therefore, the molecular profiles of the 3D MSC aggregates remain to be fully
characterized.
It is important to note that the aggregate fabrication
methods may involve vastly different biomechanical forces,
which influence the aggregate properties. For example, MSC
self-assembly on nonadherent surface and in hanging drop
culture rely on spontaneous cell–cell interactions, which may
select a subpopulation of cells while shedding other cells and
debris from the aggregates.5 In contrast, forced aggregation
by centrifugation may subject cells to considerable mechanical forces, generating dissimilar microenvironment in the
aggregates that significantly influence MSC fate. Although
cell aggregation typically occurs during a short duration, the
initial impact of mechanical forces may result in significant
changes in cell properties and the trajectory of their developmental patterns.110 Thus, the role of mechanical forces in
aggregate fabrication and their subsequent influence on cell
biological and biomechanical properties need further investigation.
Possible signaling pathways. Analyses at molecular level have been attempted to elucidate the possible pathways
activated in 3D MSC aggregates.5,6,79,100 For example, genes
related to MSC adhesion, including ECM proteins, antioxidant activities, and molecular signaling, were upregulated.5
Especially, several Wnt genes and proteins, such as Wnt3a
and Wnt5a, were found to be differentially upregulated
in biomaterial-derived A-MSC aggregates.100 The Wnt3amediated canonical signaling and Wnt5a-mediated noncanonical signaling cross-talked with ERK1/2 or Smad2/3
pathways to regulate osteogenic or chondrogenic differentiations, respectively.100 Consistent with the reduced proliferation, a downregulation of cell cycle genes, actin binding
proteins, and cytoskeleton organization was also observed.5,79 While these studies provide mechanistic insight, it
is important to note that the regulatory mechanisms are
multifactorial and likely involve multiple signaling pathways and their convergence.
Expansion of MSC Aggregates in Bioreactors
It is estimated that myocyte deficit in infarction-induced
heart failure requires the order of 109 cells, but only 104–105
cells are typically generated from 2D cultures. In addition,
the biomolecules released from MSCs are in the range of
*10 ng based on clinical scale of MSC mass (*108 cells),
suggesting that high MSC doses are likely required for
clinical applications.111,112 Production of MSC aggregates for
clinical application requires bioreactor systems that provide
homogenous physicochemical environment with a tight
control of various parameters, such as oxygen tension, mechanical stresses, pH, and nutrient feeding.113–115
Long-term culture of MSC aggregates
The MSC aggregates are able to maintain high cell viability with enhanced functional properties during long-term
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culture, although their proliferation potential is rather limited.5 Aggregates containing 0.5–2 · 105 cells and a diameter
of 100–300 mm had comparable viability to 2D monolayer for
17–30 days.34,35,50 Independent of the aggregation method,
increased compactness has been reported in aggregates of AMSC or BM-MSC over the prolonged culture.5,35,50,61,72 In
long-term culture, the proliferation capacity of placental and
A-MSC aggregates generated on chitosan membranes was
reduced.71,72 The incorporation of hyaluronan in chitosan
membrane increased the survival and proliferation ability
presumably due to increased cell migration and matrix
synthesis.72
It has been suggested that cell proliferation is inversely
related to aggregate size due to diffusion limitations, and
large aggregates have reduced proliferation potential compared to small ones.107,116 However, the MSC aggregates are
heterogeneous in both molecular profiles and biomechanical
microenvironments. Apart from biomechanical analysis at
individual cell and aggregate levels, quantitative measurement and analysis of the spatial distribution of oxygen, nutrient, and regulatory macromolecules in the 3D aggregates
are required to definitively determine the role of diffusion in
the aggregates. This analysis is complicated by the adaptive
cellular responses and accumulation of endogenous growth
factors, which may significantly influence cellular metabolism and macromolecule distribution in the aggregates.5,117
While depletion of oxygen due to molecular diffusion is
thought to induce the formation of a hypoxic zone inside the
aggregate, the extent of oxygen depletion and its influence
on cellular properties remain to be determined. MSCs are
known to survive under near-anoxic condition and may reduce oxygen consumption in the aggregates, altering oxygen
distribution.118 Additionally, MSCs are significant source of
endogenous growth factors and the accumulation of these
factors in the aggregates is a critical property but remains to
be investigated. Thus, quantitative understanding of the
temporal and spatial characteristics of MSC aggregates is
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required for in-depth study of their biological and functional
properties.
Bioreactor systems for cultivating MSC aggregates
Several types of bioreactor systems have been shown to
support MSC aggregates in suspension for long-term culture,
including stirred tank bioreactors, rotating wall bioreactors,
and perfusion bioreactors (Table 5). Although MSC aggregates have limited proliferation capacity, the dynamic bioreactor culture appears to enhance their biological function.
The proliferation of MSC aggregates in both spinner flask
and rotating wall bioreactor has been demonstrated to be
comparable to 2D cultures, whereas cell size and surface
antigen expression were altered and adipo-osteogenic differentiation of bioreactor-expanded MSC aggregates was
enhanced.6 The secreted IL-24 was upregulated in bioreactors, indicating that the secretion profiles of MSCs were
different from static cultures.6 Similarly, the secretion of
VEGF, HGF, and FGF-2 was promoted in spinner flasks for
A-MSCs.38 Applied microgravity into rotating wall vessel
bioreactor enhanced the adipogenesis of BM-MSC aggregates.6 Rotating wall vessel and bioreactors delivering cyclic
compression enhanced the chondrogenic differentiation of
A-MSCs and BM-MSCs.119–121 The regulation of osteoadipogenic differentiation of MSC aggregates in bioreactors
may involve cytoskeletal remodeling and the modulation of
RhoA/ROCK signaling.122,123 These preliminary studies
suggest the potentials of bioreactor systems for MSC aggregate cultures.
Physicochemical environment in the bioreactors
Different from static cultures, the cells in bioreactors are
exposed to shear stress with the enhanced mass transfer,
which were shown to modulate MSC proliferation and differentiation as well as the secretion of proangiogenic factors
(i.e., VEGF).122,124,125 Shear stress in bioreactors has been

Table 5. Bioreactor Expansion of MSC Aggregates
Type of
bioreactor
Spinner flask

Rotating wall
vessel

Cyclic
compression

MSC source

Culture parameters

Effect on proliferation

Effect on differentiation

Ref.

Human bone
marrow
Human adipose
tissue
Human bone
marrow
Rabbit bone
marrow

30 rpm
Seeded at 2 · 104 cells/mL
70 rpm
Seeded at 6 · 105 cells/mL
15 rpm
Seeded at 2 · 104 cells/mL
11–25 rpm
Seeded at 1–1.5 · 106
cells/mL

No effect compared
to 2D
ND

6

Human adipose
tissue

11–25 rpm
Seeded at 106 cells/mL

ND

Rabbit bone
Marrow

10% magnitude at a
frequency of 1 Hz for 4
h; seeded at 3 · 107
cells/mL

No effect compared
to unloaded
controls

Improved osteogenesis after
14–21 days
Enhance the secretion of VEGF,
HGF, and FGF-2
Improved adipogenesis after
14–21 days
Improved chondrogenesis:
threefold increase in
aggregans; increase collagen
type II, GAG secretion
Improved chondrogenesis after
21 days; 20- to 30-fold
increase of SOX9 and
aggregan compared to
normal gravity
Improved chondrogenesis after
14 days; twofold increase in
collagen type II compared to
unloaded pellets

GAG, glycosaminoglycan.

No effect compared
to 2D
ND

38
6
121

120

119
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shown to transduce mechanical signals into biochemical
signals to modulate MSC differentiation. For example,
mitogen-activated protein kinase signaling, including ERK1/
2, p38, and c-Jun N-terminal kinase pathways, are influenced
by shear stress through the cell surface signaling to activate
the GTPase.113
Novel design of bioreactors that provide homogenous
shear stress may be required in the formation and expansion
of MSC aggregates. Spinner flasks displayed heterogeneous
shear stress (0–2.83 dyn/cm2), fluid velocity, and Kolmogorov eddy size, which may limit their biological effects on
MSCs.126 In perfusion chambers, oscillating fluid flow provided better mechanical signaling compared to the unidirectional counterpart.127,128 Nevertheless, such bioreactor
requires cell adhesion to exogenous surface, whereas cell
surface adhesion may change the properties of aggregates.
Alternatively, bi-axial wavy-walled bioreactors provided
modular and more homogeneous shear stress compared
to the uniaxial counterpart, which could be a flexible and
scalable system for MSC aggregates.129,130
Evidences were provided that the bioreactors enhanced
oxygen and nutrient diffusion inside aggregates (100–
300 mm) compared to static cultures.131,132 The dynamic
culture conditions create different oxygen profiles in MSC
aggregates, which may affect the cell metabolism and phenotype. Control of oxygen tension inside bioreactors has
been shown to induce biological signaling to modulate MSC
fate decision.133,134 Hypoxia (1% O2) was shown to reduce
MSC senescence and reduce the expression of osteogenic
genes via HIF-TWIST signaling.135,136 Similarly, hypoxia (2%
O2) stabilized HIF-a, which acted as the transcription factor
for SOX9 and promoted chondrogenic gene expression.137
Adipogenic differentiation was reduced under hypoxia
through the activation of an endoplasmic reticulum stress
protein.138 As observed in perfusion cultures, hypoxia also
enhanced the secretion of proangiogenic factors.139 Thus, the
control of oxygen diffusion is essential for mass scale production of functional MSC aggregates in bioreactors.
Application of MSC Aggregates in Preclinical Studies
Single-cell transplantation of MSCs has low retention and
engraftment. Compared to single cells, transplantation of
MSC aggregates offers the following advantages. (i) The
upregulated secretion of trophic, antiapoptotic, and antiinflammatory factors enhances MSC therapeutic efficacy5,80;
(ii) the local enrichment of growth factors and ECM proteins
provides a protective environment against the cytotoxicity
at the injury site, improving cell survival and long-term
engraftment; (iii) the cell–cell contacts and ECM proteins
associated with aggregates improve cell adhesion and retention.140 Owing to these properties, MSC aggregates have
demonstrated positive outcomes in bone and cartilage regeneration, wound healing, neoangiogenesis, and cardiac
transplantation in various animal models (Table 6).
MSC aggregates in bone and cartilage regeneration
Multicellular MSC aggregates have been used to generate
bone and cartilage tissue. Implantation of intact BM-MSC
aggregates in both heterotopic and orthotopic sites of the delayed healing model has shown better cell survival and enhanced bone healing via endochondral and intramembranous
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ossification compared to the dissociated BM-MSCs.141,142
Hypertrophic chondrocytes derived from BM-MSC aggregates implanted subcutaneously in mice provided a template
for in situ endochondral ossification.143 Compared to dissociated cells, the preserved endogenous ECM proteins and
cell–cell contacts promoted cell retention and survival and
provided the microenvironment inductive to osteogenic differentiation. In addition, studies indicated that while in vitro
spontaneous differentiation started from the center of MSC
aggregates, the mineralization in the osteogenic medium began from the periphery to the interior of the aggregates
in vivo.144 Moreover, the time for osteogenic priming was inversely related to the cell outgrowth from the aggregate.145,146
In vivo studies in rabbits showed that aggregates of MSCs
could adhere promptly on the osteochondral defects by surface tension and stay without any loss, improving cartilage
regeneration.22 Aggregate composites of chondrocytes and
synovium-derived MSCs were injected to the osteochondral
defects in a rabbit model, and effective restoration of articular
cartilage and in vivo ECM production were observed.147 Thus,
compared to dissociated cells, the MSC aggregates provide
multiple cellular components that benefit tissue repair and
regeneration.
MSC aggregates enhanced wound healing
and neoangiogenesis
MSC aggregates enhanced wound healing and neoangiogenesis due to the secretion of angiogenesis factors and endogenous ECMs. G-MSC aggregates were shown to reverse
chemotherapy-induced oral mucositis and epithelial layer
damage of mucositic tongues compare to adherent MSCs.12
Following intravenously injection, G-MSCs displayed higher
homing ability to the injury sites, due to the increased expression of CXCR4.12 In addition, improvement of ischemic
limb salvage was shown following CB-MSC and A-MSC
aggregate transplantation due to the enhanced vascularization compared to dissociated MSCs.38,148 A-MSC aggregates
showed a significant increase in the rate of wound closure
compared to single cells due to the significantly elevated
ECM secretions (e.g., tenascin C, collagen VI, and fibronectin) and the secreted soluble factors (e.g., HGF, matrix metalloproteinase-2).79 Prevention of anoikis through the
preservation of ECM proteins was proposed as a potential
mechanism of the increased survival of A-MSC aggregates.
Moreover, the enhanced expression of proangiogenic factors
of MSC aggregates promoted von Willebrand factor expression and capillary density.38 Hence, methods to enhance
MSC secretion of angiogenesis factors and ECMs should
improve the therapeutic potential in wound healing and
neoangiogenesis.
MSC aggregates enhanced cardiac transplantation
Cardiac functional improvement after myocardial infarction in rats was observed following UC-MSC aggregate
transplantation.59 The reduced cardiac fibrosis and the increased capillary density were associated with the enhanced
engraftment of UC-MSC aggregates compared to single cells,
owing to the increased VEGF secretion by UC-MSCs in the
aggregates.2,59 Additionally, direct transplantation of MSC
aggregates in ischemic cardiac injury site may improve cell
retention, survival, and engraftment due to the presence of
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Table 6. In Vivo Application of MSC Aggregates
MSC source

Methods of aggregation

Bone and cartilage regeneration
Rabbit bone marrow
Fragment of 3D cell
sheet
Rabbit bone marrow

3D cell sheet

Transplanted tissues
Subcutaneous site;
Mandibule
(fractured)
Subcutaneous dorsal
pocket
Skin

In vivo effects
Twofold increase in bone formation
compared to single-cell injection;

Ref.
141

New bone formation; enhanced
142
compressive strength
Human bone marrow
Pellet culture
24% increase in bone and 74% in marrow 143
formation compared to controls
Human and rabbit
Hanging drop
Left knee joint
Successful cartilage regeneration, the
22
synovium
defect was fully filled with cartilage
matrix
Rabbit articular cartilage Low attachment dish Osteochondral defects Effective restoration of articular cartilage; 147
and synovium
with rotary shaker
in the legs
in vivo ECM production
Wound healing and neoangiogenesis
Human gengiva
Low attachment dish Tongue (oral mucositis) Increased regeneration of damaged crypts, 12
basal and epithelia layer, increased
proliferation of mucosal epithelial cells
compared to single cells
38
Human adipose tissue
Spinner flask
Ischemic limbs
Three to fivefold increase in local HGF,
VEGF, and FGF-2; two to fivefold host
cells expressing a-actin, ICAM-1,
VCAM-1, and PECAM-1 compared to
dissociated cells
148
Human umbilical cord
Hanging drop
Ischemic limbs
Increased number of microvessels and
smooth muscle a-actin compared to
dissociated cells
Human adipose tissue
Hanging drop
Diabetic wounds
A significant increase in the rate of wound 79
closure compared to single cells due to
ECM proteins and secreted soluble
factors (e.g., HGF, MMP-2)
Cardiac tissue repair
Human umbilical cord
Low attachment plate Myocardium
Fourfold decrease in LV end-diastolic and 59
(infarcted)
systolic diameters, or LV fractional
shortening compared to single cells
Rat bone marrows
Thermal responsive
Intramyocardial
23% greater LV fractional shortening
48
hydrogel
injection
when compared with the dissociated
MSCs
33
Mice bone marrow
Thermal responsive
Skeletal muscle
Cells entrapped into the muscular
hydrogel
interstices; better retention of the
transplanted cells
Human adipose tissue
Modified hanging
Intramyocardial
Improved cell retention, survival, and
21
drop
injection
integration in a porcine model
LV, left ventricular; ICAM-1, intercellular adhesion molecule 1; VCAM-1, vascular cell adhesion molecule 1; PECAM-1, platelet endothelial
cell adhesion molecule 1; MMP-2, matrix metalloproteinase 2.

endogenous ECM. Indeed, transplantation of MSC aggregates in skeletal muscle provided adequate physical size to
entrap the cells into the muscular interstices and offered a
favorable ECM environment to enhance the retention of the
transplanted cells.33 Transplantation of MSC aggregates with
endogenous ECMs in a rat model also increased vascular
density and improved cardiac function.48 The echocardiography and catheterization measurements showed a superior
heart function for MSC aggregates compared to the dissociated single cells.48 A transcatheter-based electromechanical
mapping-guided intramyocardial transplantation of A-MSC
aggregates in the porcine heart showed the improved survival and tissue integration, whereas single-cell injection
displayed low level and random distribution.20,21 Thus,
in vitro preconditioning MSCs in aggregates may be an ef-

fective strategy to enhance cell survival and the secretion of
trophic factors in vivo for myocardial disease therapy.
Conclusions and Perspectives
MSC 3D aggregates have many attractive properties, but
understanding the mechanism of MSC aggregate formation
and the structure–function relation is crucial to further improve their prospects in clinical applications. The cellular
and physicochemical characteristics of the 3D aggregate
microenvironment need to be elucidated using both modeling and experimental approach to better define MSC aggregates’ structure–function relations and to guide their clinical
applications. In addition to cell adhesion molecules, the effects of cortical tension of individual cells and mechanical
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forces employed during aggregate fabrication on MSC biological properties need to be delineated. Scalable aggregate
fabrication and expansion methods that allow a tight control
of aggregate size in long-term culture are important to sustain the viability and functionality of MSC aggregates. Advances in these areas are expected to significantly accelerate
the translation of MSC therapy to clinical applications.
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