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Abstract: Multicellular spheroids show three-dimensional (3D) organization with extensive cell–cell
and cell–extracellular matrix interactions. Owing to their native tissue-mimicking characteristics,
mesenchymal stem cell (MSC) spheroids are considered promising as implantable therapeutics
for stem cell therapy. Herein, we aim to further enhance their therapeutic potential by tuning the
cultivation parameters and thus the inherent niche of 3D MSC spheroids. Significantly increased
expression of multiple pro-regenerative paracrine signaling molecules and immunomodulatory
factors by MSCs was observed after optimizing the conditions for spheroid culture. Moreover, these
alterations in cellular behaviors may be associated with not only the hypoxic niche developed in
the spheroid core but also with the metabolic reconfiguration of MSCs. The present study provides
efficient methods for manipulating the therapeutic capacity of 3D MSC spheroids, thus laying solid
foundations for future development and clinical application of spheroid-based MSC therapy for
regenerative medicine.

Keywords: mesenchymal stem cells; cell therapy; 3D cell spheroids; immunomodulation;
metabolic reconfiguration

1. Introduction

Mesenchymal stem cells (MSCs) have been widely explored for their broad-ranging
potential in regenerative medicine, especially in cell therapy [1]. Initially, the therapeutic
benefits of MSC transplantation were believed to be attributed to the replenishment of the
required cell types through MSC differentiation [2,3]. However, accumulating evidence
indicates that it is the secretome of MSCs exhibit the major and diverse therapeutic func-
tions, including anti-apoptosis, pro-angiogenesis, and immunomodulatory effects [1]. By
secreting a broad spectrum of bioactive molecules in free forms or encapsulated in extracel-
lular vesicles, the administered MSCs can establish a pro-regenerative microenvironment
to promote tissue repair.

Nevertheless, the effectiveness of MSC-based cell therapies in clinical trials remains
controversial. It has been reported that transplanted MSCs may not be able to survive
under the inhospitable environments of injured/diseased tissues for a prolonged period,
thereby limiting the ultimate therapeutic outcomes. As a result, MSCs must be carefully
tuned prior to transplantation to achieve the desired curative efficacy. Strategies that can
benefit the post-engrafted survival of MSCs and their paracrine potential are still being
extensively investigated. Since the behavior and functionality of MSCs are tightly regulated
by their surrounding niche, several cell priming/preconditioning approaches, including
supplementation with bioactive molecules or chemicals, manipulation of oxygen tension,
and employment of various culture conditions/substrates, have been proposed to improve
the therapeutic efficiency of MSC transplantation [4].
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Among the developed methods, we [5–9] and others [2,3,10–12] have reported that
culturing MSCs in a three-dimensional (3D) multicellular spheroid configuration can
significantly enhance both the viability of administered MSCs and their overall therapeu-
tic functions. Specifically, the spheroid configuration can more closely recapitulate the
physiological 3D microenvironment than conventional two-dimensional (2D) cultures [3].
Extensive cell–cell and cell–extracellular matrix (ECM) interactions can be established
during MSC assembly and are well preserved throughout the whole procedure of cell
administration, significantly superior to the trypsinized cell suspensions that are typically
employed for cell therapy. Furthermore, a gradient of oxygen concentrations can be present
within multicellular aggregates, thus generating a hypoxic niche that can effectively acti-
vate several signaling pathways, ultimately leading to the enhanced therapeutic potential
of MSCs [13].

Nevertheless, most studies employ a variety of methods and parameters to engi-
neer 3D MSC spheroids, and the resultant improvement in therapeutic capacity varies.
Herein, we aim to manipulate the niche presented in cell spheroids by controlling the
culture parameters. We believe that by characterizing the impact of the established ar-
tificial niches on multiple cellular behaviors, including the expression of paracrine fac-
tors, immunomodulatory activation, and metabolic switch, an optimal protocol for 3D
MSC spheroid preparation for cell therapy can be developed, thus laying solid founda-
tions for future advances and clinical applications of spheroid-based MSC therapy in
various scenarios.

2. Materials and Methods
2.1. Cell Culture

MSCs that were derived from human umbilical cord blood and transfected with
human telomerase reverse transcriptase (TERT) and red fluorescence protein (RFP) using
nonviral vectors were acquired from the Bioresource Collection and Research Center, Food
Industry Research and Development Institute, Hsinchu, Taiwan (Cat. No. BCRC 60605)
and cultured according to the vendor’s protocol. The culture medium was composed of
α-minimum essential medium (αMEM; Thermo Fisher Scientific, Waltham, MA, USA)
containing 20% fetal bovine serum (Corning, Corning, NY, USA), 4 ng/mL basic fibroblast
growth factor (PeproTech, Rocky Hill, NJ, USA), 30 µg/mL hygromycin B, and 200 µg/mL
G418 sulfate (Thermo Fisher Scientific) [14]. For conventional monolayered cultivation,
1 × 106 MSCs were seeded in a T75 flask and subcultured when they reach 90% confluence.
All cells were cultivated at 37 ◦C in a humidified incubator supplemented with 5% carbon
dioxide. For induction of cellular hypoxia, a humidified hypoxic incubator (1% oxygen;
Heracell VIOS 160i, Thermo Fisher Scientific) was used for cell culture.

2.2. Preparation of 3D MSC Spheroids

The MSC spheroids were prepared using a methylcellulose (MC) hydrogel that was
not bound by cells. Twelve percent (w/v) MC solution was prepared by dissolving MC
powder in phosphate buffered saline (PBS; Thermo Fisher Scientific, St. Louis, MO,
USA) [5–9]. After autoclaving, a sterilized MC solution was employed to coat each well of a
96-well culture plate. Before cell seeding, the MC solution-coated plate was pre-incubated
at 37 ◦C for 30 min for hydrogel gelation. Next, MSCs were trypsinized, suspended in
culture medium at the desired cell densities, transferred into MC hydrogel-coated plates,
and cultivated for 24 h. The 3D MSC spheroids were imaged using a phase-contrast mi-
croscope (Olympus, Tokyo, Japan), and their diameters were determined using ImageJ
software (National Institute of Health, Bethesda, MD, USA). Additionally, the viability of
cells grown in spheroids was evaluated by staining with SYTOX Green (0.5 µM; Thermo
Fisher Scientific) for 24 h before imaging using a confocal laser scanning microscope and
analyzing using the ZEN blue software (Carl Zeiss, Oberkochen, Germany) [15]. Alterna-
tively, the constructed MSC spheroids were enzymatically dissociated using trypsin, and
the viability of the cells in the cell suspensions was determined using a trypan blue dye
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exclusion assay. For 2-deoxyglucose (2-DG) treatment, cell spheroids were treated with
5 mM 2-DG (Sigma-Aldrich, St. Louis, MO, USA) for 24 h prior to analysis [16].

2.3. Immunofluorescence Staining

For immunostaining, the 3D MSC spheroids were fixed in phosphate-buffered 4%
paraformaldehyde for 30 min. After three washes with PBS, cell spheroids were treated
with PBS supplemented with 0.5% Triton X-100 (Sigma-Aldrich) and 5% goat serum (Vector
Laboratories, Burlingame, CA, USA) for 2 h for permeabilization and blocking before
being incubated with primary antibodies against collagen type III, laminin, fibronectin, or
heparan sulfate proteoglycan (HSPG; all from GeneTex, Hsinchu, Taiwan) at 4 ◦C overnight.
The next day, the samples were washed with PBS five times and incubated with Alexa
Flour 633-conjugated secondary antibody at 4 ◦C overnight. After five washes with PBS
and counterstaining with Alexa Flour 488-conjugated phalloidin or DAPI (all from Thermo
Fisher Scientific), the samples were mounted in a tissue-clearing solution (FocusClear
solution, CelExplorer, Hsinchu, Taiwan) before being observed under a confocal laser
scanning microscope.

2.4. Real-Time Quantitative Polymerase Chain Reaction (qPCR)

Total RNA of fifty cell spheroids was extracted using TRIzol Reagent (Thermo Fisher
Scientific). After synthesis of complementary DNA with the High Capacity Reverse Tran-
scription Kit, qPCR was conducted using Power SYBR Green PCR Master Mix with the
StepOnePlus Real-Time PCR System (Thermo Fisher Scientific) [17]. The sequences of the
primers used in the present study are listed in Table S1. The relative mRNA levels of target
genes were determined by a comparative threshold cycle method and normalized to that
of RPL13A [18–20]. For the control group, MSCs that were cultivated in a monolayer and
had the same passage number and culture period as the MSC spheroids were used.

2.5. Statistical Analysis

All data are expressed as the mean ± standard deviation. Statistical analyses were
performed using GraphPad Prism software (version 9.1; San Diego, CA, USA). One-way
ANOVA with Tukey’s correction was employed for the comparison of three or more groups.
Differences were considered significant at p < 0.05.

3. Results
3.1. MSCs Assemble into 3D Spheroids with Precise and Controllable Sizes Using MC
Hydrogel-Coated Plates

We first investigated the effects of cell seeding densities on the sizes of the formed
spheroids. After culture in MC hydrogel-coated plates for 24 h, MSCs assembled into
a single 3D spheroid in each well (Figure 1A). The diameters of the thus-formed 3D
spheroids that were prepared with cell seeding densities of 5000, 10,000, 20,000, 40,000
and 80,000 cells per well were 266.9 ± 9.1, 326.2 ± 10.6, 469.1 ±17.7, 547.1 ± 20.5, and
702.7 ± 26.2, respectively (Figure 1B), suggesting that the spheroid sizes can be precisely
manipulated by tuning the cell seeding densities. The assembled 3D MSC spheroids
were also harvested and processed to characterize their ECM content by immunostaining.
Figure 1C shows representative confocal images of matrix proteins in the equatorial plane
(the widest cross-section) of the spheroids, demonstrating their abundance of multiple
ECM components, which are crucial for MSC survival and functionality.
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Figure 1. Mesenchymal stem cells (MSCs) assemble into three-dimensional (3D) spheroids (sph.) with precise and control-
lable sizes and exhibit enhanced therapeutic potential. (A) Representative images show the morphologies of 3D MSC 
spheroids fabricated using various cell seeding densities and (B) their corresponding diameters (n = 21 spheroids pooled 

Figure 1. Mesenchymal stem cells (MSCs) assemble into three-dimensional (3D) spheroids (sph.) with precise and controllable
sizes and exhibit enhanced therapeutic potential. (A) Representative images show the morphologies of 3D MSC spheroids
fabricated using various cell seeding densities and (B) their corresponding diameters (n = 21 spheroids pooled from 3 independent
experiments, mean ± s.d.) Scale bars, 500 µm. (C) Representative pseudocolored confocal images showing the organization of
the cytoskeleton and the presence of extracellular matrix within the formed spheroids. Scale bars, 100 µm. The mRNA levels
of genes that encode pro-regenerative (D) paracrine signaling molecules and (E) immunomodulatory enzymes/cytokines of
MSCs grown with different 3D spheroid sizes or in two-dimensional (2D) monolayered culture are significantly different (n = 4).
* p < 0.05; ** p < 0.01; *** p < 0.001; ns: not significant. HSPG: heparan sulfate proteoglycan.

3.2. Spheroid Size Impacts MSC Paracrine and Immunomodulatory Potential

The mRNA levels of various paracrine factors (VEGFA, FGF2, HGF, IGF1, PDGFB, and
TGFB) or immunomodulatory enzymes (PTGS2 and IDO1) and factors (TNFAIP6, STC1,
IL1RN and IL10) in the 3D MSC spheroids fabricated with different cell seeding densities
were determined by qPCR. Overall, the 3D MSC spheroids displayed significantly increased
expression of the investigated genes compared with that of the MSCs that were cultivated under
conventional 2D conditions (Figure 1D,E; p < 0.001), in agreement with the literature [2,3,21].
Furthermore, the degree of enhancement was highly correlated with the size of the spheroids,
a phenomenon that has been reported previously [2]. For most of the investigated paracrine
factors and all of the immunomodulatory genes, the highest upregulation of mRNA expression
was found in the 3D MSC spheroids prepared by 40,000 cells per well. For example, the mRNA
levels of VEGFA, FGF2 and PDGFB, which are critical for vessel formation and stabilization,
in 3D MSC spheroids fabricated using 40,000 cells showed 2.6-, 10.5- and 34.2-fold increases,
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respectively, compared to those prepared using 5000 cells (Figure 1D; p < 0.001). A similar
trend was also observed in the expression of pro-survival factors (2.3- and 1.8-fold increases in
the mRNA levels of HGF and IGF1, respectively; Figure 1D, p < 0.001), immunomodulatory
enzymes (10.3- and 4.2-fold increases in the mRNA levels of PTGS2 and IDO1, respectively;
Figure 1E, p < 0.001) and factors (6.9-, 8.4-, 8,8- and 2.6-fold increases in the mRNA levels of
TNFAIP6, STC1, IL1RN and IL10, respectively; Figure 1E, p < 0.001) when comparing 3D MSC
spheroids that were assembled by 40,000 cells with those assembled by 5000 cells. Therefore,
spheroids prepared from 40,000 MSCs were chosen for the following studies.

3.3. The Culture Period also Affects MSC Viability and Therapeutic Potential

We then next evaluated whether the duration of spheroid culture also plays a role in
modulating the expression profiles of therapeutic genes. Figure 2A shows representative
images of 3D MSC spheroids assembled by 40,000 cells and incubated for 1, 2 or 3 days.
The average diameters of the spheroids that were cultivated for 1, 2, and 3 days were
556.5 ± 15.8, 525.3 ± 15.1, and 462.7 ± 12.2 µm, respectively (Figure 2B), suggesting that
the spheroid size decreased gradually as time progressed. For paracrine and immunomod-
ulatory genes, the expression levels of VEGFA, FGF2, IGF1, PTGS2, IDO1, TNFAIP6, STC1,
IL1RN and IL10 were elevated with time (Figure 2C). However, the mRNA levels of HGF,
PDGFB and TGFB peaked on day 2 (Figure 2D).
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Figure 2. The culture period of 3D MSC spheroids affects their therapeutic potential. (A) Representative images show
the morphologies of 3D MSC spheroids cultivated for various durations and (B) their corresponding diameters (n = 21
spheroids pooled from 3 independent experiments, mean ± s.d.). Scale bars, 500 µm. The expression levels of multiple
pro-regenerative genes that encode (C) paracrine signaling molecules and (D) immunomodulatory enzymes/cytokines by
MSCs (n = 4). * p < 0.05; ** p < 0.01; *** p < 0.001; ns: not significant.
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It is presumed that incubating 3D cell spheroids with a radius exceeding the distance of
oxygen diffusion limitation, typically 250 µm, for a prolonged period can lead to significant
cell death in the interior of spheroids [22,23]. To investigate the viability of MSCs within the
grown spheroids, we used SYTOX Green, a membrane impermeable dye, to label the dead
cells. As revealed in the representative confocal images in Figure 3A, only a few SYTOX
Green-positive nuclei could be detected at the equatorial plane of the spheroids incubated
for 1 and 2 days. On day 3, however, a remarkable increase in the number of dead cells was
observed in the interior of the spheroid (Figure 3A,B), suggesting the development of a
necrotic core. The results of trypan blue dye exclusion assay also confirmed the decreased
cell viability of the cells grown in 3D cell spheroids for 3 days (Figure 3C). To ensure that the
majority of the MSCs remained viable before being employed for cell therapy, cell spheroids
that were prepared with a 2-day incubation were used for subsequent investigations.

Cells 2021, 10, x FOR PEER REVIEW 6 of 13 
 

 

It is presumed that incubating 3D cell spheroids with a radius exceeding the distance 
of oxygen diffusion limitation, typically 250 µm, for a prolonged period can lead to sig-
nificant cell death in the interior of spheroids [22,23]. To investigate the viability of MSCs 
within the grown spheroids, we used SYTOX Green, a membrane impermeable dye, to 
label the dead cells. As revealed in the representative confocal images in Figure 3A, only 
a few SYTOX Green-positive nuclei could be detected at the equatorial plane of the sphe-
roids incubated for 1 and 2 days. On day 3, however, a remarkable increase in the number 
of dead cells was observed in the interior of the spheroid (Figure 3A,B), suggesting the 
development of a necrotic core. The results of trypan blue dye exclusion assay also con-
firmed the decreased cell viability of the cells grown in 3D cell spheroids for 3 days (Figure 
3C). To ensure that the majority of the MSCs remained viable before being employed for 
cell therapy, cell spheroids that were prepared with a 2-day incubation were used for sub-
sequent investigations. 

 
Figure 3. Prolonged cultivation of 3D MSC spheroids leads to cell death in the spheroid core and activates metabolic 
reconfiguration and autophagy. (A) Representative pseudocolored confocal images show dead SYTOX Green-positive 
cells and (B) the corresponding fluorescence intensities of SYTOX Green in the equatorial plane of the spheroids (n = 4). 
Scale bars, 200 µm. (C) The viability of MSC grown in 3D cell spheroids was determined using a trypan blue dye exclusion 
assay (n = 3). The expression levels of genes that are associated with (D) glycolysis, (E) the pentose phosphate pathway 
and (F) autophagy were investigated (n = 4). * p < 0.05; ** p < 0.01; *** p < 0.001; ns: not significant. 

3.4. Three-Dimensional MSC Spheroids Exhibit Signs of Metabolic Reconfiguration and 
Enhanced Autophagy 

We also assessed the gene expression profile of some metabolic enzymes that are in-
volved in glycolysis (PDK1 and SLC2A1) and the pentose phosphate pathway (G6PD and 
6PGD). The qPCR results displayed in Figure 3D,E indicate that the mRNA levels of all 
investigated genes increased as the incubation time increased (p < 0.05), suggesting a grad-
ually elevated dependence on glycolysis and the pentose phosphate pathway for ATP 
production. Moreover, the expression levels of BECN1 and LAMP1, autophagy-related 
genes, were enhanced significantly in the 3D MSC spheroids after a 3-day culture (Figure 
3F; p < 0.001), indicating the activation of autophagy in MSCs grown in cell spheroids. 

Figure 3. Prolonged cultivation of 3D MSC spheroids leads to cell death in the spheroid core and activates metabolic
reconfiguration and autophagy. (A) Representative pseudocolored confocal images show dead SYTOX Green-positive cells
and (B) the corresponding fluorescence intensities of SYTOX Green in the equatorial plane of the spheroids (n = 4). Scale
bars, 200 µm. (C) The viability of MSC grown in 3D cell spheroids was determined using a trypan blue dye exclusion assay
(n = 3). The expression levels of genes that are associated with (D) glycolysis, (E) the pentose phosphate pathway and
(F) autophagy were investigated (n = 4). * p < 0.05; ** p < 0.01; *** p < 0.001; ns: not significant.

3.4. Three-Dimensional MSC Spheroids Exhibit Signs of Metabolic Reconfiguration and
Enhanced Autophagy

We also assessed the gene expression profile of some metabolic enzymes that are
involved in glycolysis (PDK1 and SLC2A1) and the pentose phosphate pathway (G6PD
and 6PGD). The qPCR results displayed in Figure 3D,E indicate that the mRNA levels of
all investigated genes increased as the incubation time increased (p < 0.05), suggesting a
gradually elevated dependence on glycolysis and the pentose phosphate pathway for ATP
production. Moreover, the expression levels of BECN1 and LAMP1, autophagy-related
genes, were enhanced significantly in the 3D MSC spheroids after a 3-day culture (Figure 3F;
p < 0.001), indicating the activation of autophagy in MSCs grown in cell spheroids.
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3.5. The Enhanced Therapeutic Potential of MSCs after Assembly into a 3D Spheroid
Configuration Is Not Fully Attributed to the Development of a Hypoxic Niche

To investigate whether the hypoxic niche is the major factor that contributes to the
enhanced therapeutic potential of MSCs, we compared the mRNA expression profiles
of multiple genes in 2D-cultivated cells and 3D cell spheroids that were grown under
normoxic (21% O2) or hypoxic (1% O2) conditions. MSCs grown under hypoxia displayed
significant upregulation of pro-angiogenic VEGFA and FGF2 genes and pro-survival HGF
gene compared to MSCs cultivated under normoxic conditions (3.3-, 1.5- and 2.4-fold,
respectively; Figure 4A), suggesting that a hypoxic niche could be used to enhance the
expression of these paracrine factors. However, the elevated mRNA levels of the paracrine
factors in cells grown under 2D hypoxic conditions remained far from those of the 3D MSC
spheroids that were assembled under normoxic conditions, suggesting that other niche
factors in addition to the naturally developed hypoxic core also contributed significantly
to the highly increased expression of therapeutic factors in 3D spheroids. Moreover, the
expression of VEGFA and FGF2 could be further upregulated once the spheroids were
incubated under hypoxic conditions (1.8- and 3.1-fold increase, respectively; Figure 4A;
p < 0.05), indicating that the development of the hypoxic core in 3D MSC spheroids grown
under normoxia was rather limited.

For the expression of immunomodulatory enzymes and cytokines, the hypoxic niche
induced a dramatically different outcome compared with that of paracrine factors. As
shown by the qPCR results in Figure 4B, MSCs cultivated under 2D hypoxic conditions
showed decreased mRNA levels of TNFAIP6 and IL1RN when compared to those grown in
normoxic conditions (p < 0.001), suggesting that the hypoxic niche might have a deleterious
effect on the immunomodulatory potential of MSCs. Moreover, incubation of 3D MSC
spheroids under hypoxia led to a substantial decrease in mRNA expression of the investi-
gated genes (Figure 4B, p < 0.05), indicating that cellular hypoxia could indeed impair the
immunomodulatory capacity of MSCs.

We then further investigated the modulation of metabolic genes of MSCs. Upon exposure
to hypoxia, the 2D-cultivated MSCs showed significantly upregulated expression of PDK1
and SLC2A1 and downregulated expression of G6PD and 6PGD (Figure 4C, p < 0.01), a clear
indication of MSC metabolic remodeling toward glycolysis with a reduced pentose phosphate
pathway. The observed metabolic shift was consistent with the findings reported in the
literature [24,25]. For 3D MSC spheroids prepared under normoxia, however, changes in the
mRNA levels were rather limited, while hypoxia-cultivated 3D MSC spheroids displayed
a remarkable shift in the expression level of the investigated genes (Figure 4C, p < 0.05).
Moreover, the observed upregulation of autophagy-related genes in 3D MSC spheroids
was abolished when exposed to hypoxic conditions (Figure 4D; p < 0.001), suggesting the
deactivation of autophagy in MSCs grown in hypoxic cell spheroids.

To elucidate whether the observed metabolic shift was crucial for the therapeutic func-
tions of 3D MSC spheroids, the glycolytic inhibitor 2-DG was used to treat cell spheroids.
As revealed in the qPCR results, a dramatic down-regulation of VEGFA, FGF2, and HGF
genes was detected (Figure 4E), while the expression of immunomodulatory genes re-
mained unchanged (Figure 4F). These results demonstrated that the slight metabolic switch
observed after spheroid assembly might have a significant impact on the paracrine potential
of 3D MSC spheroids.
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Figure 4. The enhanced therapeutic potential of MSCs after assembly into a 3D spheroid configuration is not fully
attributed to the development of a hypoxic niche. The mRNA levels of genes that encode (A) paracrine signaling molecules,
(B) immunomodulatory enzymes/cytokines, (C) metabolic enzymes/transporters and (D) autophagic markers in MSCs
grown in 2D or 3D configurations under normoxic or hypoxic conditions were explored (n = 4). (E) Relative gene expression
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2-deoxyglucose (n = 4). * p < 0.05; ** p < 0.01; *** p < 0.001; ns: not significant.
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4. Discussion

While MSC-based cell therapies have shown promise for treating various diseases
and injuries, strategies that can enhance the overall effectiveness and reduce the observed
therapeutic variability are urgently needed. By engineering a native tissue-mimicking
3D microenvironment, researchers have shown that MSC spheroids possess an elevated
pro-regenerative ability [3,11]. The present study attempted to elucidate the relationship
between the cell seeding density and thus the size of 3D MSC spheroids, the incubation
period, and the resultant alternations in their paracrine/immunomodulatory potential
for the purpose of optimizing parameters for the preparation of 3D MSC spheroids for
cell therapy.

Since the in vivo therapeutic potential of RFP- and TERT-transfected MSCs has been
previously verified using various animal models [5–8], we believe that these MSCs are
suitable for use in the present study for further investigation. For a determination of the
effect of spheroid size on therapeutic potential, a method that can fabricate spheroids with
the desired diameters must be used. Herein, by controlling the number of cells seeded into
each well of MC hydrogel-coated plates [5–9], we could precisely manipulate the size of the
formed spheroids, which is crucial for ensuring the consistency of the following therapeutic
effect after cell transplantation. The harvested MSC spheroids contained abundant matrix
components, including fibronectin, laminin, collagen, and HSPG. In addition to providing
physical support for cell adhesion, these matrix proteins are known to regulate multiple
cellular behaviors, including the migration, proliferation and differentiation of MSCs,
via outside-in signaling [1,26,27]. Furthermore, a close correlation between the secretory
activity of MSCs and their surrounding matrixes has been extensively reported in recent
studies [28–31], suggesting that the niche established by the ECM can be critical for the
therapeutic function of MSCs. Moreover, HSPGs are known to act as depots to entrap
various soluble factors and to protect their bioactivity [32]. Therefore, the presence of HSPG
indicated that the growth factors or cytokines released by MSCs during in vitro cultivation
can be retained within spheroids during transplantation and thus may have direct actions
on both the delivered cells and the target tissues.

MSCs are known to execute therapeutic functions by releasing pro-angiogenic vascular
endothelial growth factors and basic fibroblast growth factors, pro-survival hepatocyte
growth factors and insulin-like growth factor-1, mitogenic platelet-derived growth factors,
and the multifunctional cytokine transforming growth factor-β [33,34]. Additionally,
MSCs can modulate local inflammation via (1) expression of prostaglandin-endoperoxide
synthase (also known as cyclooxygenase) 2 and indoleamine 2,3-dioxygenase-1, which
can produce prostaglandin E2 and kynurenine, respectively [35], or (2) direct secretion of
tumor necrosis factor-inducible gene 6 protein, stanniocalcin-1, interleukin (IL)-1 receptor
antagonist, and IL-10, which regulate the activity of immune cells or cytokines [36–38].

In agreement with the literature [2,3,21], after assembly into the 3D spheroid configu-
ration, MSCs were self-activated and exhibited significantly enhanced therapeutic potential
in terms of paracrine signaling and immunomodulatory activity when compared to those
grown in conventional 2D monolayered culture, demonstrating the importance of the 3D
niche for promoting the therapeutic capacity of MSCs. Furthermore, our results indicated
that the characteristics of 3D MSC spheroids were crucially dependent on the experimental
parameters. In the present study, MSC spheroids that were assembled by 40,000 cells and
cultivated for 2 days with a diameter of approximately 525 µm showed the best therapeutic
potential. The discrimination between the investigated groups was thought to be attributed
to the difference in the intrinsic gradients of oxygen, nutrients and signal molecules present
in the spheroids [39,40]. Typically, as the spheroid size increases, the limited availability of
oxygen owing to the increased diffusion distance is considered to mainly account for the
development of a hypoxic core in spheroids, thereby altering cellular behaviors or even
causing the death of interior cells [41–43]. In the present study, the largest MSC spheroids
that were assembled by 80,000 cells and had a diameter of approximately 700 µm displayed,
decreased mRNA expression of multiple therapeutic proteins, a finding that is consistent
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with a previous investigation. Furthermore, for MSC spheroids that were assembled by
40,000 cells, although the cell viability was similar on the first two days, a significantly
increased cell death was observed in the center of the spheroid after a three-day culture,
which could be attributed to prolonged hypoxia.

In addition to hypoxia, other local niches established within the 3D MSC spheroids
might also contribute significantly to the altered cellular behaviors and therapeutic po-
tential. In fact, recent literature has reported that the reduction of oxygen tension within
spheroids is not as high as originally thought [40,44]. Compared to that of MSCs ex-
posed to hypoxic conditions, the upregulated expression of the PDK1 and SLC2A1 genes,
which encode a key glycolytic enzyme (pyruvate dehydrogenase kinase 1) and transporter
(glucose transporter 1), respectively, in assembled cell spheroids was limited, suggesting
that the activation of glycolysis-related genes by hypoxia-inducible factor-1α could be
minimal. Furthermore, hypoxic MSCs showed reduced expression of G6PD (encodes
glucose-6-phosphate dehydrogenase) and 6PGD (6-phosphogluconate dehydrogenase),
the two enzymes involved in the pentose phosphate pathway, which is consistent with
findings reported in the literature [24]. Conversely, the expression of G6PD and 6PGD was
upregulated as the incubation time increased, indicating the effect of other niche factors,
instead of hypoxia, inherent in the spheroids on the modulation of cellular metabolism.
As an enhancement of the pentose phosphate pathway is reportedly associated with MSC
survival and paracrine functionality [25,45], we speculated that metabolic reconfiguration
upon spheroid assembly could be an important niche factor contributing to the enhanced
therapeutic potential of MSCs.

Despite the success in optimizing parameters for the fabrication of 3D MSC spheroids
with superior paracrine and immunomodulatory potential, several limitations still need
to be addressed prior to future application in clinical scenarios. First, cell spheroids
prepared using different approaches have heterogeneous characteristics, thus resulting
in variations in therapeutic potential. For example, with an identical cell seeding density,
spheroids fabricated via the hanging drop method, using ultralow attachment plates,
or employing MC hydrogels, showed different spheroid sizes, morphologies, and cell
packing densities [11,39]. Therefore, an approach that can constantly generate uniform cell
spheroids is needed before applying the established protocols and parameters. Second,
the present study only analyzed the overall gene expression of MSC spheroids, which
contained heterogeneous populations of cells exposed to various niches and should exhibit
different profiles. Technologies such as single-cell sequencing that can distinguish multiple
cell populations and provide a higher resolution of cellular differences should be employed
to elucidate the mechanism underlying the observed beneficial effects. Finally, protein-
level-based analyses for animal investigations, which were not used in the current study,
are necessary to verify the metabolic shift and the ultimate therapeutic efficacy of the
optimized 3D MSC spheroids. It is worth noting that the MSCs used herein were non-
virally transfected with RFP and TERT [14]. Although maintenance of the differentiation
capacities of transfected MSCs has been demonstrated [14], further investigations are
needed to verify the effects of transfection on the improved therapeutic potential observed
in the present study.

5. Conclusions

In summary, we demonstrated that by optimizing the cultivation parameters of 3D
MSC spheroids, the inherent niches could be well tuned to activate the expression of
several critical pro-regenerative paracrine molecules and immunomodulatory factors,
thereby further potentiating the therapeutic capacity prior to cell transplantation. We
expect that our findings can serve as guidelines for the future design of 3D MSC spheroids
for cell-based therapies by providing a new insight into the mechanisms for the enhanced
therapeutic benefits.



Cells 2021, 10, 2747 11 of 13

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/cells10102747/s1, Table S1: Primer sequence used for real-time quantitative polymerase
chain reaction.

Author Contributions: Conceptualization, L.-C.C., H.-W.W. and C.-C.H.; methodology, L.-C.C.
and H.-W.W.; investigation, L.-C.C., H.-W.W. and C.-C.H.; resources, C.-C.H.; writing—original
draft preparation, L.-C.C. and H.-W.W.; writing—review and editing, C.-C.H.; supervision, C.-C.H.;
project administration, C.-C.H.; funding acquisition, C.-C.H. All authors have read and agreed to the
published version of the manuscript.

Funding: This work was financially supported by the Ministry of Science and Technology in Taiwan
under grant MOST 110-2636-B-007-010 (Young Scholar Fellowship Program) and by National Tsing
Hua University (110Q2711E1).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are available from C.-C.H. upon request.

Acknowledgments: The authors thank the technical assistant from the Biomedical Science and Engi-
neering Center, National Tsing Hua University, Taiwan, for help with confocal laser
scanning microscopy.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Pittenger, M.F.; Discher, D.E.; Peault, B.M.; Phinney, D.G.; Hare, J.M.; Caplan, A.I. Mesenchymal stem cell perspective: Cell

biology to clinical progress. NPJ Regen. Med. 2019, 4, 22. [CrossRef] [PubMed]
2. Bartosh, T.J.; Ylöstalo, J.H.; Mohammadipoor, A.; Bazhanov, N.; Coble, K.; Claypool, K.; Lee, R.H.; Choi, H.; Prockop, D.J.

Aggregation of human mesenchymal stromal cells (MSCs) into 3D spheroids enhances their antiinflammatory properties. Proc.
Natl. Acad. Sci. USA 2010, 107, 13724–13729. [CrossRef]

3. Ylostalo, J.H.; Bartosh, T.J.; Coble, K.; Prockop, D.J. Human Mesenchymal Stem/Stromal Cells Cultured as Spheroids are
Self-activated to Produce Prostaglandin E2 that Directs Stimulated Macrophages into an Anti-inflammatory Phenotype. Stem
Cells 2012, 30, 2283–2296. [CrossRef]

4. Noronha, N.; Mizukami, A.; Caliari-Oliveira, C.; Cominal, J.G.; Rocha, J.L.M.; Covas, D.T.; Swiech, K.; Malmegrim, K.C.R. Priming
approaches to improve the efficacy of mesenchymal stromal cell-based therapies. Stem Cell Res. Ther. 2019, 10, 131. [CrossRef]

5. Hsu, T.W.; Lu, Y.J.; Lin, Y.J.; Huang, Y.T.; Hsieh, L.H.; Wu, B.H.; Lin, Y.C.; Chen, L.C.; Wang, H.W.; Chuang, J.C.; et al.
Transplantation of 3D MSC/HUVEC spheroids with neuroprotective and proangiogenic potentials ameliorates ischemic stroke
brain injury. Biomaterials 2021, 272, 120765. [CrossRef] [PubMed]

6. Lin, Y.J.; Lee, Y.W.; Chang, C.W.; Huang, C.C. 3D Spheroids of Umbilical Cord Blood MSC-Derived Schwann Cells Promote
Peripheral Nerve Regeneration. Front. Cell Dev. Biol. 2020, 8, 604946. [CrossRef]

7. Yu, C.P.; Juang, J.H.; Lin, Y.J.; Kuo, C.W.; Hsieh, L.H.; Huang, C.C. Enhancement of Subcutaneously Transplanted β Cell Survival
Using 3D Stem Cell Spheroids with Proangiogenic and Prosurvival Potential. Adv. Biosyst. 2020, 4, 1900254. [CrossRef]

8. Yang, W.Y.; Chen, L.C.; Jhuang, Y.T.; Lin, Y.J.; Hung, P.Y.; Ko, Y.C.; Tsai, M.Y.; Lee, Y.W.; Hsu, L.W.; Yeh, C.K.; et al. Injection
of hybrid 3D spheroids composed of podocytes, mesenchymal stem cells, and vascular endothelial cells into the renal cortex
improves kidney function and replenishes glomerular podocytes. Bioeng. Transl. Med. 2021, 6, e10212. [CrossRef] [PubMed]

9. Chiang, C.E.; Fang, Y.Q.; Ho, C.T.; Assunção, M.; Lin, S.J.; Wang, Y.C.; Blocki, A.; Huang, C.C. Bioactive Decellularized
Extracellular Matrix Derived from 3D Stem Cell Spheroids under Macromolecular Crowding Serves as a Scaffold for Tissue
Engineering. Adv. Healthc. Mater. 2021, 10, 2100024. [CrossRef] [PubMed]

10. Redondo-Castro, E.; Cunningham, C.J.; Miller, J.; Brown, H.; Allan, S.M.; Pinteaux, E. Changes in the secretome of tri-dimensional
spheroid-cultured human mesenchymal stem cells in vitro by interleukin-1 priming. Stem Cell Res. Ther. 2018, 9, 11. [CrossRef]
[PubMed]

11. Murphy, K.C.; Whitehead, J.; Falahee, P.C.; Zhou, D.; Simon, S.I.; Leach, J.K. Multifactorial Experimental Design to Optimize the
Anti-Inflammatory and Proangiogenic Potential of Mesenchymal Stem Cell Spheroids. Stem Cells 2017, 35, 1493–1504. [CrossRef]
[PubMed]

12. Sart, S.; Tsai, A.C.; Li, Y.; Ma, T. Three-Dimensional Aggregates of Mesenchymal Stem Cells: Cellular Mechanisms, Biological
Properties, and Applications. Tissue Eng. Part B Rev. 2014, 20, 365–380. [CrossRef]

13. Skiles, M.L.; Sahai, S.; Rucker, L.; Blanchette, J.O. Use of Culture Geometry to Control Hypoxia-Induced Vascular Endothelial
Growth Factor Secretion from Adipose-Derived Stem Cells: Optimizing a Cell-Based Approach to Drive Vascular Growth. Tissue
Eng. Part A 2013, 19, 2330–2338. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/cells10102747/s1
https://www.mdpi.com/article/10.3390/cells10102747/s1
http://doi.org/10.1038/s41536-019-0083-6
http://www.ncbi.nlm.nih.gov/pubmed/31815001
http://doi.org/10.1073/pnas.1008117107
http://doi.org/10.1002/stem.1191
http://doi.org/10.1186/s13287-019-1224-y
http://doi.org/10.1016/j.biomaterials.2021.120765
http://www.ncbi.nlm.nih.gov/pubmed/33780686
http://doi.org/10.3389/fcell.2020.604946
http://doi.org/10.1002/adbi.201900254
http://doi.org/10.1002/btm2.10212
http://www.ncbi.nlm.nih.gov/pubmed/34027096
http://doi.org/10.1002/adhm.202100024
http://www.ncbi.nlm.nih.gov/pubmed/33890420
http://doi.org/10.1186/s13287-017-0753-5
http://www.ncbi.nlm.nih.gov/pubmed/29343288
http://doi.org/10.1002/stem.2606
http://www.ncbi.nlm.nih.gov/pubmed/28276602
http://doi.org/10.1089/ten.teb.2013.0537
http://doi.org/10.1089/ten.tea.2012.0750
http://www.ncbi.nlm.nih.gov/pubmed/23668629


Cells 2021, 10, 2747 12 of 13

14. Hung, C.J.; Yao, C.L.; Cheng, F.C.; Wu, M.L.; Wang, T.H.; Hwang, S.M. Establishment of immortalized mesenchymal stromal
cells with red fluorescence protein expression for in vivo transplantation and tracing in the rat model with traumatic brain injury.
Cytotherapy 2010, 12, 455–465. [CrossRef] [PubMed]

15. Wenzel, C.; Riefke, B.; Grundemann, S.; Krebs, A.; Christian, S.; Prinz, F.; Osterland, M.; Golfier, S.; Rase, S.; Ansari, N.; et al. 3D
high-content screening for the identification of compounds that target cells in dormant tumor spheroid regions. Exp. Cell Res.
2014, 323, 131–143. [CrossRef]

16. Contreras-Lopez, R.; Elizondo-Vega, R.; Luque-Campos, N.; Torres, M.J.; Pradenas, C.; Tejedor, G.; Paredes-Martinez, M.J.;
Vega-Letter, A.M.; Campos-Mora, M.; Rigual-Gonzalez, Y.; et al. The ATP synthase inhibition induces an AMPK-dependent
glycolytic switch of mesenchymal stem cells that enhances their immunotherapeutic potential. Theranostics 2021, 11, 445–460.
[CrossRef]

17. Li, P.C.; Chen, S.C.; Hsueh, Y.J.; Shen, Y.C.; Tsai, M.Y.; Hsu, L.W.; Yeh, C.K.; Chen, H.C.; Huang, C.C. Gelatin scaffold with
multifunctional curcumin-loaded lipid-PLGA hybrid microparticles for regenerating corneal endothelium. Mater. Sci. Eng. C.
2021, 120, 111753. [CrossRef]

18. Rey, S.; Luo, W.; Shimoda, L.A.; Semenza, G.L. Metabolic reprogramming by HIF-1 promotes the survival of bone marrow-derived
angiogenic cells in ischemic tissue. Blood 2011, 117, 4988–4998. [CrossRef]

19. Gharibi, B.; Hughes, F.J. Effects of Medium Supplements on Proliferation, Differentiation Potential, and In Vitro Expansion of
Mesenchymal Stem Cells. Stem Cells Transl. Med. 2012, 1, 771–782. [CrossRef]

20. Cai, Z.; Luo, W.; Zhan, H.; Semenza, G.L. Hypoxia-inducible factor 1 is required for remote ischemic preconditioning of the heart.
Proc. Natl. Acad. Sci. USA 2013, 110, 17462–17467. [CrossRef]

21. Follin, B.; Juhl, M.; Cohen, S.; Perdersen, A.E.; Kastrup, J.; Ekblond, A. Increased Paracrine Immunomodulatory Potential of
Mesenchymal Stromal Cells in Three-Dimensional Culture. Tissue Eng. Part B Rev. 2016, 22, 322–329. [CrossRef] [PubMed]

22. Ryu, N.E.; Lee, S.H.; Park, H. Spheroid Culture System Methods and Applications for Mesenchymal Stem Cells. Cells 2019,
8, 1620. [CrossRef] [PubMed]

23. Vinci, M.; Gowan, S.; Boxall, F.; Patterson, L.; Zimmermann, M.; Court, W.; Lomas, C.; Mendiola, M.; Hardisson, D.; Eccles, S.A.
Advances in establishment and analysis of three-dimensional tumor spheroid-based functional assays for target validation and
drug evaluation. BMC Biol. 2012, 10, 29. [CrossRef] [PubMed]

24. Moya, A.; Paquet, J.; Deschepper, M.; Larochette, N.; Oudina, K.; Denoeud, C.; Bensidhoum, M.; Logeart-Avramoglou, D.; Petite,
H. Human Mesenchymal Stem Cell Failure to Adapt to Glucose Shortage and Rapidly Use Intracellular Energy Reserves Through
Glycolysis Explains Poor Cell Survival After Implantation. Stem Cells 2018, 36, 363–376. [CrossRef]

25. Ou, T.T.; Yang, W.L.; Li, W.J.; Lu, Y.J.; Dong, Z.; Zhu, H.M.; Sun, X.L.; Weng, X.Y.; Chang, S.C.; Li, H.; et al. SIRT5 deficiency
enhances the proliferative and therapeutic capacities of adipose-derived mesenchymal stem cells via metabolic switching. Clin.
Transl. Med. 2020, 10, e172. [CrossRef]

26. Gattazzo, F.; Urciuolo, A.; Bonaldo, P. Extracellular matrix: A dynamic microenvironment for stem cell niche. Biochim. Biophys.
Acta-Gen. Subj. 2014, 1840, 2506–2519. [CrossRef] [PubMed]

27. Shen, B.; Delaney, M.K.; Du, X.P. Inside-out, outside-in, and inside-outside-in: G protein signaling in integrin-mediated cell
adhesion, spreading, and retraction. Curr. Opin Cell Biol. 2012, 24, 600–606. [CrossRef] [PubMed]

28. Peng, K.Y.; Liu, Y.H.; Li, Y.W.; Yen, B.L.; Yen, M.L. Extracellular matrix protein laminin enhances mesenchymal stem cell (MSC)
paracrine function through alpha v beta 3/CD61 integrin to reduce cardiomyocyte apoptosis. J. Cell Mol. Med. 2017, 21, 1572–1583.
[CrossRef] [PubMed]

29. Sears, V.; Ghosh, G. Harnessing mesenchymal stem cell secretome: Effect of extracellular matrices on proangiogenic signaling.
Biotechnol. Bioeng. 2020, 117, 1159–1171. [CrossRef]

30. Lin, C.C.; Xu, K.; He, Y.; Tao, B.L.; Yuan, Z.; Li, K.; Li, X.M.; Xia, Z.Z.L.; Cai, K.Y. A dynamic matrix potentiates mesenchymal
stromal cell paracrine function via an effective mechanical dose. Biomater. Sci. 2020, 8, 4779–4791. [CrossRef]

31. Abdeen, A.A.; Weiss, J.B.; Lee, J.; Kilian, K.A. Matrix Composition and Mechanics Direct Proangiogenic Signaling from Mes-
enchymal Stem Cells. Tissue Eng. Part A 2014, 20, 2737–2745. [CrossRef] [PubMed]

32. Forsten-Williams, K.; Chu, C.L.; Fannon, M.; Buczek-Thomas, J.A.; Nugent, M.A. Control of Growth Factor Networks by Heparan
Sulfate Proteoglycans. Ann. Biomed. Eng. 2008, 36, 2134–2148. [CrossRef]

33. Maacha, S.; Sidahmed, H.; Jacob, S.; Gentilcore, G.; Calzone, R.; Grivel, J.C.; Cugno, C. Paracrine Mechanisms of Mesenchymal
Stromal Cells in Angiogenesis. Stem Cells Int. 2020, 2020, 4356359. [CrossRef] [PubMed]

34. Fariasa, V.D.; Carrillo-Galvez, A.B.; Martin, F.; Anderson, P. TGF-beta and mesenchymal stromal cells in regenerative medicine,
autoimmunity and cancer. Cytokine Growth Factor Rev. 2018, 43, 25–37. [CrossRef]

35. Weiss, A.R.R.; Dahlke, M.H. Immunomodulation by Mesenchymal Stem Cells (MSCs): Mechanisms of Action of Living, Apoptotic,
and Dead MSCs. Front. Immunol. 2019, 10, 1191. [CrossRef]

36. Ko, J.H.; Kim, H.J.; Jeong, H.J.; Lee, H.J.; Oh, J.Y. Mesenchymal Stem and Stromal Cells Harness Macrophage-Derived Amphireg-
ulin to Maintain Tissue Homeostasis. Cell Rep. 2020, 30, 3806–3820. [CrossRef]

37. Saparov, A.; Ogay, V.; Nurgozhin, T.; Jumabay, M.; Chen, W.C.W. Preconditioning of Human Mesenchymal Stem Cells to Enhance
Their Regulation of the Immune Response. Stem Cells Int. 2016, 2016, 3924858. [CrossRef]

http://doi.org/10.3109/14653240903555827
http://www.ncbi.nlm.nih.gov/pubmed/20230225
http://doi.org/10.1016/j.yexcr.2014.01.017
http://doi.org/10.7150/thno.51631
http://doi.org/10.1016/j.msec.2020.111753
http://doi.org/10.1182/blood-2010-11-321190
http://doi.org/10.5966/sctm.2010-0031
http://doi.org/10.1073/pnas.1317158110
http://doi.org/10.1089/ten.teb.2015.0532
http://www.ncbi.nlm.nih.gov/pubmed/26861485
http://doi.org/10.3390/cells8121620
http://www.ncbi.nlm.nih.gov/pubmed/31842346
http://doi.org/10.1186/1741-7007-10-29
http://www.ncbi.nlm.nih.gov/pubmed/22439642
http://doi.org/10.1002/stem.2763
http://doi.org/10.1002/ctm2.172
http://doi.org/10.1016/j.bbagen.2014.01.010
http://www.ncbi.nlm.nih.gov/pubmed/24418517
http://doi.org/10.1016/j.ceb.2012.08.011
http://www.ncbi.nlm.nih.gov/pubmed/22980731
http://doi.org/10.1111/jcmm.13087
http://www.ncbi.nlm.nih.gov/pubmed/28600799
http://doi.org/10.1002/bit.27272
http://doi.org/10.1039/D0BM01012J
http://doi.org/10.1089/ten.tea.2013.0661
http://www.ncbi.nlm.nih.gov/pubmed/24701989
http://doi.org/10.1007/s10439-008-9575-z
http://doi.org/10.1155/2020/4356359
http://www.ncbi.nlm.nih.gov/pubmed/32215017
http://doi.org/10.1016/j.cytogfr.2018.06.002
http://doi.org/10.3389/fimmu.2019.01191
http://doi.org/10.1016/j.celrep.2020.02.062
http://doi.org/10.1155/2016/3924858


Cells 2021, 10, 2747 13 of 13

38. Bartosh, T.J.; Ylostalo, J.H.; Bazhanov, N.; Kuhlman, J.; Prockop, D.J. Dynamic Compaction of Human Mesenchymal
Stem/Precursor Cells into Spheres Self-Activates Caspase-Dependent IL1 Signaling to Enhance Secretion of Modulators of
Inflammation and Immunity (PGE2, TSG6, and STC1). Stem Cells 2013, 31, 2443–2456. [CrossRef]

39. Schmitz, C.; Potekhina, E.; Belousov, V.V.; Lavrentieva, A. Hypoxia Onset in Mesenchymal Stem Cell Spheroids: Monitoring With
Hypoxia Reporter Cells. Front. Bioeng. Biotechnol. 2021, 9, 611837. [CrossRef]

40. Bijonowski, B.M.; Daraiseh, S.I.; Yuan, X.G.; Ma, T. Size-Dependent Cortical Compaction Induces Metabolic Adaptation in
Mesenchymal Stem Cell Aggregates. Tissue Eng. Part A 2019, 25, 575–587. [CrossRef] [PubMed]

41. Ware, M.J.; Colbert, K.; Keshishian, V.; Ho, J.; Corr, S.J.; Curley, S.A.; Godin, B. Generation of Homogenous Three-Dimensional
Pancreatic Cancer Cell Spheroids Using an Improved Hanging Drop Technique. Tissue Eng. Part C Methods 2016, 22, 312–321.
[CrossRef] [PubMed]

42. Lin, R.Z.; Chang, H.Y. Recent advances in three-dimensional multicellular spheroid culture for biomedical research. Biotechnol. J.
2008, 3, 1172–1184. [CrossRef] [PubMed]

43. Hsieh, T.E.; Lin, S.J.; Chen, L.C.; Chen, C.C.; Lai, P.L.; Huang, C.C. Optimizing an Injectable Composite Oxygen-Generating
System for Relieving Tissue Hypoxia. Front. Bioeng. Biotechnol. 2020, 8, 511. [CrossRef] [PubMed]

44. Murphy, K.C.; Hung, B.; Browne-Bourne, S.; Zhou, D.J.; Yeung, J.; Genetos, D.C.; Leach, J.K. Measurement of oxygen tension
within mesenchymal stem cell spheroids. J. R. Soc. Interface 2017, 14, 20160851. [CrossRef]

45. Chen, B.; Cai, T.; Huang, C.; Zang, X.Y.; Sun, L.; Guo, S.W.; Wang, Q.Q.; Chen, Z.H.; Zhao, Y.Y.; Han, Z.Q.; et al. G6PD-NF-kappa
B-HGF Signal in Gastric Cancer-Associated Mesenchymal Stem Cells Promotes the Proliferation and Metastasis of Gastric Cancer
Cells by Upregulating the Expression of HK2. Front. Oncol. 2021, 11. [CrossRef]

http://doi.org/10.1002/stem.1499
http://doi.org/10.3389/fbioe.2021.611837
http://doi.org/10.1089/ten.tea.2018.0155
http://www.ncbi.nlm.nih.gov/pubmed/30187829
http://doi.org/10.1089/ten.tec.2015.0280
http://www.ncbi.nlm.nih.gov/pubmed/26830354
http://doi.org/10.1002/biot.200700228
http://www.ncbi.nlm.nih.gov/pubmed/18566957
http://doi.org/10.3389/fbioe.2020.00511
http://www.ncbi.nlm.nih.gov/pubmed/32528945
http://doi.org/10.1098/rsif.2016.0851
http://doi.org/10.3389/fonc.2021.648706

	Introduction 
	Materials and Methods 
	Cell Culture 
	Preparation of 3D MSC Spheroids 
	Immunofluorescence Staining 
	Real-Time Quantitative Polymerase Chain Reaction (qPCR) 
	Statistical Analysis 

	Results 
	MSCs Assemble into 3D Spheroids with Precise and Controllable Sizes Using MC Hydrogel-Coated Plates 
	Spheroid Size Impacts MSC Paracrine and Immunomodulatory Potential 
	The Culture Period also Affects MSC Viability and Therapeutic Potential 
	Three-Dimensional MSC Spheroids Exhibit Signs of Metabolic Reconfiguration andEnhanced Autophagy 
	The Enhanced Therapeutic Potential of MSCs after Assembly into a 3D Spheroid Configuration Is Not Fully Attributed to the Development of a Hypoxic Niche 

	Discussion 
	Conclusions 
	References

