
Citation: Yoshino, M.; Kajiya, M.;

Yoshii, H.; Morimoto, S.; Horikoshi,

S.; Tari, M.; Iwata, T.; Ouhara, K.;

Ando, T.; Yoshimoto, T.; et al.

Distinctive Biological Properties

between Mesenchymal Stem Cell

Spheroids and Clumps of

Mesenchymal Stem Cells/

Extracellular Matrix Complexes in 3D

Culture Systems. Appl. Sci. 2023, 13,

12790. https://doi.org/10.3390/

app132312790

Academic Editors: Andrea Ballini,

Immacolata Belviso, Veronica

Romano and Anna Maria Sacco

Received: 19 October 2023

Revised: 25 November 2023

Accepted: 27 November 2023

Published: 29 November 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

applied  
sciences

Article

Distinctive Biological Properties between Mesenchymal Stem
Cell Spheroids and Clumps of Mesenchymal Stem
Cells/Extracellular Matrix Complexes in 3D Culture Systems
Mai Yoshino 1, Mikihito Kajiya 1,2,* , Hiroki Yoshii 1, Shin Morimoto 1, Susumu Horikoshi 1, Misako Tari 1,
Tomoyuki Iwata 1, Kazuhisa Ouhara 1, Toshinori Ando 2 , Tetsuya Yoshimoto 2, Tomoaki Shintani 2

and Noriyoshi Mizuno 1

1 Department of Periodontal Medicine, Graduate School of Biomedical and Health Sciences, Hiroshima
University, 1-2-3, Kasumi, Minami-Ku, Hiroshima 734-8553, Japan

2 Department of Innovation and Precision Dentistry, Hiroshima University Hospital, 1-2-3, Kasumi,
Minami-Ku, Hiroshima 734-8553, Japan

* Correspondence: mkajiya@hiroshima-u.ac.jp; Tel.: +81-257-5663

Featured Application: Through a comprehensive comparison between the widely-used MSC
spheroids and the newly-developed C-MSCs, this study sheds light on the distinct biological
properties of each 3D cell culture method, advancing our understanding and potentially paving
the way for more effective and versatile applications in MSC-based cell therapy.

Abstract: Background: Cells typically function and behave within a three-dimensional (3D) environ-
ment. Mesenchymal stem cells (MSCs), known for their self-renewal, multi-lineage differentiation
capabilities, and paracrine effects, have garnered significant medical interest. MSC spheroid culture is
widely adopted to study the biological properties of MSCs in a 3D context. In contrast, we previously
developed 3D clumps of MSC/ECM complexes termed C-MSCs. C-MSCs consisted of cells and
self-produced ECM proteins, allowing grafting into tissue defects without any artificial scaffolds. This
present study aimed to elucidate the fundamental biological distinctions between 3D MSC spheroids
and C-MSCs. Methods: MSC spheroids and C-MSCs are generated from human bone-marrow-
derived MSCs. The physical properties, histological structures, and gene expression patterns were
compared in vitro. Results: Macroscopic and histological examinations revealed that, whereas MSC
spheroids are dense cell clusters primarily formed through Cadherin-mediated cell–cell interactions,
C-MSCs are cell aggregates anchored by the ECM component COL1, enabling them to form larger
structures. Furthermore, transcriptome analysis showed that C-MSCs possess enhanced capacities
to produce immunomodulatory and cytoprotective factors, a prominent biological characteristic of
MSCs. Conclusion: Recognizing the distinct attributes of each cell aggregate offers insights into the
potential evolution of 3D cell culture techniques and possible therapeutic implications.

Keywords: MSCs 2; 3D culture 3; MSC spheroids 4; C-MSCs 5; cell–cell contact 6; ECM–cell interactions

1. Introduction

In vitro cell culture systems have become indispensable tools in life science research.
Historically, two-dimensional (2D) culturing on plastic plates has been favored due to
its simplicity and cost-effectiveness. However, no substrate in living organisms closely
resembles the rigidity of plastic. Furthermore, cells naturally function or behave in a
three-dimensional (3D) environment, influenced by cell–cell contacts and interactions with
the extracellular matrix (ECM). Thus, throughout the history of cell culture experiments,
there has been a significant demand for developing 3D cell culture techniques that more
accurately mimic in vivo cell behavior. A prominent example of this is the spheroid
culture method [1]. The culturing of mouse pluripotent cells in suspension, leading to
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the formation of embryoid bodies (EB), can be considered the genesis of cell spheroid
culture [2]. Notably, the 3D EB culture method through spheroid formation maintained the
tri-lineage differentiation potential of pluripotent cells, facilitating embryonic development
mimicry in vitro, which was challenging in 2D cultures [3–5]. Building on this success,
spheroid cultures have been adapted for various somatic cells, leading to advancements in
cellular biology and tissue engineering applications.

Mesenchymal stem cells (MSCs), identified from bone marrow, are renowned for their
self-renewal and multi-lineage differentiation properties [6,7]. Anyway, recent studies
demonstrated that MSCs exhibit paracrine effects through the production of cell-protective
and immune-regulatory factors [8,9]. Consequently, there is great interest in tissue engineer-
ing and regenerative medicine grafting MSCs for bone or cartilage-destructive diseases and
in MSC-based cell therapies targeting immune diseases. To reveal the biological properties
of MSCs under 3D conditions and exert their optimal cellular function at the graft site, the
spheroid culture method has been frequently employed [10,11]. MSC spheroids, formed by
using the hanging drop method or non-adhesive plates, primarily consist of cell–cell contact
molecules, such as cadherins [12,13]. Intriguingly, MSC spheroids, when compared to 2D
cultured MSCs, exhibit a significantly increased production of cell-protective and immune-
regulatory factors [14,15]. Moreover, it is also well reported that MSC spheroid culture
positively affects cell viability and cell differentiation capacities more than a conventional
2D cell culture system [16,17].

On the other hand, we have originally developed a novel 3D culture technique, termed
“clumps of MSCs/ECM complexes”. Unlike MSC spheroids, which are derived from cell
suspension cultures, C-MSCs are formed from ECM-rich cell sheets. When the cellular
sheets are detached from the plastic culture plate and maintained in the floating condition,
they naturally contract and aggregate to form C-MSCs [18]. C-MSCs, approximately 1 mm
in diameter, can be directly transplanted into bone defect sites without artificial materials,
inducing effective bone regeneration [18,19]. Moreover, the bone regenerative capacities of
C-MSCs can be regulated by osteogenic or chondrogenic inductions [20,21]. Similarly to
MSC spheroids, C-MSCs also show increased production of cell-protective factors compared
to the cells on 2D plastic culture plates [22].

As described above, both 3D cell culture systems, MSC spheroids, and C-MSCs offer
advantages over 2D cultures. However, given their contrasting manufacturing methods,
it is anticipated that there are inherent biological differences between MSC spheroids,
primarily formed through cell–cell contacts, and C-MSCs, shaped mainly by cell-ECM
interactions. To deepen the understanding regarding cultured MSCs, it is imperative
to clarify the distinctive characteristics of these artificial scaffold-free 3D cell aggregates.
Thus, this present study aimed to reveal biological capacities by comparing the physical
properties such as size and cell density, histological structures, and gene expressions of
MSC spheroids and C-MSCs.

2. Materials and Methods
2.1. Cell Cultures

Human bone marrow-derived MSCs were purchased from LONZA (LONZA, Basel,
Switzerland). The cells were cultured in the growth medium composed of DMEM (Sigma-
Aldrich, Osaka, Japan), 10% fetal bovine serum (FBS; Hyclone, Logan, UT, USA), 100 µg/mL
streptomycin (Sigma-Aldrich), and 100 U/mL penicillin (Sigma-Aldrich).

To generate MSC spheroids, the hanging drop technique with minor modifications
was employed [23]. Briefly, cells were suspended at concentrations of 2.5 × 104, 5.0 × 104,
10.0 × 104, and 20.0 × 104 cells in 20 µL of growth medium supplemented with 50 µg/mL
L-ascorbic acid. These cell suspensions were then plated as hanging drops on the inner lid
of a petri dish and incubated for 48 h. Once the cells aggregated, they were transferred to
a 96-well ultra-low-binding plate (Corning Inc., Corning, NY, USA) and cultured for an
additional 48 h. Finally, the cell aggregates were maintained in growth medium for 5 days
to form MSC spheroids (Figure 1A; upper schematic image).
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Figure 1. (A) Schematic image of MSC spheroids and C-MSC culture schedule. (B,C) MSC spheroids
and C-MSCs were generated from the indicated number of cells (within a range from 25,000 (25 K) to
200,000 (200 K) cells) as described in the Section 2. (B) Macroscopic images of each cell aggregate at
day 5 are shown. (C) Graph indicates the average diameter of each aggregate calculated as (major
diameter + minor diameter)/2. Values represent mean ± S.D. of four samples per group. * p < 0.05,
** p < 0.01 (ANOVA). All images and graphs are representative of three independent experiments.

C-MSCs were developed as previously reported [24]. Specifically, to produce C-MSCs
of varying sizes, trypsinized MSCs were seeded onto 96-well, 48-well, and 24-well plates
(Corning) at cell densities of 5.0 × 104, 10.0 × 104, and 20.0 × 104 cells/well, respectively.
The cells were cultured in a growth medium supplemented with 50 µg/mL L-ascorbic
acid for 4 days. The confluent cells, which formed a cellular sheet consisting of ECM
proteins, were detached from the culture plate by scratching the edge with a micropipette
tip. The detached cellular sheets were then transferred to a 48-well ultra-low-binding
plate (Corning) and maintained in a growth medium. To evaluate the efficiency of this
transfer process from a 2D plastic plate to a 3D floating culture condition, the cell number
before and after the transfer was assessed by trypsin dispersion. It was confirmed that
96.29 ± 4.79% of cells successfully transitioned to the floating condition, indicating a highly
efficient transfer process. During the culture period, the floating cellular sheet contracted
to form a round clump of cells. After 5 days of incubation, mature round cell aggregates,
known as C-MSCs, were obtained (Figure 1A; lower schematic image).
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2.2. Histological and Immunofluorescence Analyses of Cell Aggregates

MSC spheroids and C-MSCs were fixed with 4% paraformaldehyde and embedded in
paraffin. Eight-micrometer-thick serial sections were prepared. The specimens were stained
with hematoxylin and eosin (HE) and observed using a NIKON ECLIPSE E600 microscope
(NIKON, Tokyo, Japan). TUNEL-positive apoptotic cells in the cell constructs were detected
with the DeadEndTM Fluorometric TUNEL System (Promega, Madison, WI, USA) according
to the manufacturer’s instructions. Fluorescence signals were detected by using a Leica
STELLARIS laser scanning microscope (Leica Microsystems, Wetzlar, Germany).

For immunofluorescence staining, the fixed samples were embedded in Tissue-Tek
OCT compound (Sakura, Torrance, CA, USA), and semi-serial cryostat sections (20 µm thick-
ness) were prepared. The sections were blocked with Blocking One Histo (Nacalai Tesque,
Inc., Kyoto, Japan), and were incubated with rabbit monoclonal anti-human COL1 IgG
(EPR7785; Abcam, Cambridge, MA, USA) or rabbit monoclonal anti-human N-Cadherin
IgG (D4R1H; Cell Signaling Technology, Beverly, MA, USA). The samples were then stained
with Alexa Fluor 488 goat anti-rabbit IgG antibody (Thermo Fisher Scientific, Inc., Waltham,
MA, USA) and Alexa Fluor 594® phalloidin (Thermo Fisher Scientific, Inc.) for 4 h at room
temperature. DAPI (5 µg/mL; Thermo Fisher Scientific, Inc.) was employed to counterstain
nuclei. The stained samples were observed using a Leica STELLARIS 5 confocal microscope
(Leica Microsystems). The image analyses for fluorescence intensity and cell number were
conducted using LAS X software (https://www.cellularimaging.nl/leica-las-x/ (accessed
on 10 October 2023) (Leica Microsystems).

2.3. RNA-Seq Analysis

Total RNA was extracted from three distinct cell culture groups: (1) 2D cultures in
24-well plates seeded at 2.0 × 105 cells/well (n = 3), (2) a set of eight MSC spheroids, each
consisting of 2.5 × 104 cells (n = 3), and (3) a single C-MSC formed from 2.0 × 105 cells
(n = 3). RNA extraction was carried out using RNA-iso (Takara, Otsu, Japan) and the
concentration of the extracted RNA was quantified spectrophotometrically at wavelengths
of 260 and 280 nm. The construction and sequencing of the cDNA library were carried out
by the Beijing Genomics Institute using the DNBSEQ platform. The sequence data were
filtered using SOAPnuke 1.5.2, and the clean reads were mapped to the reference genome
using HISAT2 2.0.4. After performing alignment using Bowtie2 2.2.5, the expression levels
of individual genes were quantified using RSEM 1.2.8. Differential expression analysis
was conducted using DESeq2 1.16.1 with parameters of fold change ≥2 and adjusted
p-value < 0.05. The sequence data analysis, including heatmap, Venn diagram, and Kyoto
Encyclopedia of Genes and Genomes (KEGG) analysis, was conducted using BGI Dr.
Tom 2.0.

2.4. RT-Quantitative Polymerase Chain Reaction (qPCR)

Total RNA was extracted as described in Section 2.3. RNA samples (500 ng) were
reverse transcribed to cDNA using ReverTra Ace (Toyobo, Osaka, Japan). Quantitative
PCR for PTGS2, TSG-6, and IL-1RN mRNA expression was then conducted using THUN-
DERBIRD Next SYBR qPCR Mix (Toyobo) and analyzed with the StepOne system (Applied
Biosystems, Waltham, MA, USA). The PCR thermal profile consisted of an initial 10 min at
95 ◦C, followed by 40 cycles of 95 ◦C for 15 s and 60 ◦C for 1 min. Fold changes of the gene
of interest were calculated with the ∆∆Ct method using ribosomal protein 18S as reference
control. Primer sequences are listed in Supplementary Table S1.

2.5. Statistical Analysis

Statistical analysis was carried out by using GraphPad Prism software 9.0 (GRAPH-
PAD Software Inc., San Diego, CA, USA). The two-tailed Student’s t-test was used to
compare means between the two groups. For comparisons of more than three different
groups, one-way ANOVA with Tukey–Kramer post hoc was conducted. A value of p < 0.05
or p < 0.01 was considered statistically significant.

https://www.cellularimaging.nl/leica-las-x/
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3. Results
3.1. MSC Spheroids Are Dense, Compact Cell Aggregates, Whereas C-MSC, That Are Composed of
Cells and Extracellular Matrices, Can Be Fabricated to a Larger Size

The size and morphology of the cell aggregates such as MSC spheroids and C-MSCs
can be tightly controlled by the number of cells composing them. Thus, we initially
fabricated MSC spheroids and C-MSCs using varying cell numbers. MSC spheroids could
be generated from 25,000, 50,000, and 100,000 cells forming spherical structures (Figure 1B,
upper panels). However, when using 200,000 cells with the hanging drop method, spherical
morphogenesis was compromised, resulting in a destabilized, membrane-like structure. In
contrast, C-MSCs consistently formed spherical structures, even at elevated cell numbers
of 200,000, in addition to 50,000 and 100,000 cells (Figure 1B, lower panels). To generate
smaller C-MSCs with fewer than 50,000 cells, it would be necessary to generate cell sheets
from a 384-well culture plate. However, this method was technically challenging, leading
us to forgo this approach in our study. The size of the cell aggregates increased in a cell-
number-dependent manner for both MSC spheroids and C-MSCs (Figure 1C). Interestingly,
when fabricated from equivalent cell counts, C-MSCs exhibited a markedly larger diameter
compared to MSC spheroids. The C-MSCs derived from 200,000 cells were conspicuously
larger compared to other cell aggregates (Figure 1C).

Given the variations in size and morphology between MSC spheroids and C-MSCs,
it was speculated that C-MSCs might incorporate non-cellular elements, possibly matrix
proteins, that contribute to their enlarged structure. Moreover, it is well reported that
enlarged cell spheroids can experience central nutrient and oxygen deprivation, potentially
leading to cellular apoptosis [25]. Accordingly, we next conducted a histological exam-
ination of MSC spheroids and C-MSCs. HE staining demonstrated that MSC spheroids
generated from 25,000 or 50,000 cells exhibited a dense cellular organization (Figure 2A,C).
However, the spheroids from 100,000 cells, although maintaining an external spherical
appearance, exhibited disrupted internal architectures. This structural anomaly was accom-
panied by increased cell apoptosis in the 100,000-cell MSC spheroids, as demonstrated by
TUNEL staining (Figure 2A,D). In contrast, all tested C-MSCs retained their 3D spherical
integrity evidenced by HE staining. In addition to cellular components, non-cellular ECM
elements were apparently observed within C-MSCs, substantiating their unique composi-
tion (Figure 2B). These observations are congruent with the semi-quantitative analysis of
the cell numbers that the cellular density of C-MSCs was significantly lower than that of
MSC spheroids (Figure 2C). Additionally, C-MSCs did not exhibit an augmented apoptotic
cell number even at larger sizes, underscoring their structural and compositional stability
(Figure 2B,D). These findings suggested that MSC spheroids, formed by densely aggre-
gated cells, are stable when their size is small, whereas C-MSCs can be larger constructs
consisting of both cells and the non-cellular ECM component. Accordingly, MSC spheroids
derived from 25,000 cells and C-MSCs generated from 200,000 cells were selected for further
analysis. This selection allows for a direct comparison under conditions where each type of
3D cellular construct exhibits its most stable and representative structural characteristics.

3.2. MSC Spheroids Primarily Rely on Cell–Cell Contacts Mediated by N-Cadherin, Whereas
C-MSCs Are Predominantly Structured by the Extracellular Matrix, COL1

To investigate the key molecules that compose each cell aggregate, immunofluores-
cence staining for COL1, F-actin, and N-cadherin was conducted. The expression level
of COL1, a primary ECM protein for stromal cells, was notably low in MSC spheroids
(Figure 3A,C). Additionally, F-actin integrity appeared compromised in the inner cells of
the spheroids, unlike the outer cells, suggesting limited matrices for cell attachment. In
contrast, C-MSCs demonstrated abundant COL1 expression. Moreover, cells embedded
within the COL1 exhibited pronounced F-actin fibers, indicating the cytoskeletal force
generated by the vital matrices for the cells (Figure 3B,C). Meanwhile, N-cadherin, a repre-
sentative molecule for cell–cell contacts in MSCs, was robustly and broadly expressed in
MSC spheroids, though its expression was comparatively faint and scattered in C-MSCs
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(Figure 3A–C). These findings clearly indicated the discrepancy in the biological structure
between these cell aggregates; MSC spheroids rely on cell–cell contact, whereas C-MSCs
are formed by the ECM supporting the cells.
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3.3. Differential Gene Expression Patterns in MSC Spheroids and C-MSCs Cultured in
3D Aggregates

To uncover the distinctions in biological properties between MSC spheroids and
C-MSCs, we performed whole transcriptome sequencing. Specifically, the experimen-
tal setup involved collecting RNA from 2D-cultured MSCs (200,000 cells) on a 24-well
plate, eight MSC spheroids (25,000 cells each) in an ultra-low-binding 24-well plate, and
a single C-MSC aggregate (200,000 cells) in a similar plate, which was then subjected
to RNA-seq (Figure 4A). We first assessed the typical biological capacities of MSC, in-
cluding immunomodulatory and cell protective factor expressions, as well as osteogenic,
adipogenic, and chondrogenic differentiation potential. Both MSC spheroids and C-MSCs
demonstrated elevated expressions of immunomodulatory and cell protective factors com-
pared to their 2D counterparts. Interestingly, C-MSCs had a more pronounced increase in
these genes than MSC spheroids (Figures 4B and S1). However, the expression of trilineage
differentiation genes remained unchanged, suggesting that 3D aggregation alone does
not promote differentiation. In addition, qPCR analysis of PTGS2, TSG-6, and IL-1RN
gene expression revealed consistent mRNA expression patterns with those observed in the
RNA-seq heatmap data (Supplementary Figure S2), validating the results of our RNA-seq
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analysis. The volcano plot analysis revealed that 2043 mRNAs were differentially expressed
between MSC spheroids and C-MSCs (Figure 4C). Then, gene ontology (GO) analysis on
1035 genes highly expressed in MSC spheroids and 1008 genes elevated in C-MSCs was
conducted to assess the biological characteristics in each cell aggregate. The results indi-
cated that genes predominantly expressed in MSC spheroids were mainly associated with
“cell adhesion”, whereas “cytokine-mediated signaling pathway” was the most enriched
category for C-MSCs in the GO analysis pertaining to cellular processes (Figure 4D). To
further elucidate the characteristics of MSC spheroids and C-MSCs in a 3D environment,
we included 2D-cultured MSCs for a comparative gene expression study. Venn diagram
analysis highlighted a set of 623 genes that showed significant differences among 2D MSCs,
MSC spheroids, and C-MSCs, representing the intersection in the diagram (Figure 4E). The
clustergram analysis clearly showed differences in gene expression among 2D MSCs, MSC
spheroids, and C-MSCs (Figure 4F). For the identified 623 genes, we performed a gene
set enrichment analysis (GSEA) for the KEGG pathway, comparing C-MSCs with MSC
spheroids. In line with the GO analysis in Figure 4D, the “cytokine–cytokine receptor inter-
action” was notably upregulated in C-MSCs (Figure 4G). Categories such as “TNF signaling
pathway (NES = 2.42, Q-value < 0.001)”, “NF-kappa B signaling pathway (NES = 2.14,
Q-value < 0.001)”, and “JAK-STAT signaling pathway (NES = 2.19, Q-value < 0.001)”,
which are associated with the immunomodulatory and cytoprotective properties of MSCs,
were also enriched in C-MSCs. In contrast, categories such as “cell adhesion molecules
(Figure 4G)” and “focal adhesion (NES = −1.89, Q-value < 0.001)” were prevalent among
the downregulated genes. These data highlight a significant transcriptomic difference
between MSC spheroids and C-MSCs, reflecting their unique biological roles.
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(200K) cells, respectively. Sections were then immunostained with either COL1 (upper panels; green)
or N-Cadherin (lower panels; green). F-actin (red) and nuclei (blue) were counterstained with
phalloidin and DAPI, respectively. The left panels of immunostaining depict a lower magnification
(bar = 500 µm), whereas magnified photos from the boxed regions are presented in the right panels
(bar = 50 µm). (C) Graphs illustrate the mean ± S.D. of the green fluorescence intensity of either COL1
or N-Cadherin per cell. Values represent the mean ± S.D. from four images. * p < 0.05, ** p < 0.01
(t-test). All images and graphs are representative of three independent experiments.
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Figure 4. (A–G) Cells were cultured on a plastic plate, as MSC spheroids, or as C-MSCs, respectively.
Subsequently, total RNAs were extracted (n = 3/group) from the same number (200,000) of cells
in 2D MSCs, MSC spheroids, or C-MSC culture as depicted in the schematic image (A). (B) The
heatmap indicates the expression intensity of immunomodulatory factors, cytoprotective factors, and
trilineage-related genes. (C) The volcano plot displays the differentially expressed genes (DEGs) in
C-MSCs vs. MSC spheroids. (D) Biological process category enrichment bubble charts of GO analysis
terms from higher expression genes in MSC spheroids (left chart) and C-MSCs (right chart). (E) The
Venn diagram represents the number of significant DEGs in the indicated groups. (F) A cluster
heatmap regarding the 623 genes identified from the Venn diagram is displayed. (G) GSEA of the
KEGG pathway, including Cytokine–cytokine receptor interaction and cell-adhesion molecules, in C-
MSCs vs. MSC spheroids is presented. The green trace illustrates the enrichment score. NES: normal
enrichment score.
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4. Discussion

The biological properties of MSC spheroids, emblematic of 3D cell aggregates, have
been well delineated in comparison to conventional 2D MSC culture. Herein, this present
study investigated the attributes of C-MSCs, an alternative 3D cell aggregate that we have
previously developed [18], contrasting them with the 3D MSC spheroids. We revealed
that whereas MSC spheroids are dense cell clusters constructed primarily from Cadherin-
mediated cell–cell contacts, C-MSCs are cell aggregates based on the ECM component
COL1, allowing them to form larger aggregates than MSC spheroids. This study represents
the first attempt to simultaneously create and compare MSC spheroids and C-MSCs across
a range of cell numbers, providing novel insights into their structural and functional
differences. More specifically, this approach allowed us to hypothesize that the abundance
of ECM in C-MSCs contributes to their reduced cell death compared to MSC spheroids
as discussed below. Anyway, this simultaneous comparison led to the discovery of N-
Cadherin-expressing cells within C-MSCs, though its expression level was obviously lower
than that of MSC spheroids. Importantly, our transcriptome analysis comparing these 3D
cell aggregates with distinct structures demonstrated that C-MSCs have enhanced capacities
for producing immunomodulatory and cytoprotective factors, a hallmark biological feature
of MSCs. These findings contribute significantly to the understanding of MSCs in 3D
cultures and address the gap identified in previous research.

Previous research has established that, compared to 2D-MSCs, MSC spheroids cultured
in a 3D suspension have a heightened production of immunomodulatory and cytoprotec-
tive factors [14,26,27]. Intriguingly, our study found that C-MSCs, also cultured in three
dimensions, further augmented this paracrine property than MSC spheroids (Figure 4),
suggesting that the other factors, beyond simply being cultured in 3D, may contribute
to this elevation. One potential candidate for this enhancement is the abundant ECM
in C-MSCs. Given that stromal cells inherently function within an ECM environment
in vivo [28,29], it is plausible that C-MSCs, being rich in ECM components, could more
readily manifest MSCs’ paracrine effects. Supporting this hypothesis, Wong et al. reported
that ECM conditions affected the inflammatory response in MSCs through NF-κB signaling
in response to TNF stimulation [30]. Further studies utilizing C-MSCs, which explore
protein production levels and include functional experiments such as T cell/macrophage
co-culture systems or in vivo transplantation studies using an immune-disorder animal
model, may provide new insights into the mechanisms underlying paracrine effects driven
by ECM–cell interactions.

As illustrated in Figures 1 and 2, C-MSCs were enlarged more than MSC spheroids,
maintaining their 3D structure without cell death even at diameters around 1 mm. In
spheroid culture, it is well reported that enlargement beyond approximately 500 µm is
challenging, often attributed to dense cell aggregation leading to internal nutrient and
oxygen deprivation [25]. Given the abundant ECM within C-MSCs and their tissue-like
structure with a lower cell density than spheroids, it is conceivable that they facilitate gas
and fluid exchange. This ECM-rich configuration might be the key to the fabrication of
larger 3D cell aggregates.

Conversely, the MSC spheroids produced in this study using the hanging drop method
were, consistent with previous reports, predominantly formed through Cadherin-mediated
cell–cell contacts. Notably, cell–cell interactions facilitated by N-Cadherin are reported to
play a role in the osteogenic, chondrogenic, or myogenic differentiation of MSCs [31–33],
suggesting possible differences in bone induction capabilities between MSC spheroids
and C-MSCs. Although no differences were observed in the expression of trilineage
differentiation master genes under standard culture conditions (Figure 4B), distinctions
might emerge under induction mediums. Furthermore, it is of note that the diverse MSC
spheroid fabricating techniques improving the biological properties of the MSCs, such as
forced aggregation technique, low-attachment surfaces, magnetic levitation, and a spinner
flask bioreactor system, have been developed [27,34]. Additional comparative analysis
between C-MSCs and those varied MSC spheroid types that possess better biological
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properties than the conventional spheroids will provide deeper insights into 3D MSCs
aggregate. Anyway, given the objectives and context of the research, discerning whether
to employ MSC spheroids, which mainly rely on cell–cell contact, or C-MSCs, enriched in
ECM components, is essential for the rigorous execution of foundational studies.

It is intriguing to consider whether the distinct properties observed in 3D cell con-
structs made from other cell types also manifest in MSC spheroids and C-MSCs, potentially
enhancing our understanding of 3D cell culture. Notably, 3D culture systems are known to
better preserve the biological properties of original tumors, such as epithelial–mesenchymal
transition (EMT), compared to 2D cultures. For example, a recent study demonstrated
that 3D spheroids generated with cancer stem cells exhibited heightened expression of
ECM-related transcription factors, mesenchymal markers, and TGF-β signaling-related
genes in comparison to 2D cultured cells [35]. In light of this, we revisited our RNA-
seq data to see if similar cellular properties are observed in MSC 3D cell aggregates
(Supplementary Figure S3). As a result, the expression levels of the ECM-related tran-
scription factor Twist (but not Snail) and the stromal cell marker (also an MSC marker)
CD44 were increased in MSC spheroids and C-MSCs. Additionally, TGF-β signaling-related
genes, such as SMADs and MMPs, were also elevated in MSC 3D cell aggregates compared
to 2D cultured cells. These findings, observed both in cancer stem cells and MSC 3D cell
aggregates, indicate that 3D cell culture systems could potentially steer cell fate toward
mesenchymal lineages.

Regarding medical application, distinctions in usage and indications can be envisioned
for these 3D cell aggregates. For instance, C-MSCs, primarily composed of ECM and fab-
ricable up to approximately 1 mm in diameter, could serve as an effective scaffold-free
cell transplantation therapy for substantial tissue defects. In fact, C-MSCs demonstrated
good handleability, allowing for direct transplantation in bone or periodontal tissue defects.
Notably, C-MSC transplantation without an artificial scaffold into the defects induced
successful tissue regeneration via grafted cell differentiation at the defect sites [36,37],
suggesting the stability of the grafted cells. Attempting such procedures using MSC
spheroids of a diameter less than 500 µm might present challenges. On the other hand,
MSC spheroids, characterized mainly by cell–cell interactions, have unique medical ap-
plications. Although cleanly dispersing cells from ECM-based C-MSCs is challenging,
MSC spheroids can be relatively easily dissociated using trypsin. This relative ease of
dissociation has a huge advantage for the cell-priming approach. Briefly, by forming MSCs
into spheroids, their paracrine function is elevated. Subsequently, the “primed” cells are
dispersed and injected intravenously to treat the disease in animal models. This priming
strategy has been well tested and indicated reliable therapeutic effects on immunological
disorders or ischemic diseases [38,39]. In addition, recent preclinical studies in cynomolgus
monkeys have demonstrated the possibility of intravenously delivering MSC spheroids
with diameters under 450µm. Remarkably, the intravenously injected MSC spheroids
did not induce adverse reactions, such as embolism in the small vessels, and the grafted
cells were distributed and stable at the various organs for 21 days [40]. This represents
a clear advantage of spheroids, which can be fabricated in a smaller size than C-MSCs.
Taken together, larger ECM-based C-MSCs may hold promise as effective scaffold-free
tissue engineering regenerative therapies for tissue-defective diseases, whereas compact
and dispersible MSC spheroids could be promising cell-based therapies for immune and
ischemic disorders.

5. Conclusions

For the first time, this present study investigated the physical, histological, and tran-
scriptional characteristics of C-MSCs in comparison to conventional MSC spheroids. Al-
though MSC spheroids generated using the hanging drop method were predominantly
structured by Cadherin-mediated cell–cell contacts, C-MSCs were primarily formed by the
ECM protein COL1, enabling the creation of larger cell aggregates. Additionally, C-MSCs
appeared to exhibit an enhanced paracrine effect, a hallmark feature of MSCs, compared to



Appl. Sci. 2023, 13, 12790 11 of 13

MSC spheroids. Given the distinctive characteristics of each cell aggregate highlighted in
this study, we anticipate the development of novel 3D cell culturing techniques and their
subsequent medical applications.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/app132312790/s1, Figure S1: RNA expression patterns quantified using
TPM in RNA-seq. Figure S2: Validation of RNA-seq analysis by qPCR. Figure S3: RNA-seq analysis
to assess the expression levels of ECM-related transcription factors, cancer stem cell biomarkers, and
TGF-β signaling-related genes. Table S1: Sense and antisense primers for real-time PCR.
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