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Abstract 
Spinal fusion surgery is a surgical technique that connects one or more vertebrae at the same time to prevent movement between the 
vertebrae. Although synthetic bone substitutes or osteogenesis-inducing recombinant proteins were introduced to promote bone union, the rate 
of revision surgery is still high due to pseudarthrosis. To promote successful fusion after surgery, stem cells with or without biomaterials were 
introduced; however, conventional 2D-culture environments have resulted in a considerable loss of the innate therapeutic properties of stem 
cells. Therefore, we conducted a preclinical study applying 3D-spheroids of human bone marrow-dewrived mesenchymal stem cells (MSCs) to 
a mouse spinal fusion model. First, we built a large-scale manufacturing platform for MSC spheroids, which is applicable to good manufacturing 
practice (GMP). Comprehensive biomolecular examinations, which include liquid chromatography-mass spectrometry and bioinformatics could 
suggest a framework of quality control (QC) standards for the MSC spheroid product regarding the identity, purity, viability, and potency. In 
our animal study, the mass-produced and quality-controlled MSC spheroids, either undifferentiated or osteogenically differentiated were well-
integrated into decorticated bone of the lumbar spine, and efficiently improved angiogenesis, bone regeneration, and mechanical stability with 
statistical significance compared to 2D-cultured MSCs. This study proposes a GMP-applicable bioprocessing platform and QC directions of MSC 
spheroids aiming for their clinical application in spinal fusion surgery as a new bone graft substitute.
Key words: spinal fusion; mesenchymal stem cell; spheroid; bone regeneration; bioprocessing; quality control.

Graphical Abstract 

https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
mailto:hanib@cha.ac.kr?subject=
mailto:j.cha@inu.ac.kr?subject=


Stem Cells Translational Medicine, 2022, Vol. 11, No. 10 1073

Significance Statement
This study includes the development of a simple and cost-effective GMP-applicable bioprocessing platform capable of the large-scale 
manufacture of therapeutic MSC spheroids with high lot-to-lot consistency and a framework of the QC standards and relevant assay 
methods established with a support of thorough protein profiling analyses using LC-MS and bioinformatics. A mouse spinal fusion model 
was also developed, with the optimized delivery and surgery methods for MSC spheroids utilizing clinically approved gelatin sponge 
scaffolds and successfully enhanced spinal fusion efficacy with robust mechanical stability. This preclinical study will pave the way for the 
therapy to spinal fusion surgery.

Introduction
Spinal fusion surgery is performed to improve spinal stability by 
connecting 2 or more vertebrae in cases of vertebral fractures, 
severe spinal stenosis, or severe scoliosis. Pseudarthrosis (unsuc-
cessful fusion) is a serious complication of spinal fusion surgery 
and is an important cause of postoperative pain, neurolog-
ical disturbance, and reoperation.1-4 To increase the success 
rate of spinal fusion, various synthetic bone substitutes, such 
as hydroxyapatites, tricalcium phosphate, and bioactive glass 
and biological factors, such as recombinant human bone mor-
phogenetic protein-2 (rhBMP2) were introduced during the last 
decades.2,5-8 According to a systematic review related to use of 
rhBMP2 in stand-alone lateral lumbar interbody fusion, it has 
been reported that the fusion rate (87.7%) with rhBMP2 was 
higher than that of studies without rhBMP2 (83.9%).9 However, 
in their study, the overall complication rate was 42.2%, of 
which 11.1% required revision surgery. Among the reoperation 
cases, 20.4% was due to pseudarthrosis.9 To address the limi-
tations of currently available bone graft substitutes, the major 
strategy is to use stem cells alone or in combination with var-
ious biomaterials.1,3,10-15 By searching on “clinicaltrials.gov” 
with the keywords “spinal fusion” and “stem cell,” 10 registered 
trials were identified, and it was revealed that progenitor cells 
derived from the bone marrow are the most widely used among 
diverse progenitor cell populations. Furthermore, a comparison 
study of human mesenchymal stem cells (MSCs) derived from 
different sources, such as bone marrow, umbilical cord blood, 
placenta, and adipose tissue reported that MSCs derived from 
the bone marrow demonstrated extraordinary osteogenic po-
tential along with the greatest immune-suppressive capability 
among all types of MSCs.16

MSCs have exhibited versatile therapeutic capabilities in a 
number of clinical trials due to their innate tropism migrating 
toward the inflamed and/or ischemic sites (homing), their 
immunomodulatory properties, and their exceptional regen-
erative properties to trigger endogenous repair programs by 
activating other stem or progenitor cells residing in the injured 
tissue and stimulating neo-angiogenesis.17-20 Unlike other cell 
therapies which generally aim to replace damaged areas of the 
tissue, the therapeutic mechanism of action of MSCs is attributed 
mostly to the alteration of the tissue microenvironment via par-
acrine effector‒induced secretion of various soluble bioactive 
molecules that promote immunomodulatory and/or regenera-
tive activities of the host tissues, and the effects may persist for a 
long time even after the injected MSCs disappear.21,22 However, 
many earlier studies reported that such properties of MSCs to 
secrete a mixture of therapeutic molecules hardly reproduces 
in a conventional monolayer culture condition where the indi-
vidual cells grow on limited 2-dimensional (2D) borders and the 
native 3-dimensional (3D) interactions between cells and either 
the extracellular matrix (ECM) or other neighboring cells are 
disrupted. Contrastingly, MSCs self-assembled as multicellular 

aggregates can form closer 3D cellular associations with highly 
cumulated signaling molecules, which can create a microen-
vironment similar to that observed in vivo than in monolayer 
cultures.23-25 Numerous studies have reported that the forma-
tion of 3D MSC aggregates could highly preserve the innate 
phenotype and properties of the MSCs, and thus efficiently rein-
force their therapeutic efficacy by intensifying the differentiation 
potential, ECM secretion rate, immunomodulatory and angio-
genic capacities, and survival rates after transplantation.24-29 In 
our earlier study, we developed a microwell array culture system 
with a unique feature, which could completely circumvent 
wasting expensive stem cell material during the large-scale for-
mation and culture of 3D MSC spheroids, thereby contributing 
to significant cost-saving. This simple and efficient bioprocessing 
platform could achieve highly reproducible and precise con-
trol of the sizes and cell numbers of the MSC spheroids and 
minimize the uncertainty in cellular behaviors, which are pos-
sibly caused by heterogeneity in the spheroid specifications.30 
Furthermore, the mass-produced MSC spheroids exhibited a 
100-fold higher secretion rate of extracellular vesicles compared 
to the 2D-cultured control group while loaded with abundant 
angiogenic and neurotrophic factors.31

In this study, we conducted a set of preclinical studies 
applying 3D-spheroids of human bone marrow-derived 
MSCs to a mouse spinal fusion model. Firstly, a simple and 
cost-effective good manufacturing practice (GMP)-applicable 
bioprocessing platform was developed, which is capable of the 
large-scale manufacture of therapeutic MSC spheroids ensuring 
lot-to-lot reproducibility. Secondly, a framework to establish the 
quality control standards of MSC spheroids and relevant assay 
methods was suggested with a support of thorough protein pro-
filing analyses using liquid chromatography-mass spectrometry 
and bioinformatics. Finally, we developed a mouse spinal fu-
sion model with the optimized delivery and surgery methods 
for MSC spheroids utilizing clinically approved gelatin sponge 
scaffolds and successfully enhanced spinal fusion efficacy with 
robust mechanical stability compared to the control group.

Materials and Methods
Cell Maintenance
Human bone marrow-derived MSCs (Lonza, Basel, 
Switzerland) were cultured in 100-mm culture dishes (Corning, 
Tewsburg, MA, USA) with growth medium. The growth me-
dium was supplemented with 10% fetal bovine serum (FBS; 
Invitrogen, Carlsbad, CA, USA) and 1% antibiotic-antimycotic 
(anti-anti; Invitrogen) in Dulbecco’s modified Eagle’s medium 
with low glucose (DMEM; Invitrogen). When 70%-80% con-
fluent, the adherent MSCs were detached with TrypLE (Life 
Technologies, Carlsbad, CA, USA), counted, and seeded at 
4500 cells/cm2. Cells were incubated and maintained in a 5% 
CO2 atmosphere at 37 °C until passage 6.
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MSC-Spheroid Formation and Culture Using 
Microwell Array
Mass production of MSC spheroids was efficiently achieved 
using a microwell array system (EZSphere, IWAKI, Japan) that 
is commercially available as well as GMP-applicable and ame-
nable to an appropriate certificate of analysis. The microwell 
array system was designed based on a 6-well plate, a well of 
which contained 2400 microwells with diameter and depth of 
500 and 200 μm, respectively. Therefore, 14 400 MSC spheroids 
could be produced simultaneously using a single microwell 
array system. The unique configuration of the microwell array 
could support the complete resistance to cell attachment on the 
surface and prevention of cell loss that is caused by laborious 
washing steps for the cells not entrapped within microwells after 
seeding.30 Before cell seeding, the microwells were washed with 
phosphate-buffered saline (PBS, Cytiva, Marlborough, USA) 
and serum-free alpha minimum essential medium (α-MEM, 
Invitrogen) to eliminate bubbles in the microwell. Passage 6 
of MSCs were seeded at 1 × 106 cells in a microwell array of 
the 6-well plate and cultured in the growth medium (a group 
named “3D-undiff”) or in the osteogenic medium (a group 
named “3D-osteo”). The growth medium consisted of α-MEM 
(Invitrogen) supplemented with 10% FBS (Invitrogen) and 1% 
penicillin/streptomycin (Gemini, Sacramento, CA). Osteogenic 
medium consisted of growth medium supplemented with 50 
μg/mL ascorbate-2-phosphate (Sigma-Aldrich, St. Louis, MO, 
USA), 10 mM β-glycerophosphate (Sigma), and 100 nM dexa-
methasone (Sigma). 2D-MSCs were seeded at a density of 4500 
cells/cm2 in a 100-mm culture dish and cultured in either growth 
(a group named “2D-ctrl”) or osteogenic medium (specific cul-
ture days are indicated in corresponding methods and results). 
The culture media of the 2D-MSC and 3D-osteo groups were 
renewed every 4 days. For the 3D-undiff group, medium ex-
change was not conducted in case of 4 days of culture period. 
For further analysis, MSC spheroids were collected with me-
dium from the microwell array and separated by centrifugation 
at 167 × g for 1 minutes at room temperature.

Measurement of the MSC-Spheroid Size 
Distribution
To measure the size distribution, MSC spheroids collected 
from the microwell array on day 7 were photographed using 
a microscope (Olympus, Tokyo, Japan). The particle size 
distribution analysis was conducted using ImageJ software. 
More than 100 MSC spheroids were measured in each group 
for analysis (n = 5).

Live and Dead Cell Viability
Cell viability was measured using a Live/Dead Viability/
Cytotoxicity assay kit (Life Technologies) with MSC spheroids 
cultured for 7 days in the microwells. MSC spheroids were 
stained with calcein-AM and ethidium homodimer-1 ac-
cording to the manufacturer’s instructions and photographed 
using a fluorescent microscope (Olympus). Cell viability anal-
ysis was performed using Fiji application with ImageJ (n = 5).

DNA Quantification Assay
Cell numbers of MSC spheroids were determined using 
a CyQUANT cell proliferation assay (Molecular Probes, 
Eugene, OR, USA). Following the manufacturer’s instructions, 
lysis buffer and CyQUANT GR dye in the kit were added to 
each sample and incubated for 5 minutes at room temper-
ature in a dark room. The fluorescence of the samples was 

measured at a wavelength of 520 nm on a microplate reader 
(Tecan, Mannedorf, Switzerland) (n = 5).

Flow Cytometry Analysis
Cell surface antigens of positive MSC markers (CD44 and 
CD73) and negative MSC markers (CD45 and CD34) on 
human bone marrow-derived MSCs were detected by flow 
cytometry. The cells were washed twice with PBS, disso-
ciated with 0.25% trypsin (Hyclone, Uppsala, Sweden), 
and then collected by centrifugation. The cell pellets were 
resuspended in PBS with 2% FBS (FACS buffer), incubated 
with the specific primary antibody for 30 minutes at 4 °C, 
and washed with FACS buffer 3 times. Antibodies against 
CD44 (CD44-PE, BioLegend, San Diego, CA, USA), CD73 
(CD73-PE, BioLegend), CD45 (CD45-PE, BioLegend), and 
CD34 (CD34-PerCP, BioLegend) were used. The antibodies 
were used as 1:100 dilutions in FACS buffer. Cells were 
washed with FACS buffer 3 times, and fluorescence was 
detected using BD Accuri C6 (BD Science, USA) (n = 3).

Proteome Analysis
The fractionated peptides were loaded onto a trap column 
filled with Acclaim PepMap100 C18 resin (Thermo Fisher, 
Waltham, MA, USA). The peptides were eluted with a linear 
gradient from 5% to 30% of 0.1% formic acid in acetonitrile 
for over 120 minutes at a flow rate of 300 nL/minute, separated 
by an analytical column (75 μm × 15  cm, Thermo Fisher), 
and ionized by electrospray voltage of 2.4 kV. The mass spec-
trometer (MS) was operated using the top 10 data-dependent 
method. The MS scans were collected from 300 to 2000 m/z 
with 70 000 resolutions (at m/z 200 and 1  ×  106 automatic 
gain control target). The top 10 intense peaks with a charge 
state ≥ 2 were selected for higher energy collisional dissocia-
tion collision with a normalized collision energy of 25%, and 
tandem mass spectra were collected at a resolution of 17 500 
at 200 m/z. Database searching for protein identification and 
quantification was performed using Proteome Discoverer 2.2 
software (Thermo Fisher). SEQUEST-HT was used to search 
against the UniProt database. The false discovery rate (FDR) of 
peptide identification was evaluated using database searching 
against the corresponding reversed database. Database search 
parameters included a precursor mass tolerance of 10  ppm, 
fragment ion mass tolerance of 0.02 Da, fixed modification for 
carbamidomethyl cysteine and variable modification for methi-
onine oxidation, up to 2 missing cleavages, and N/Q deami-
nation was set for the search. An FDR of less than 1% was 
obtained at the peptide level and filtered with high peptide con-
fidence (n = 5).

Bioinformatic Analysis
To confirm the validity of the experimental results, we 
verified the abundance levels of proteins that are related to 
the bone regeneration mechanism. To leverage bioinformatics 
techniques, we first searched all Gene Ontology (GO) terms 
that are related to “osteoblast”, “ossification”, and “angio-
genesis” by accessing EBI QuickGO, which is a web-based 
big data platform for the gene ontology and annotation 
(www.ebi.ac.uk/QuickGO/). Then, based on the automated 
text mining approach, we investigated the liquid chromatog-
raphy–mass spectrometry (LC–MS) protein profile data and 
checked their GO annotation using text matching techniques 
(Supplementary Table S1). Next, we extracted proteins 

http://www.ebi.ac.uk/QuickGO/
https://academic.oup.com/stcltm/article-lookup/doi/10.1093/stcltm/szac052#supplementary-data


Stem Cells Translational Medicine, 2022, Vol. 11, No. 10 1075

that were annotated to the aforementioned GO terms and 
compared their abundance levels using log-transformed mean 
values. Since the protein abundance level in each experimental 
group showed relatively large differences, direct comparison 
of the protein abundance level makes it difficult to unveil the 
relative changing patterns of protein abundance levels in each 
experimental group. To show balanced and clear patterns, we 
obtained the average protein abundance level for each group 
and performed log2 transformation (ie, log2 (1+ protein 
abundance level)). Then, to normalize the protein abundance 
level, we obtained z-scores for each protein and visualized the 
protein abundance level for each experimental group using a 
heatmap and balloon plots. Note that the z-score is given by

z =
x− µ

σ
,

where x is the protein abundance level, and µ and σ  are the 
mean and standard deviation of the protein abundance level 
across different samples, respectively. To effectively visualize 
the balloon plot, we divided the absolute protein abundance 
level by 10 000 000 and performed a log transformation. The 
heatmap can visualize the fold changes of the protein abundance 
levels, and the balloon plot can depict the absolute abundance 
level for each protein. Next, to verify the statistical significance 
of the proteins, we performed Student’s t test for each pair of 
experimental groups and only retained proteins with P-values 
smaller than .05. Among these proteins with statistical signif-
icance, we kept the proteins with a fold change greater than 
2 and compared their log-fold change and abundance level 
through balloon plots. Finally, we visualized the MSC-specific 
marker proteins using the same approach (Supplementary 
Table S2). We used the R package pheatmap (Pheatmap: pretty 
heatmaps.“R package version 1.2, 2012), ggpubr (ggpubr R 
Package: ggplot2-Based Publication Ready Plots, 2020), and 
ggplot2 to visualize heat maps and balloon plots.32

Animals
Eight-week-old female C57BL/6 mice weighing 22  g were 
purchased from KoaTech (Pyeongtaek, Korea) and kept at 55%-
65% humidity and a controlled temperature of 24 ± 3 °C with a 
12 h/12 h light/dark cycle. All animals had ad libitum access to 
food and tap water. After 2 weeks of acclimatization, surgeries 
were performed. Mice were anesthetized intraperitoneally with 
a mixture of Zoletil (50  mg/kg; Virbac Labolatories, Carros, 
France) and Rompun (10  mg/kg; Bayer, Seoul, Korea). All 
animal procedures were performed in accordance with the 
protocol approved by the Institutional Animal Care and Use 
Committee (IACUC) of CHA University (IACUC200058).

Gelatin Sponge Scaffold Preparation
To prepare the gelatin sponge scaffolds, we first cut absorb-
able gelatin sponges (Cutanplast , Masciabrunelli, Milano, 
Italy) to 10 mm (length) × 7 mm (width) × 3 mm (height). 
Next, 6000 MSC spheroids (2.5 × 106 cells) were uniformly 
suspended in 50 μL of α-MEM and evenly seeded onto the 
sponge scaffolds. For MSCs cultured on 2D (2D-ctrl), MSCs 
cultured on the 2D culture plate for 3 days were collected and 
seeded onto the sponge scaffolds with the same cell number.

Mouse Spinal Fusion Model
Once the mice were anesthetized, skin and hair covering the 
surgical site were shaved with a blade, and the surgical site was 
sterilized with povidone–iodine and 70% ethanol. Animals 

were positioned in the prone position, with folded gauze placed 
under the abdomen to facilitate access and visibility of the sur-
gical site. Posterolateral lumbar fusion was performed at the 5th 
to 6th lumbar vertebrae (L5-L6), as reported in earlier studies.1,3 
Briefly, a 2-cm midline incision was made in the skin at L5-L6. 
The paravertebral muscle covering the articular processes of 
L5-L6 was scraped with a #10 blade and separated from the 
spinous process. After exposing the articular processes, a pneu-
matic 1 mm diamond burr was used to decorticate the articular 
processes. Mice were randomized into 4 different experimental 
groups: decortication only (n = 5), MSC suspension/gelatin 
sponge (n = 5), MSC spheroids/gelatin sponge (3D-undiff group) 
(n = 7), and MSC spheroids with osteogenic induction/gelatin 
sponge (3D-osteo group) (n = 7). All animals were euthanized 
by carbon monoxide inhalation 6 weeks after implantation, and 
their spines were excised for evaluation.

Manual Assessment of Spinal Fusion
Harvested spinal segments were manually tested for inter-
segmental movement between the L5 and L6 vertebrae of 
each lumbar vertebra by 2 independent blinded observers. 
All lumbar vertebrae were scored on a scale of 0-2, with “0” 
indicating detectable movement between bilateral segments, 
“1” indicating no movement between segments unilaterally, 
and “2” indicating no movement between bilateral segments. 
An average fusion score ≥ 1 was considered successful fusion. 
The fusion rate was calculated as

Fusion rate ( % ) =
Ns −No

Ns
× 100

where Ns represents the total number of specimens tested 
in each group and No represents the number of specimens 
without fusion.

Biomechanical Testing
The biomechanical force of the implanted L5–L6 segment was 
assessed by applying a downward force perpendicular to the 
longitudinal axis of the mouse spine. Accordingly, the L5–L6 
segments of each specimen were analyzed through a 3-point 
bending test using an Instron testing machine (H50KT; Instron, 
MA) to compare the bending stiffness between the following 
4 groups: (1) decortication-only group, (2) MSC suspension/
gelatin sponge implanted group, (3) MSC spheroids/gelatin 
sponge treated group, and (4) MSC spheroids with osteogenic 
induction/gelatin sponge implanted group. Both ends of the L5–
L6 segment were positioned with the ventral side positioned 
down at 2 points. A compressive force was then applied to the 
dorsal surface of the longitudinal vertebrae through the rod 
steel of the load cell. 3-point bending tests were performed at 
a distance of 19 mm between the supports and a head speed 
of 50 mm/minute. The load–deflection curve of each specimen 
was obtained from each group, and the compressive force of 
each displacement was statistically compared.

Micro-computed Tomography
The harvested spinal segments were fixed in 4% 
paraformaldehyde (PFA) for 1 day until the high-resolution 
micro-CT examination. All excised tissues were scanned 
using a Skyscan 1173 micro-CT machine (SkyScan, Kontich, 
Belgium) with the following settings: X-ray energy 40  keV 
and 250 μA and exposure time of 520 ms, 18 μm voxel size. 
For bone histomorphometry, the newly formed bone was iso-
lated from the native bone via a manually drawn volume of 

https://academic.oup.com/stcltm/article-lookup/doi/10.1093/stcltm/szac052#supplementary-data
https://academic.oup.com/stcltm/article-lookup/doi/10.1093/stcltm/szac052#supplementary-data
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interest (VOI). CT-Analyzer 3D data analysis software was 
used to analyze the VOI, between the L5 and L5 articular 
process. To assess new bone formation in fusion mass, the 
percentage of bone volume (BV) with respect to tissue volume 
(bone and soft tissue, TV) (BV/TV, %), bone mineral den-
sity (BMD, g/cm3), trabecular thickness (mm), and trabecular 
number (1/mm) were analyzed.

Hematoxylin-Eosin and Masson’s Trichrome 
Staining
After micro-CT scanning, the spine samples were decalcified 
using decalcification solution (National Diagnostics, Atlanta, 
GA), dehydrated with ethanol and xylene, and embedded in 
paraffin. Cross-sections (5 μm thick) were obtained using a 
microtome (Leica RM2255; Leica, Berlin, Germany). The 
sections were stained with hematoxylin and eosin (Sigma) 
and Masson’s trichrome (Sigma).

Immunohistochemistry and Immunofluorescence
For immunohistochemistry and immunofluorescence, the 
sections were incubated with primary antibodies against 
osteocalcin (1:3200; Santa Cruz Biotechnology, Dallas, TX, 
USA), CD-31 (1:200; Abcam, ab119339; Cambridge, MA, 
USA), and osteopontin (1:200; Abcam, ab8448) for 24  h at 
4 °C. After 24  h, the sections were washed with Dulbecco’s 
PBS(DPBS) and incubated with the following secondary 
antibodies: DISCOVERY UltraMap anti-Rb HRP (Roche 
Diagnostics Ltd., Basel, Switzerland) and goat anti-rabbit Alexa 
Fluor 488 (Invitrogen; A11034; 1:200) at room temperature for 
1 h. After washing with DPBS, the sections were stained with 
4,6-diamidino-2-phenylindole (DAPI) (1:500, Abcam) for 10 
minutes. The sections were then mounted and examined using a 
fluorescence microscope (Zeiss Axioscan Z1, Germany).

Statistical Analysis
The results were presented as means ± SD. All statistical 
analyses were carried out using the NCSS 10 software pro-
gram (2015. Kaysville, Utah, USA). One-way analysis of 
variance (ANOVA) with the Tukey’s post hoc test was used. 
Iteration numbers of each experiment could be found in the 
corresponding figure captions. *, #P < .05; **, ##P < .01, and 
***P < .001 were used to indicate significance.

Results
Mass-Production of MSC-Spheroids With Defined 
Specification
Mass production of MSC spheroids was efficiently achieved 
by using a GMP-applicable microwell array system. 1 × 106 
of MSCs initially seeded onto each well of the 6-well plate 
system could be entirely formed as 2400 of MSC spheroids, 
while the size and cell number of each spheroid were precisely 
controlled (~417 cells/spheroid each of which was sized by 
~100-μm in diameter, as shown in Fig. 1A and 1B). While the 
MSC spheroids were cultured for 7 days in either MSC growth 
medium or osteogenic medium, the sizes and cell numbers were 
maintained as initially regulated, which were in agreement 
with the results of earlier studies on MSC spheroids cultured 
using the FBS-containing medium (Fig. 1A, 1B, and 1C).31 The 
results of live and dead assays confirmed that over 90% of 
the cells in the spheroids of both the 3D-osteo and 3D-undiff 
groups were viable during 7 days of culture period (Fig. 1D 
and 1E). This live and dead assay revealed that over 90% 

of the cellular viability corresponded to the results obtained 
from a conventional trypan blue viability testing method 
using single-cell dissociated MSC spheroids (Supplementary 
Fig. S1). Our flow cytometric analyses for MSC-marker pres-
entation in the MSC-spheroids demonstrated that over 95% 
of the cells of the 3D-undiff group on day 7 expressed CD44 
and CD73, which are positive human MSC-markers, and are 
similar to the degree with MSCs cultured on the 2D culture 
plate for 7 days.22 Contrarily, the 3D-osteo group on day 7 
expressed them in significantly lower levels, namely 86.7% 
and 43.4%, respectively, which indicated that osteogenic dif-
ferentiation was triggered by 7 days of treatment with the 
osteogenic medium. In terms of negative MSC-marker expres-
sion, such as CD45 and CD34, all groups showed negative 
results lower than 2% of the expression (Fig. 1F).

Osteogenic Differentiation of Mass-Produced 
MSC-Spheroids
Mass-produced MSC spheroids were further cultured in oste-
ogenic medium until day 15, and their efficacy in osteogenic 
differentiation was evaluated by qPCR analyses of the expres-
sion of osteogenic genes, such as bone morphogenic protein-2 
(BMP2), collagen type I (COL1), runt-related transcription 
factor-2 (RUNX2), osterix (OSX), alkaline phosphatase (ALP), 
and osteocalcin (OCN) (Supplementary Figure S2A and S2B). 
Osteogenic medium successfully induced osteogenic differ-
entiation in both 2D- and 3D-cultured groups in this study. 
Significantly higher levels of ALP and OSX were found in the 
3D-osteo group on days 7 and 15, respectively (compared with 
those in the 3D-undiff group). The expression of the COL1 gene 
tended to be higher in the osteogenic medium-treated groups of 
both 2D and 3D, while all experimental groups showed remark-
ably high levels of COL1 gene expression (average COL1 gene 
Ct values of all groups were below 17, while the average Ct 
values of the house-keeping genes were approximately 18; data 
not shown). In the comparisons between 2D- and 3D-cultured 
groups, most of the osteogenic genes, such as BMP2, RUNX2, 
OSX, and ALP, appeared to be highly upregulated in the 
3D-cultured group during the culture period, a result that is 
in agreement with the results of earlier studies,25 wherein the 
expression of the BMP2 gene was significantly upregulated 
in the 3D-cultured groups by more than several hundredfold 
compared with that in the 2D-cultured groups. The expression 
of the OCN gene in the 3D-cultured groups tended to increase 
with the culture time and was upregulated by the osteogenic 
medium until day 15 of treatment. However, no significant dif-
ference was found among the experimental groups.

Along with our qPCR results, it has been frequently re-
ported that the formation of MSC spheroids enhances the 
osteogenic differentiation capacity of MSCs.24-29 Therefore, 
the osteogenically differentiated MSCs cultured on 2D was 
excluded in the following investigations since the purpose 
of our study was to compare between undifferentiated and 
osteogenically differentiated MSC spheroids regarding ther-
apeutic efficacy in spinal fusion. While MSC spheroids were 
cultured over 7 days of culture period, some markers of oste-
ogenic differentiation were spontaneously expressed even in 
the MSC growth medium without osteogenic supplements al-
though MSC markers tended to be maintained. Thus, to main-
tain the naïve MSC’s characteristics in the MSC spheroids, we 
adopted 4 days of culture period for the 3D-undiff group, 
whereas 7 days of osteogenic culture period was chosen for 
the 3D-osteo group in the further analyses that demonstrated 
successful triggering of osteogenic lineage transition of MSCs. 

https://academic.oup.com/stcltm/article-lookup/doi/10.1093/stcltm/szac052#supplementary-data
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Accordingly, MSCs cultured on the 2D culture plate for 3 days 
were taken as the 2D-ctrl group henceforward, which assured 
the minimized degree of possible spontaneous differentiation.

Protein Expression Profiling of MSC Spheroids 
Using LC–MS Analysis Supported by 
Bioinformatics
At the outset, the LC–MS analysis provided quantitative 
expression profiles of 3606-3782 proteins retained in each 
of the 2D-ctrl, 3D-osteo, and 3D-undiff groups with rela-
tive abundance levels (Fig. 2A). To focus on the proteins 
of interest, massive protein expression profile data were 
filtered using bioinformatics. Accordingly, a web-based 
big data platform for gene ontology and annotation (EBI 
QuickGO), and text matching algorithm were used to sort 
out proteins relevant to the bone regeneration mechanism. 
GO terms with keywords “osteogenesis”, “osteoblast”, “os-
sification”, and “angiogenesis” were used (Supplementary 
Table S1). Abundance levels of the extracted proteins were 
normalized and compared based on log2-transformed mean 
values to present the overall fold changes of the protein 
abundance levels in the 2D-ctrl, 3D-osteo, and 3D-undiff 
groups. Data were selectively presented as angiogenesis-
related, both angiogenesis- and osteogenesis-related, 

and osteogenesis-related proteins by heatmap diagrams  
(Fig. 2B, 2C, and 2D, respectively). Generally, the 2D-ctrl 
and 3D-undiff groups displayed more upregulated angio-
genic proteins compared with the 3D-osteo group, while the 
proteins highly expressed in each group were distinguish-
able (Fig. 2B). In terms of the proteins related to both an-
giogenesis and osteogenesis, the 3D-undiff group showed 
higher upregulation in greater numbers of proteins than the 
other groups (Fig. 2C). In terms of osteogenesis, all groups 
showed highly upregulated protein expression in different 
proteins (Fig. 2D).

Analyses of Protein Expressions with Significant 
Differences
From the heatmap diagrams, the proteins with significant 
differences (P < .05) in the abundance levels compared with 
those of other groups were separately organized as fold-
change charts along with corresponding balloon plots that 
depict the absolute abundance level of each protein (Fig. 3).  
Angiogenesis-inducing factors such as fibroblast growth 
factor-2 (FGF2) were expressed at significantly higher levels 
in the 2D-ctrl group than in the 3D-cultured groups (both 
the 3D-osteo and 3D-undiff groups).33,34 Simultaneously, 
thrombostin-1 (THBS1) reported as antiangiogenic factor 

Figure 1. Mass-produced MSC-spheroids. (A) Representative images of standard 2D cultured MSC and MSCspheroids formed in the microwell 
array. 2D- and 3D-MSCs were cultured in growth medium and osteogenic medium. The scale bars indicate 300 μm. Bar plots depicting (B) average of 
spheroid diameter on day 7. (C) Cell numbers of MSC-spheroids was determined on day 7 using a DNA quantification method. The total cell numbers 
of MSC-spheroids in the single well of the 6-well plate were not increased during the culture period. (D) Cell viabilities of the 3D-undiff and 3D-osteo 
groups on day 7. The quantification data from B to D are expressed as the mean ± SD (n = 5). Statistical analyses were performed using a Student’s 
t test (ns, not significant). (E) Representative images of live and dead assay after calcein-AM and ethidium homodimer-1 staining on day 7 (n = 5). 
The scale bars indicate 500 μm. Graphs illustrating the results of (F), flow cytometric analysis for the phenotyping of MSC-spheroids on day 7. Single 
cells derived from spheroids were immunostained with MSC positive (CD44 and CD73) and negative markers (CD34 and CD45) to confirm cell 
characterization (n = 3).

https://academic.oup.com/stcltm/article-lookup/doi/10.1093/stcltm/szac052#supplementary-data
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that inhibits the proangiogenic actions of FGF2 was con-
currently expressed at the highest level in the 2D-ctrl group 
among all groups.35,36 Additionally, chondroitin sulfate pro-
teoglycan-4 (CSPG4) and lysyl oxide homolog-2 (LOXL2) 
that are related to endothelial cell migration and proliferation 
in the blood vessel basement membrane were also expressed 
at significantly higher levels in the 2D-ctrl group than in the 
3D-cultured groups.37-39 The 3D-cultured groups showed sig-
nificantly higher expressions than the 2D-ctrl group in dif-
ferent angiogenesis-related proteins, such as platelet-derived 
growth factor receptor beta (PDGFRB), heme oxygenase-1 
(HMOX1), matrix metalloproteinase-2 (MMP2), and 
MMP14 that contributes to angiogenesis as a key effecter of 
vascular endothelial growth factor (VEGF) and MMP2 acti-
vation.40-44 PDGFRB, HMOX1, and MMP14 were expressed 
at the highest levels in the 3D-undiff group. Simultaneously, 
other proteins related to angiogenic signals, such as WNT 
family members 5A and 5B (WNT5A and WNT5B), epidermal 
growth factor receptor (EGFR), and integrin beta-3 (ITGB3) 
were also highly upregulated in the 3D-undiff group.45-48 The 
3D-osteo group appeared to show a different pattern with 
respect to protein expression as it expressed fewer soluble 
bioactive molecules than the other groups. Heat shock pro-
tein beta-1 (HSPB1) was expressed at the highest level in the 

3D-osteo group among all groups, which is known to reg-
ulate angiogenic balance by means of negative feedback to 
the angiogenic promotion activity of VEGF.49 Contrastingly, 
the 3D-undiff group showed significantly higher levels of 
upregulation of most proteins known to play crucial roles 
in inducing both angiogenesis and osteogenesis (compared 
to other groups). The 3D-undiff group showed significantly 
higher expression levels of the key growth factors involved 
in both angiogenesis and osteogenesis, such as transforming 
growth factor beta-2 and -3 (TGFB2 and TGFB3), and hep-
atocyte growth factor (HGF).50-54 TGFB1 was also found to 
be upregulated in the 3D-undiff group (with a statistical dif-
ference compared to the 3D-osteo group). Summarily, the 
3D-cultured groups displayed significantly higher levels of 
expression of some proteins related to both angiogenesis and 
osteogenesis (than the 2D-ctrl group), such as transmembrane 
glycoprotein NMB (GPNMB, also known as osteoactivin) 
that promotes osteoblast differentiation as well as endothe-
lial cell migration and proliferation, thus supporting bone 
regeneration,55-57 and integrin alpha-V (ITGAV) known to 
play a role in the regulation of angiogenesis and osteogen-
esis through introducing the pathways of FGFs and insulin 
like growth factors (IGFs).48,58 In terms of osteogenesis pro-
motion as well as osteogenic induction, the 2D-ctrl group 

Figure 2. Protein profiling of MSC-spheroids analyzed through LC–MS (n = 5) and subsequent data-filtration based on the bone regeneration 
mechanism. (A) Initial data-base of protein expressions was obtained with detected unique peptides whose numbers were more than 2. Proteins 
expressed in all groups were categorized according to the biological process and presented using Venn diagrams. Among them, proteins related to (B), 
angiogenic, (C), both angiogenic and osteogenic, and (D), osteogenic processes were filtered by using a web-based big data platform and presented by 
heat map diagrams. Heat map colors are assigned according to an abundance level relative scale, from –1 to 1.
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Figure 3. Charts depicting proteins with statistical significance in the abundance levels. Differential expression of proteins with significant differences (P 
< .05) between (A), the 2D-ctrl and 3D-osteo groups, (B), the 2D-ctrl and 3D-undiff groups, and (C), the 3D-osteo and 3D-undiff groups were presented 
by log2 foldchange chart. Statistical analyses were performed using a Student’s t test. The abundance levels of each protein were visualized using 
balloon plot. Proteins related to angiogenic, both angiogenic and osteogenic, and osteogenic processes are depicted with different colors (blue, green, 
and light red, respectively) based on the indicated bone regeneration mechanism.
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showed significantly higher upregulations of the bone matrix 
proteins than other groups, such as collagen type I alpha-1 
and -2 (COL1A1 and COL1A2), together with secreted pro-
tein acidic and rich in cysteine (SPARC/osteonectin) that is 
bound to collagen type I to nucleate mineral phase deposi-
tion.59,60 Proteins related to osteogenic differentiation sig-
nals such as 4 and a half LIM domains protein-2 (FHL2), 
lactotransferrin (LTF), and PDZ and LIM domain protein 7 
(PDLIM7/LMP1) were also highly upregulated in the 2D-ctrl 
group.61-63 GPNMB, the 3D-osteo group, showed the highest 
upregulations in versican (VCAN), one of the important bone 
matricellular proteins that regulate osteogenic differentiation 
of MSCs,64 and transmembrane protein 119 (TMEM119) that 
regulates the BMP-RUNX2 pathway to promote the differen-
tiation of osteoblast and matrix mineralization.65 Generally, 
both the 3D-osteo and 3D-undiff groups showed significantly 
higher expression than the 2D-ctrl group in TMEM119, SH3, 
and PX domain-containing protein 2B (SH3PXD2B), and 
RUNX2, the most central transcription factor for osteogenic 
differentiation.66-68 In the 3D-undiff group, several important 
regulators for osteogenic differentiation, matrix mineraliza-
tion, and bone remodeling were found to be upregulated with 
statistical difference, which include fibrillin1 (FBN1), SPARC-
related modular calcium-binding protein 1 (SMOC1), BMP1, 
and IGF-binding protein-5 (IGFBP5).69-72

Numbers of MSC-specific proteins were also investigated 
by the LC–MS analysis such as CD44, CD73, THY1 (CD90), 
ENG (CD105), ANPEP (CD13), ITGB1 (CD29), TFRC 
(CD71), ALCAM (CD166), MME (CD10), MCAM (CD146), 
SDC2 (CD362), CD9, VIM, and NES (Supplementary Table 
S2 and Fig. S3). The results showed that significantly higher 
expressions of the MSC-specific proteins were found in the 
2D-ctrl and 3D-undiff groups compared with the 3D-osteo 
group, while showing some variances in each protein expres-
sion between them.

The above-stated protein expression profile of each group is 
summarized and depicted with the predictable contributions 
to bone regeneration after transplantation, which include neo-
angiogenesis and osteogenic induction in host tissues as well 
as transplanted angiogenic or osteogenic differentiation MSCs 
shown in Fig. 4. Based on the physical, biochemical, and ther-
apeutic properties of MSC spheroids obtained in this study, 
possible quality control (QC) standards and assay methods 
were suggested (Supplementary Table S3 and Fig. S4).

Mouse Spinal Fusion Model
Manual Fusion Test
Six weeks after implantation, the fusion rate was measured 
by manual palpation. Fusion rates were significantly higher 
in mice implanted with the 3D-undiff group (75%) and 
3D-osteo group (62.5%) than in mice implanted with the 
2D-ctrl group (42.8%) and those that underwent decortica-
tion alone (0%) (Fig. 5A).

Biomechanical Evaluation
To evaluate the biomechanical properties of the newly formed 
bone in a mouse posterolateral spinal fusion model, L5–L6 
specimens were isolated from each mouse 6 weeks after 
implantation to perform a 3-point bending test. There was 
no significant difference in the initial slopes among groups 
(G1: decortication only, G2: 2D-ctrl in gelatin sponge, G3: 
3D-undiff in gelatin sponge, and G4: 3D-osteo in gelatin 

sponge). However, when the displacement was increased 
to more than 6 mm, both G3 and G4 showed a significant 
increase in strength compared with that in the decortica-
tion only group. There was no significant difference in the 
biomechanical properties of the newly formed bone in both 
G3 and G4 (Fig. 5B).

Micro-computed Tomography Analysis
New bone formation was determined using micro-CT anal-
ysis 6 weeks after implantation. Based on micro-CT images, 
new bone formation was evaluated by measuring parameters 
such as the percentage of bone volume (BV) with respect 
to tissue volume (TV) (BV/TV, %), BMD, trabecular thick-
ness, and trabecular number (Fig. 5C). BV/TV (%), BMD  
(g/cm3), trabecular thickness (mm), and trabecular number 
(1/mm) were found to be significantly higher in 3D-undiff 
(G3) and 3D-osteo (G4) groups than those in decortication 
only (G1) and 2D-ctrl (G2) group. New bone formation was 
not detected in decortication only (G1) group. MSC sus-
pension/gelatin sponge-treated group (G2) showed slightly 
increased new bone mass compared with decortication 
only group, although no significant difference was found. A 
large volume of newly formed bone was observed in groups 
3D-undiff (G3) and 3D-osteo (G4) groups. Particularly, 
3D-undiff (G3) group showed clear evidence of significantly 
increased BV/TV, BMD, trabecular thickness, and trabecular 
number compared with the other groups (Fig. 5C).

Histological Analysis
At the end of the 6-week period, we euthanized the ani-
mals to histologically explore the bone regeneration effi-
cacy of all groups. Spinal samples from each group were 
decalcified and analyzed by hematoxylin and eosin (H&E), 
and Masson’s trichrome (MT) staining (Fig. 6). Histological 
analyses of HE and MT staining demonstrated that the 
amount and area density of new bone formations were sig-
nificantly increased in both 3D-undiff (G3) and 3D-osteo 
(G4) groups compared with decortication only (G1) 
and 2D-ctrl (G2) groups, while no significant difference 
was found in 3D-undiff (G3) and 3D-osteo (G4) groups. 
Immunohistochemical analysis of osteocalcin and immu-
nofluorescent analysis of osteopontin confirmed the in-
duction of endochondral bone formation in the implanted 
sites as bone remodeling markers (Figs. 6 and 7). In the 
results of the average immunoreactivity of osteocalcin and 
osteopontin, 3D-undiff (G3) and 3D-osteo (G4) groups 
demonstrated significantly higher expression levels of both 
osteocalcin and osteopontin compared with decortication 
only (G1) and 2D-ctrl (G2) groups, while 3D-undiff (G3) 
and 3D-osteo (G4) groups were not significantly different. 
Immunofluorescent analysis for CD31, a common endo-
thelial cell marker, was also performed to observe the neo-
angiogenic efficacy after implantation in all groups (Fig. 7).  
Significantly higher expression of CD31 was observed in 
3D-undiff (G3) and 3D-osteo (G4) groups than in decorti-
cation only (G1) and 2D-ctrl (G2) groups, which suggested 
that exceedingly activated angiogenesis occurs in the 
implanted sites of the 3D-undiff and 3D-osteo groups.

Discussion
Spinal fusion is a surgical method that connects 2 adjacent 
vertebrae when there is a vertebral fracture or spinal stenosis 
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with severe nerve compression. The frequency of spinal fusion 
surgery is rapidly increasing due to an increase in the elderly 
population and an increase in accident.1-4 A wide variety of 
bone substitutes are used clinically to support spinal fusion. 
Despite the recent development of various bone substitutes, 
there are still many reports of pseudarthrosis (nonunion, fu-
sion failure) that cause severe back pain after the surgery, 

which places heavy demands on the investigations using stem 
cell-based medicinal products to address the current limita-
tions.1,3,10-15 Therefore, a preclinical study of the application of 
MSC spheroids as a new bone tissue substitute, either undif-
ferentiated or osteogenically differentiated, to a mouse spinal 
fusion model was conducted and compared with MSCs con-
ventionally cultured on a monolayer. For this preclinical study, 

Figure 4. Schematic illustrating the description of the predictable contributions of each group to bone regeneration after transplantation, including neo-
angiogenesis and osteogenic induction in host tissues as well as transplanted angiogenic or osteogenic differentiation of MSCs.

Figure 5. In vivo spinal fusion results at 6 weeks post-implantation. (A) Representative 3D micro-CT images of the L5-L6 fusion mass. (B) Line plot 
depicting biomechanical assessment of fusion mass by three-point bending test. Force–displacement curves of fusion mass for each group. (C) Bar 
plots illustrating the bone histomorphometric analysis of percent bone volume (BV/TV, %), bone mineral density (BMD, g/cm3), trabecular thickness 
(mm), and trabecular number (1/mm). G1: decortication only, G2: 2D-ctrl in gelatin sponge, G3: 3D-undiff in gelatin sponge, and G4: 3D-osteo in gelatin 
sponge. Data are presented as mean ± SD (n = 5-7; *P < .05; **P < .01; ***P < .001; ns, not significant) and analyzed by one-way ANOVA followed by 
Tukey’s post hoc test.
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we developed an efficient method for the secure delivery of 
MSC spheroids to the decorticated sites on the lumbar spine 
by utilizing gelatin sponge clinically approved and used for 
hemostatic dressing, which possesses the ability to finely at-
tach to the wounded region. Owing to the high porosity and 
water-loving characteristics of the gelatin sponge, a droplet 
containing MSC spheroids would be immediately absorbed 
so that the MSC spheroids could be steadied to successfully 
assure the engraftment of MSCs after implantation. Based 
on the results of previous preclinical and clinical studies, it 
is estimated that immunological responses are regulated by 
increasing nucleus pulposus cells-like gene expression and 
improving ECM production when MSCs are injected for 
treatment in degenerative disc disease, osteoporotic fracture 
models spinal cord injury models and spine fusion models. 
Still immune rejection is an issue for allogeneic and xenoge-
neic cell transplantation as well. Nevertheless, it is known 
that MSCs have a relatively low immunogenicity due to the 
low expression rate of MHC Class I and can also be expected 
to have a therapeutic effect using immunomodulatory effects 

clinically.17,73-77  Moreover, the MSCs are immune privileged 
with immunosuppressive abilities even though the animals 
were not treated with immunosuppressive drugs using in vivo 
human MSC xenograft models, suggesting an unrecognized 
immune-privileged site within the IVD space and the central 
nervous system. Furthermore, the MSCs isolated from bone 
marrow, adipose tissue, and Warton jelly have the prolifer-
ative potential, the weak expression of MHC II genes, and 
the weak expression of the immune-related genes including 
TLR4, TLR3, JAG1, NOTCH2, and NOTCH3.73-77 The much 
higher efficacy of the 3D-cultured groups was observed in 
our mouse spinal fusion model than in the 2D-ctrl group, a 
finding that is surprisingly consistent with the growing evi-
dence supporting the therapeutic benefits of spheroid cultures 
for stem cells.24,25 Our bone histomorphometric analyses re-
vealed that both the 3D-cultured groups were well integrated 
into the decorticated sites of the lumbar spine after implan-
tation and efficiently supported spinal fusion, as proven by 
the mechanical tensile strength evaluation of the fused spinal 
mass representing robust mechanical stability. As shown in 

Figure 6. Histological and immunohistochemical analyses at 6 weeks post-implantation. (A) Image showing cross-sections of spinal fusion stained 
with hematoxylin and eosin (H&E) and Masson’s trichrome staining (MT), and immuno-staining images of osteocalcin. The scale bars of H&E, MT, and 
osteocalcin indicate 500 μm at low magnification (upper panels) and 50 μm at high magnification (lower panels), respectively. The scale bars of inset 
images on the osteocalcin expression analysis indicate 10 μm. (B) Bar plots depicting quantitative analyses of the amount and area density of new bone 
formations detected by H&E and MT staining and the average immunoreactivity of osteocalcin detected by the positive area of anti-osteocalcin. Data 
are presented as mean ± SD (n = 7; *P < .05; **P < .01; ***P < .001; n.s., not significant) and analyzed by one-way ANOVA followed by Tukey’s post hoc 
test.
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our histological and immunohistochemical analyses, the re-
cruitment of osteogenic cells and/or induction of osteogenic 
differentiation on site may have been triggered by implanta-
tion of either the 3D-osteo or 3D-undiff group, which could 
result in newly synthesized bone matrix and contribute to 
bone regeneration. Additionally, immunofluorescence anal-
ysis of anti-CD31 indicated that neo-angiogenesis was also 
stimulated by both 3D-cultured groups, which resulted in the 
formation of a new vascular bed.

As transcriptome data that analyze mRNA expression 
cannot completely represent the abundance of protein ex-
pression, direct measurement of protein activities is essential 
to understand cellular mechanisms.78 Accordingly, LC–MS 
has contributed to the remarkable advancement in analyzing 
complex biological processes, which enables the identification 
and quantification of thousands of proteomes extracted from 
a batch of cultured cells or biopsied tissues. Bioinformatics 
technologies have rapidly facilitated the spectral data analysis, 
management, and visualization of the massive proteomic data 
obtained by LC–MS, along with the implementation of biosta-
tistics.79 In this study, we used LC–MS methodology and bioin-
formatic tools to gain a detailed understanding of the changes 
in the proteome within MSC spheroids in comparison to MSCs 
cultured on a monolayer. Bone regeneration mechanisms in-
clude a variety of cells in the defected bone tissue, such as 
osteogenic and vasculogenic cells (osteoblasts (OBs) and endo-
thelial cells (ECs), respectively), which are surrounded by oste-
ogenesis- and angiogenesis-inductive signaling factors secreted 
by themselves.80 Additionally, bone ECM is reorganized with 

specifically controlled mechanical and biochemical properties 
with accumulated matricellular proteins to nucleate mineral 
deposition, further promote osteogenic differentiation of OBs, 
and introduce ECs for neo-angiogenesis.81,82 In view of such 
bone regeneration mechanisms, we attempted to describe the 
predictable contributions of 2D-ctrl, 3D-osteo, and 3D-undiff 
groups to bone regeneration after implantation based on our 
LC–MS protein profiling data (Fig. 3). Proteomic analyses 
revealed that multiple soluble proteins were significantly 
upregulated in the 3D-undiff group, which could act as para-
crine effectors for osteogenesis and/or angiogenesis induction 
in host bone tissues. Among others expressed most signifi-
cantly in the 3D-undiff group, HGF and TGFBs have often 
been reported as key growth factors that stimulate osteogen-
esis as well as angiogenesis.50-54 Contrastingly, the 3D-osteo 
group exhibited evidence of differentiation toward a pre-
osteogenic lineage as expressing the highest degree of RUNX2 
(also shown in our qPCR results), a representative marker 
for committed osteoprogenitor at the early stage of osteogen-
esis.83 VCAN expression was also most highly upregulated in 
the 3D-osteo group, which is required for the wide-ranging 
remodeling of the ECM in the early phase of bone formation 
and accelerates the differentiation of MSCs into osteoblasts.66 
Simultaneously, the 3D-cultured groups commonly expressed 
transmembrane proteins, including receptors related to the 
regulation of MSC osteogenic differentiation, matrix min-
eralization, and angiogenesis induction, such as PDGFRB,40 
GPNMB,55-57 ITGAV,48,58 and TMEM119,65 which may facil-
itate the induction of immediate cellular responses to the host 

Figure 7. Immunofluorescent analyses at 6 weeks post-implantation. (A) Image depicting cross-sections of spinal fusion region stained with anti-CD31 
and anti-osteopontin. The scale bars of CD31 and osteopontin indicate 500 μm at low magnification (upper panels) and 50 μm at high magnification 
(lower panels), respectively. (B) Bar plots of the quantitative analyses of the average immunoreactivity of anti-CD31 and anti-osteopontin. Data are 
presented as mean ± SD (n = 7; *P < .05; **P < .01; *** P < .001; n.s., not significant) and analyzed by one-way ANOVA followed by Tukey’s post hoc 
test.
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tissue microenvironment. Additionally, the proteomic data 
also indicated that both the 3D-cultured groups could sup-
port proangiogenic niche formation by secreting MMP2 and 
MMP14 to recruit ECs to migrate toward the implanted site,42-

44 thus developing dense vascular beds to deliver sufficient 
oxygen, nutrients, and hormones, in addition to recruiting cir-
culating OBs and MSCs for accelerating bone regeneration.84 
The proteome information of both the 3D-cultured groups 
was shown to be distinguished while having shared protein 
expression patterns. Therefore, the osteoprogenitor-spheroids 
of the 3D-osteo group and undifferentiated MSC spheroids of 
the 3D-undiff groups may have in some respects contributed 
to bone regeneration in different paths but resulted in similar 
therapeutic outcomes after implantation. As reported by many 
earlier studies, bone regeneration processes are regulated by 
synergistic association and elaborate interplay among OBs, 
ECs, and MSCs as sharing extensive paracrine communica-
tion.85-87 Concentrated angiogenic signaling crosstalk between 
MSCs and ECs or OBs and ECs could initiate migration of 
ECs to stimulate neo-angiogenesis and the resulting out-
growth of ECs is combined with the host vascular tissues.88,89 
During this process, MSCs and OBs are more attracted to the 
newly formed vascular beds and establish a close physical 
proximity to ECs with enhanced expression of osteoinductive 
factors, which in turn trigger osteogenic differentiation on site 
and contribute to bone matrix synthesis.90,91 Hence, based on 
our biomolecular comprehension and in vivo efficacy results 
of the 3D-cultured groups, we speculate that such intimate 
signaling crosstalk between MSCs and ECs or OBs and ECs 
in bone regeneration could be reproduced by our 3D-undiff or 
3D-osteo group, respectively, although relevant physiological 
investigations presented in this study are limited to fully dem-
onstrate the situ multifactorial cellular interplay which may 
occur after their implantation. Although both the 3D-osteo 
and 3D-undiff groups showed similar degrees of bone regen-
eration efficacy and spinal fusion rate in our animal study, the 
3D-osteo group has significant disadvantages for use in clin-
ical settings. This is because the osteogenesis-induction process 
in the 3D-osteo group can cause methodological complexity 
with laborious steps of medium exchange during the extended 
culture period of 7 or 15 days, which requires highly trained 
culture experts in the microwell array‒based MSC sphe-
roid culture system. The increased degree of manipulation in 
manufacturing the biological products will lead to poor con-
trol of the key intermediates in the production processes, so 
that relevant quality assurance tasks for the follow-up of all 
deviations from the defined specifications of the final product 
will become more intense and thus represent a financial chal-
lenge due to the increased QC costs.92,93 Additionally, the use of 
additional reagents for osteogenic supplements could also lead 
to substantially extra costs in large-scale manufacturing for 
commercial purposes and introduce the intricacies to convince 
the absence of adventitiously introduced contaminants that 
may affect the properties or stability of the final product.94,95 
Contrastingly, the 3D-undiff group was maintained undif-
ferentiated in the conventional MSC growth medium that 
was casually used for previously licensed MSC therapies.96 
Additionally, the MSC spheroids in the 3D-undiff group could 
be stably mass-produced in our microwell array culture system 
without any disturbance during 4 days of a relatively short 
culture period, in which the laborious culture steps of medium 
exchange are not required. This would lead to the ease of 
preparation for the new standard operating procedure (SOP) 

as well as detailed specifications for all reagents that satisfy the 
GMP requirements to ensure consistent and reproducible final 
product of MSC spheroids. Furthermore, unlike the 3D-osteo 
group, the 3D-undiff group exhibited elevated levels of MSC 
markers similar or even higher than the original MSCs, while 
certain biological activities related to bone regeneration tend 
to be increased to a greater extent than those in the other 
groups (Supplementary Fig. S3). This undifferentiated status 
of our 3D-undiff group could be advantageous in the devel-
opment of QC standards for MSC spheroid therapy, which 
could be simplified by following the minimal defining criteria 
of human MSCs previously established by the International 
Society for Cell and Gene Therapy (ISCT, www.isctglobal.
org),97  and readily supported by a substantial amount of clin-
ical experience with respect to human MSCs. Therefore, we 
chose the 3D-undiff group in this study as a suitable candidate 
for bone tissue substitutes in spinal fusion surgery to reach the 
earliest clinical translation of MSC spheroids.

Detailed specifications of the physical, biochemical, and 
therapeutic properties of MSC spheroids were obtained from 
our preclinical study, with which a framework of the QC 
standards for MSC spheroids was proposed in this study 
(Supplementary Table S3), in regard to the identity, purity, 
viability, and potency within an appropriate limit, range, or 
distribution, as per the guidelines preliminarily established 
by global regulatory bodies for licensed MSC drugs.98,99  The 
QC standards for the identity, purity, and viability could be 
suggested with reference to the existing guidelines for MSC 
therapies. However, the therapeutic activity or intended biolog-
ical effect is often discriminated depending on the individual 
product attributes so that the acceptability of potency assay 
methods and standards should be reviewed on a case-by-case 
basis.17,99 In this study, we verified significantly upregulated 
paracrine factors critical for the induction of osteogenesis and/
or angiogenesis, such as HGF, TGFB1, TGFB2, and TGFB3 
in the 3D-undiff group, which were suggested as markers for 
measuring the potency of our final product. We obtained the 
average content of TGFB1 in 6000 MSC spheroids (2.5 × 106 
cells) using a commercialized ELISA kit for TGFB1 to suggest 
the potency measurement method in this study (Supplementary 
Fig. S4). Further biological investigations are needed to val-
idate the interrelations of the proposed potency markers in 
bone regeneration and to characterize relevant mechanisms 
of action. Microbiological testing, including sterility, adven-
titious agent, mycoplasma, genomic stability, short tandem 
repeat assay, and donor eligibility was not discussed in this 
work, which has been regularly standardized for cell-based 
therapy and can be externalized by a GMP-accredited labo-
ratory. The safety of the implanted stem cells is also a central 
consideration in the clinical settings. Although MSC implanta-
tion therapy has been shown to be safe in a number of clinical 
studies,100 there have been no report addressing the clinical 
safety of 3D-cultured MSC spheroids. With the objective of 
clinically employing our undifferentiated MSC spheroids 
in spinal fusion surgery, Good Laboratory Practice (GLP)-
compliant toxicology studies should be conducted by a certi-
fied nonclinical contract research organization.

Conclusion
While increasing research evidence promises more powerful 
therapeutic implementation of 3D-cultured MSC spheroids 
than MSCs conventionally cultured on a monolayer, there 

https://academic.oup.com/stcltm/article-lookup/doi/10.1093/stcltm/szac052#supplementary-data
http://www.isctglobal.org
http://www.isctglobal.org
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https://academic.oup.com/stcltm/article-lookup/doi/10.1093/stcltm/szac052#supplementary-data
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have been few cases of successful translation into the clinic. 
The main clinical challenges with MSC spheroid therapies 
would be present in a series of critical issues in compliance 
with the current legal requirements regarding the design of 
a large-scale manufacturing process applicable for GMP, the 
assurance of standards for QC and safety, and the devel-
opment of reliable analytical methods to evaluate the final 
medicinal products.17 However, a lack of studies published re-
garding such issues is problematic to reach the clinical trans-
lation of MSC spheroids. We believe that our study makes a 
meaningful contribution to the clinical application of MSC 
spheroids in spinal fusion surgery as a new bone tissue sub-
stitute and further inspiration for the versatile use of MSC 
spheroids in the biohealth industry.
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