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要 旨 

 

目的：浮遊状態で細胞塊を形成するスフェロイド培養法は，従来のシャーレ上で行う平

面培養と比較して優れた幹細胞の選択的培養法であることが知られている。また，われ

われのグループでは，特殊な低接着性プレートを用いることで，効率的に高い幹細胞性

を有する自発的スフェロイドの形成を行う方法を開発し，報告してきた。マウス皮質骨

由来間葉系間質細胞(compact bone-derived mesenchymal stromal cells：CB-MSCs)から形成

された自発的スフェロイドは，優れた幹細胞性や，高い骨分化能を有する。この細胞を

再生医療に応用するためには凍結保存方法の確立が望まれるが，これまで自発的スフェ

ロイドの凍結保存方法については十分な検討が行われていなかった。本研究では，この

CB-MSCs から形成された自発的スフェロイドを用いて，凍結保存と解凍が幹細胞性や骨

分化能，および in vivo における骨形成能に与える影響について検討した。 

材料と方法：３週令雄 C57BL/6J マウスを麻酔薬の過量投与によって安楽死させた後，

大腿骨および脛骨を取り出し，細切してコラゲナーゼにて処理を行った。得られた細胞

を基礎培地（α-MEM＋10％牛胎児血清＋bFGF）にて平面培養を行い，CB-MSCs を得た。

2継代目の細胞をスフェロイド形成用の低接着性シャーレに播種することで，自発的ス

フェロイドを得た。24時間後にスフェロイドを回収し，5，10，15，20％のジメチルス

ルホキシド (DMSO)とともに緩徐凍結法にて-80℃まで冷却し，その後液体窒素中で保管

した。解凍後，WST-8 および LDH（細胞増殖/細胞毒性アッセイキット，同仁化学研究所）

を用いて，生存細胞数と細胞障害の程度を測定した。次に凍結保護剤による凍結前のス

フェロイド（非凍結群）と凍結解凍後のスフェロイド（凍結群）の体性幹細胞マーカー，

多能性幹細胞マーカー，および骨分化マーカーの発現を比較した。また，７日間骨分化

誘導培地にて分化誘導後，骨分化マーカーの発現を調べた。次に非凍結群および凍結群

のスフェロイドと，これらを骨分化誘導後の細胞をそれぞれβ-TCP ブロック（オスフ

ェリオン，オリンパステルモバイオマテリアル）へ播種し，SCID マウスの背部皮下へ

埋入した。4週後に摘出・固定し，脱灰，包埋，薄切して Hematoxylin-eosin にて染色

し，組織学的検討を行った。 

結果：解凍後の細胞生存率は 5%DMSO の群で最も高く，細胞障害の程度もこの群が最も

低かった。この条件で凍結したスフェロイドについて，体性幹細胞マーカーであるCD29，
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CD44，CD105，Sca1，多能性幹細胞マーカーである SSEA1，Sox2，Oct4，Nanog，KLF4 お

よび骨分化能のマーカーである OCN，OPN，Col1A1，BSA，Osterix の発現を比較したと

ころ，非凍結群と凍結群で有意差は認められなかった。骨分化誘導後，非凍結群と凍結

群の ALP 活性はそれぞれ 1.28±0.19 と 1.46±0.39 で，有意差は認められなかった。ま

た，骨分化マーカーである BSP，Osterix，DMP1 の発現も，非凍結群と凍結群の間で有

意差は認められなかった。SCID マウスへ移植後４週のサンプルを解析したところ，凍

結群では非凍結群と同程度の骨組織の再生が認められ，さらに，骨分化誘導を行わない

場合でも，分化誘導を行った自発的スフェロイドと同程度の骨形成がみられた。 

結論：CB-MSCs による自発的スフェロイドを調製し，凍結保護剤である DMSO の濃度の

最適化を試みたところ，5%で最も高い生存率が得られた。この条件で凍結保存を行った

自発的スフェロイドでは幹細胞性，骨分化能，および骨形成能が維持されており，凍結

保存を行っていない自発的スフェロイドと同程度であった。適切な凍結保存方法を選択

することで，CB-MSCs による自発的スフェロイドは利便性の高い骨再生用の細胞源とな

ることが示唆された。 
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Cryopreserved Spontaneous Spheroids from Compact
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Spontaneously formed spheroids from mouse compact bone-derived mesenchymal stromal cells (CB-MSCs)
possess enhanced stemness and superior plasticity. In this study, the effect of cryopreservation on viabil-
ity, stemness, and osteogenic differentiation capability of spontaneous CB-MSC spheroids were investigated.
CB-MSCs were isolated from mouse femur and tibia. Spheroids were cryopreserved with various concentra-
tions of dimethyl sulfoxide (DMSO). After thawing, the number of living and dead cells was measured. The
expression levels of stem cell markers and osteogenic marker genes were analyzed. The cryopreserved and
noncryopreserved spheroids were transplanted in mice with a beta-tricalcium phosphate as a scaffold to
evaluate the in vivo bone-forming capability. The percentage of living cells was highest when 5% DMSO was
used as a cryoprotectant, confirmed by the number of dead cells. The expression of stem cell marker genes and
osteogenic differentiation capability were maintained after cryopreservation with 5% DMSO. The cryopre-
served spontaneous CB-MSC spheroids showed remarkable new bone formation in vivo, identical to that of the
noncryopreserved spheroids even without osteogenic induction. The cryopreserved spontaneous CB-MSC
spheroids retained stemness and osteogenic differentiation capability and highlight the utility of spontaneous
CB-MSC spheroids as ready-to-use tissue-engineered products for bone tissue engineering.

Keywords: cryopreservation, spontaneous spheroid, osteogenic differentiation capability, compact bone-derived
mesenchymal stromal cells, MSCs

Impact Statement

The optimal dimethyl sulfoxide concentration for compact bone-derived mesenchymal stromal cells (CB-MSC) spheroid cryo-
preservation was determined. Cryopreservation did not affect the stemness and osteogenic capability of CB-MSC spheroids.
Cryopreserved CB-MSC spheroids can be used for bone tissue engineering immediately after thawing without osteogenic induction.

Introduction

Mesenchymal stromal cells (MSCs) are widely
used in regenerative medicine, as they are considered

relatively safe and pose no prominent ethical concerns.1–3

As a cell source for MSCs, bone marrow has been almost
exclusively used until 2008.4,5 Then a growing number of

novel MSC products derived from tissues other than bone
marrow such as adipose tissue,4,6 perinatal tissue,4 and
dental pulp7 have been applied clinically thereafter. How-
ever, recent studies have shown the advantage of compact
bone as an alternative cell source for MSCs.8 Compact bone-
derived mesenchymal stromal cells (CB-MSCs) harvested
from small compact bone tips after enzymatic digestion
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possess superior stem cell properties and have enhanced
osteogenic capabilities compared with bone marrow-derived
MSCs.9,10 In particular, the spontaneously formed spheroids
from CB-MSCs showed higher stem cell marker expression
such as fucosyltransferase 4 (Fut4 [SSEA1]), SRY (sex de-
termining region Y)-box 2 (Sox2), Nanog, and Casp3 (SCA-1)
and showed significantly higher osteogenic marker expression
after induction than monolayer-cultured cells, highlighting the
usefulness of this cell source for bone tissue engineering.11

Although MSCs have been cultured as an adherent cell
population and expanded in two-dimensional culture dishes,
accumulating evidence has demonstrated the superiority of
three-dimensional floating cell cultures, called spheroids or
spheres.12,13 Spheroids have greater pluripotency, proliferative
ability, and differentiation capability than monolayer cultured
cells.14,15 Studies have shown the superior functionality of
spheroid-forming cells such as enhanced anti-inflammatory16

and angiogenetic effects17 and post-transplantation survival
rate.15 Accordingly, spheroids from MSCs will be used for the
treatment of various diseases and are expected to replace ex-
isting monolayer cultured cell therapies.

We developed a novel method for efficient spheroid gen-
eration using a culture plate with specifically low adherence.18

This technique allows spontaneous spheroid formation from
various cell sources including MSCs with superior stemness
and differentiation capability without physical stimuli and
specific growth factors such as epidermal growth factor and
basic fibroblast growth factor (bFGF).18 Accordingly, this
technique is easy and cost-effective, enabling a broader ap-
plication of somatic stem cells.

One of the disadvantages of cell-based therapy is the diffi-
culty of scheduling for cell processing, as living cells cannot be
stored for long and should be used immediately after arrival.
The scheduling of cell processing should be coordinated with
the patients, doctors, and hospitals, making immediate schedule
changes impractical. Cryopreservation of the cells or tissue-
engineered products offers a fundamental solution to this
problem as cells can be processed in advance and delivered
upon request. However, it has been reported that cryobanked
MSCs have reduced immunomodulatory and blood regulatory
properties directly after thawing.19,20 In addition, proper cryo-
preservation protocols for tissue-engineered products are still
poorly established. Although efficient methods for cryopreser-
vation and storage of stem cells have been developed,21,22

knowledge about spheroid cryopreservation is limited.23,24

The aim of this study was to establish optimal conditions
for the cryopreservation of spontaneous CB-MSC spheroids.
To establish a standardized protocol for cryopreservation of
spontaneous CB-MSC spheroids, we analyzed the stemness
and differentiation capabilities of different cryopreservation
conditions for spontaneous CB-MSC spheroids and com-
pared them with noncryopreserved spheroids.

Materials and Methods

Animals

Experiments were performed using C57BL/6J mice (male, 3
weeks old) and C.B-17/IcrHsd-Prkdcscid mice (SCID, male, 6
weeks old) (both from Japan SLC, Inc., Hamamatsu, Japan).
Animals were housed at a specific pathogen-free environment
in the animal experiment facility of Matsumoto Dental Uni-
versity High-Tech Center. The animals were kept under con-

trolled environmental conditions at 22�C and 50% humidity
with a 12 h light/dark cycle, with free access to food and water.
All procedures and experiments in this study were performed
in accordance with the guidelines laid down by the National
Institutes of Health (NIH) in the United States, regarding the
care and use of animals for experimental procedures. This
study was approved by the Matsumoto Dental University
Committee on Intramural Animal Use (Nos. 289 and 364).

Isolation and culture of CB-MSCs

CB-MSCs were isolated and cultured according to pre-
viously published protocols.10,11 In brief, C57BL/6J mice
were sacrificed with an overdose of pentobarbital. The fe-
murs and tibiae were excised. Epiphyses were cut, and bone
marrow was flushed out using a 27-gauge needle and sy-
ringe. Bone tissues were transferred into phosphate-buffered
saline [PBS (-); FUJIFILM Wako Pure Chemical Corpora-
tion, Osaka, Japan], cut into 1–2 mm fragments with scis-
sors, and incubated with 0.25% collagenase (FUJIFILM
Wako Pure Chemical Corporation) for 45 min. The culture
medium containing cells was collected into another centri-
fuge tube through a 40 mm cell strainer.

The cells were cultured in a-minimum essential medium
(FUJIFILM Wako Pure Chemical Corporation) supple-
mented with 10% fetal bovine serum (FBS), 1% penicillin–
streptomycin–amphotericin solution, and 10 ng/mL recombinant
human bFGF (PeproTech, Rocky Hill, NJ, USA), which was
used as a basic culture medium in this study. When the adherent
cells (representing CB-MSCs) reached 80% confluence, the
cells were trypsinized and resuspended in freeze-preserving
medium (STEM-CELLBANKER; Takara Bio, Inc., Tokyo,
Japan) until use.

Spontaneous spheroid formation

Passage 2 cells were collected and seeded into a 55-mm
spheroid-forming low adhesive culture dish (AS ONE,
Osaka, Japan) at a density of 1.5 · 104 cells/cm2 according
to our previous report8. CB-MSCs spheroids formed after
24 h and used in the following study.

Assessment of pluripotency markers

Alkaline phosphatase staining. Alkaline phosphatase
(ALP) staining was performed using a kit (AP Staining Kit, No.
AP100B-1; SBI, Palo Alto, CA, USA) according to the manu-
facture’s instruction.10 Photomicrographs were obtained with an
inverted system microscope (IX71; Olympus, Tokyo, Japan).

Immunofluorescence. Immunofluorescence was con-
ducted according to the protocol in our previous publica-
tion.10 In brief, spheroids were collected and solidified by
iPGell (Genostaff Co., Ltd., Tokyo, Japan) according to the
manufacture’s instruction. The samples were fixed with 4%
paraformaldehyde in phosphate buffer (pH 7.4; FUJIFILM
Wako Pure Chemical Corporation), dehydrated, and em-
bedded in paraffin. Sections (8 mm in thickness) were cut.

After deparaffinization and rehydration, the sections were
incubated with primary antibodies against pluripotency
markers: Nanog (1:100; No. ab80892; Abcam), Sox2 (1:250;
No. ab97959; Abcam), octamer-binding transcription factor 4
(Oct4; 1:250; No. ab19857; Abcam), and SSEA1 (1:100; No.
ab16285; Abcam) overnight at 4�C. The sections were then
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washed in PBS three times. Secondary antibodies conjugated to
Alexa Fluor (ab150121 and ab150079; Abcam) were added for
2 h at room temperature in the dark. Nuclei were counterstained
with 4¢,6-diamidino-2-phenylindole (DAPI) (ab104139; Ab-
cam) for 30 min. The images were captured with a fluorescence
microscope (KEYENCE BZ-X710; Keyence, Osaka, Japan).

Optimization of cryoprotectant concentration
for spontaneous CB-MSC spheroids

Cryopreservation. To investigate the effect of cryopres-
ervation, we decided to optimize the condition for spheroid
cryopreservation. As the final goal of this study was to develop
optimal spheroid cryopreservation conditions for clinical us-
age, we chose dimethyl sulfoxide (DMSO) as a cryoprotectant,
widely applied under clinical settings.23

Approximately 2.1 · 106 CB-MSCs formed spontaneous CB-
MSCs spheroids that were collected and divided into seven
subgroups: 1% DMSO group (1% DMSO +99% FBS), 5%
DMSO group (5% DMSO +95% FBS), 10% DMSO group
(10% DMSO +90% FBS), 15% DMSO group (15% DMSO
+85% FBS), 20% DMSO group (20% DMSO +80% FBS),
stem-C group (STEM-CELLBANKER; used as a conventional
cryoprotectant), fresh group (without cryopreservation and
served as a control). The samples were transferred into cryogenic
vials (Greiner Bio-One, Frichenhausen, Germany) and placed
into a freezing vessel (Bicell, Nihon Freezer, Tokyo, Japan), and
stored at -80�C for 24 h before transfer into liquid nitrogen.

Measurement of number of viable and dead cells. After
7 days of cryopreservation, the spheroids were quickly
thawed in a 37�C water bath and immediately transferred
into a 50 mL conical tube with 10 mL of basic culture me-
dium. The spheroids were washed three times and transferred
into 48-well plates. The number of viable and dead cells was
measured at 3 h after thawing using the Viability/Cytotoxi-
city Multiplex Assay Kit (Dojindo, Kumamoto, Japan) based
on [2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-
disulfophenyl)-2H-tetrazolium, monosodium salt] (WST-2)
and lactate dehydrogenase (LDH) assays according to the
manufacturer’s instruction. The percentages of viable and
dead cells were calculated relative to the viable cells in the
noncryopreserved fresh group. The number of viable cells at
24 and 72 h was measured and the time course of cell growth
was calculated as a percentage of initial number of cells.

Histological assessment of apoptotic cells and proliferating
cells. Cryopreserved and noncryopreserved spheroids were
solidified in iPGell and processed as described in Materials and
Methods section. TdT-mediated dUTP Nick-End labeling
(TUNEL) staining was used to detect apoptotic cells and the
number of apoptotic cells with a kit (In Situ Cell Death Detection
Kit, Fluorescein, Cat. No. 11684795910; Roche, Switzerland)
according to the manufacturer’s protocol. Immunofluorescence
against Ki67 was used to detect proliferating cells (GB111141;
Servicebio, Wuhan, China). The percentages of apoptotic cells
were calculated from the average of three sections per group.

Quantitative reverse transcription-polymerase
chain reaction

Since the 5% DMSO group showed the highest cell sur-
vival rate and least number of apoptotic cells, this condition

was used for the following experiment. RNA extraction and
quantitative reverse transcription-polymerase chain reaction
(qRT-PCR) were carried out as previously reported.10 In
brief, total RNA was extracted using TRIzol (Invitrogen,
Carlsbad, CA, USA). RNA samples were reverse transcribed
into complementary DNA using oligo (dT) 12–18 primers
(Life Technologies), deoxy-ribonucleoside triphosphate
(dNTP) (Toyobo Co., Ltd., Osaka, Japan), and ReverTra
Ace� (Toyobo Co., Ltd.) according to the manufacturer’s
instructions. qRT-PCR was performed in a thermal cycler
(Thermal Cycler Dice Real-Time System II TP-900; Takara
Bio) using SYBR Premix Ex TaqII reagent (Takara Bio)
according to the manufacturer’s protocol.

Each qRT-PCR was done in triplicate, and the relative
expression levels of genes were normalized against glycer-
aldehyde 3-phosphate dehydrogenase. Quantification was
performed using the comparative Ct (2-DDCt) method. Primer
sets (Sigma-Aldrich Co.) used for the qRT-PCR experiment
are listed in Table 1.

Induction and assessment of osteogenic differentiation

Induction of osteogenic differentiation. The spheroids
from 5% DMSO (after freeze and thaw cycle) and fresh
groups were transferred into a 48-well culture plate (Fal-
con�; Corning, NY, USA), with each group containing six
samples. After the cell density reached 60% confluence, the
culture media of three samples were changed to the osteo-
genic induction medium,10,11 and the other three samples
were cultured continuously with the basic culture medium.
The media were changed every 2 days. The markers for
osteogenic differentiation were assessed after 7 days.

ALP staining. For the detection of ALP-positive cells
after osteogenic induction, Alkaline Phosphatase Staining Kit
(AK20; Cosmo Bio Co., Ltd., Tokyo, Japan) was used as in-
structed. In brief, the cells were washed with PBS and fixed
with 10% formalin neutral buffer solution for 20 min. Then the
cells were washed with purified water. The staining reagent
was added to the cells and incubated for 20 min at 37�C. After
removal of the staining reagent, the cells were washed with
purified water and observed under a phase-contrast microscope
(Olympus IX70; Olympus Optical Co., Ltd., Tokyo, Japan).

ALP activity assay. To analyze ALP activity, a WST-8
assay (Cell Counting Kit-8; Dojindo) and p-nitrophenyl
phosphate (SIGMAFAST� p-Nitrophenyl Phosphate Ta-
blet; Sigma-Aldrich Co., LLC.) were used according to the
manufacturer’s instructions.11 Cell Counting Kit-8 was
measured at 450 nm and p-nitrophenyl phosphate was
measured at 405 nm using an iMark� microplate absor-
bance reader (Bio-Rad Laboratories, Hercules, CA, USA).
The ALP activity was calculated as a relative value of
p-nitrophenyl phosphate to WST-8. Each experiment was
carried out three times independently.

In vivo transplantation experiment

Transplantation procedure. Six-week-old male SCID
(C.B-17/IcrHsd-PrkdcSCID, n = 7) mice were used as recipients
of heterotopic transplantation. In this study, beta-tricalcium
phosphate (b-TCP) disks (2 mm in diameter and 2 mm in
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thickness) (OSferion; Olympus Terumo Biomaterials Corp.,
Tokyo, Japan) were used. Four groups were generated. (1)
Noninduced fresh group; the fresh (noncryopreserved) spher-
oids were directly seeded onto the scaffold and transplanted
without osteogenic induction. (2) Noninduced DMSO group;
the cryopreserved spheroids were directly seeded onto the
scaffold and transplanted without osteogenic induction. (3)
Induced fresh group; the fresh (noncryopreserved) spheroids
were seeded onto the scaffold and cultured in the osteogenic
induction medium for 7 days before transplantation. (4) In-
duced DMSO group; the cryopreserved spheroids were seeded
onto the scaffold and cultured in the osteogenic induction
medium for 7 days before transplantation.

The samples were transplanted into the back of SCID mice
as described previously.10 In brief, under general anesthesia
with an intraperitoneal injection of pentobarbital sodium
(65 mg/kg; Somnopentyl�; Kyoritsu Seiyaku Corp., Tsukuba,
Japan), a subcutaneous incision was made at the middle of the
dorsum. Four subcutaneous pockets were bluntly created at
both sides of the caudal and dorsal regions. The scaffold with
the CB-MSCs was transplanted into the pockets and the wound
was sutured. As a control, b-TCP scaffolds without cells were
also transplanted. The mice were sacrificed at 4 weeks after
transplantation and the transplants were harvested.

Histological analysis of transplants. The samples were
fixed in a 10% neutral-buffered formalin solution for 24 h,
decalcified with 10% neutral buffered ethylene diamine

tetraacetic acid (pH 7.1–7.5) for 14 days at room tempera-
ture. Then, the samples were embedded in paraffin, sec-
tioned, and stained with hematoxylin and eosin (HE). Bone
areas were analyzed using Image J software (National In-
stitutes of Health, Bethesda, MD, USA). At least five sec-
tions were analyzed for each sample.

Statistical analysis

Data were analyzed by statistical package for social sci-
ence (SPSS) version 17.0. Kruskal–Wallis test was used for
multiple comparisons. The Student’s t-test was used for the
analyses of qRT-PCR, ALP activity, and histomorphometric
analyses to compare two groups. Statistical significance was
set as p < 0.05.

Results

Characterization of spontaneous CB-MSC spheroid

CB-MSCs displayed typical fibroblast-like spindle shape
morphology and were sparsely ALP positive in monolayer
culture (Fig. 1A). After culture in the spheroid-forming plate
for 24 h, the spheroid formation was observed and intense
ALP expression was observed in the middle of spheroid-
forming cells (Fig. 1B). To confirm the characteristics of
spontaneous CB-MSCs spheroid further, the tissue sections
from spheroids were immunostained with pluripotent stem
cell markers. Many if not most of the spheroid-forming cells

Table 1. Quantitative Reverse Transcription-Polymerase Chain Reaction Primer List

Primer Direction Sequence (5¢-3¢)

Gapdh Forward TGTGTCCGTCGTGGATCTGA
Reverse TTGCTGTTGAAGTCGCAGGAG

Itgb1(CD29) Forward CCATGCCAGGGACTGACAGA
Reverse GAGCTTGATTCCAATGGTCCAGA

Cd44 Forward CAAGCCACTCTGGGATTGGTC
Reverse GGCAAGCAATGTCCTACCACAAC

Eng (CD105) Forward CTGCCAATGCTGTGCGTGAA
Reverse GCTGGAGTCGTAGGCCAAGT

Casp3 (SCA-1) Forward TTGCCTTTATAGCCCCTGCT
Reverse GTCATGAGCAGCAATCCACA

Fut4 (SSEA1) Forward GCAGGGCCCAAGATTAACTGAC
Reverse AAGCGCCTGGGCCTAAGAA

Sox2 Forward GTTCTAGTGGTACGTTAGGCGCTTC
Reverse TCGCCCGGAGTCTAGCTCTAAATA

Pou5f1 (Oct4) Forward GTTGGAGAAGGTGGAACCAA
Reverse AGATGGTGGTCTGGCTGAAC

Nanog Forward CACCCACCCATGCTAGTCTT
Reverse ACCCTCAAACTCCTGGTCCT

Klf4 Forward AACATGCCCGGACTTACAAA
Reverse TTCAAGGGAATCCTGGTCTTC

Spp1 (Opn) Forward TGCACCCAGATCCTATAGCC
Reverse CTCCATCGTCATCATCATCG

Bglap2 (OCN) Forward AAGCAGGAGGGCAATAAGGT
Reverse TGCCAGAGTTTGGCTTTAGG

Col1a1 Forward GAGCGGAGAGTACTGGATCG
Reverse GCTTCTTTTCCTTGGGGTTC

Ibsp (BSP) Forward GAGACGGCGATAGTTCC
Reverse AGTGCCGCTAACTCAA

Sp7 (Osterix) Forward AGGCCTTTGCCAGTGCCTA
Reverse GCCAGATGGAAGCTGTGAAGA

Dmp1 Forward AGTGAGTCATCAGAAGAAAGTCAAGC
Reverse CTATACTGGCCTCTGTCGTAGCC
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were positive for Nanog, Sox2, Oct4, and SSEA1, which
confirmed the presence of abundant stem cells in
CB-MSC spheroids (Fig. 1C).

Optimization of cryoprotectant concentration
for spontaneous CB-MSC spheroids

Cell viability was highest in the 5% DMSO group
(78.3%), followed by the stem-C (57.8%) and the 10%
DMSO (57.6%) groups (Fig. 2A). There were statistical
differences between the 5% DMSO and other groups
( p < 0.0001). This result was confirmed by the percentage of
dead cells. The lowest cell death was observed in the 5%
DMSO group (7.9%), followed by the stem-C group (6.5%)
(Fig. 2B). The 1% DMSO group showed the highest per-
centage of dead cells. Cell growth was measured as a per-
centage of the initial number of cells (Fig. 2C). Number of
cells declined 3 h after thawing in all groups and subse-
quently increased. The cell growth was fastest in the 5%
DMSO group, followed by the 10% DMSO and stem-C
groups. Cell growth was slowest in the 20% DMSO
group. This tendency was maintained throughout the ob-
servation period.

To investigate the cytotoxicity of cryoprotectant further, the
distribution of apoptotic and proliferating cells was evaluated
using immunofluorescence for Ki67 and TUNEL staining. The
Ki67-positive cells were observed in all groups but most
abundant in the stem-C group followed by the 5% DMSO and
the 10% DMSO groups. Fewer positive cells were observed in
the 15% DMSO and the 20% DMSO groups. The proliferating
cells did not show distinct localization and were observed
throughout the whole area except for the central part of the 20%
DMSO group, where no positive cells were found.

The results from the TUNEL staining showed fewer
positive cells in the 5% DMSO group. The positive cells
were abundant in the 20% DMSO group and intense staining
was observed in the middle of the spheroids (Fig. 2D). The
percentage of apoptotic cells was lowest in the 5% DMSO
group (15.3%) and was significantly different from the 15%
DMSO (34.9%; p < 0.001) and the 20% DMSO (43.5%;
p < 0.001) groups (Fig. 2E).

Taken together, the 5% DMSO group showed the highest
cell viability with the lowest percentage of dead and apo-
ptotic cells and highest cell growth. Thus, we considered
this set of conditions as optimal cryoprotectants for spon-
taneous CM-MSC spheroids among others.

FIG. 1. Characterization of
the spontaneous CB-MSC
spheroid. Phase-contrast
photomicrographs showing
ALP staining of monolayer
cultured cells (A) and spher-
oid (B). A high concentration
of ALP-positive cells was
observed in the middle of
spontaneous CB-MSCs
spheroid. Spontaneous
CB-MSCs spheroids were
positive for pluripotency
markers: Nanog, Sox2, Oct4,
and SSEA1 demonstrated
(C). Scale bar: 100mm (A);
50mm (B, C). ALP, alkaline
phosphatase; CB-MSCs,
compact bone-derived
mesenchymal stromal cells.
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Effect of spontaneous CB-MSC spheroid
cryopreservation on stemness

Based on the mentioned experiments, 5% DMSO was best
among the tested experimental conditions and used for the
following experiments. The expression of stem cell markers
of cryopreserved spheroids was analyzed and compared with
those of the fresh group. The expression of MSC markers
such as CD29, CD44, CD105, and Casp3 (SCA-1) was
measured using qRT-PCR (Fig. 3A). No significant differ-
ences were observed between the 5% DMSO and fresh
groups for all those markers. In terms of the pluripotency
markers such as Fut4 (SSEA1), Sox2, Oct4, Nanog, and
Krüppel-like factor 4 (Klf4), there was no significant dif-
ference between the 5% DMSO and fresh groups (Fig. 3B).

The expression of osteogenic marker genes such as
osteocalcin (OCN), osteopontin (OPN), collagen type I al-
pha 1 chain (Col1a1), bone sialoprotein (BSP), and Osterix
was also analyzed. No significant differences were observed
between the 5% DMSO and fresh groups (Fig. 3C). Overall,

these results showed that the cryopreservation of spheroids
under the optimal condition does not affect the stemness and
the status of osteogenic differentiation.

Effect of spontaneous CB-MSC spheroid
cryopreservation on osteogenic differentiation
capability

To investigate the usefulness of cryopreserved spheroids
further, the osteogenic capability was analyzed and com-
pared with that of the fresh group. Without osteogenic in-
duction, ALP staining showed no positive cells in both the
cryopreserved 5% DMSO and fresh groups (Fig. 4A).
Without osteogenic induction, the ALP activity of the
cryopreserved 5% DMSO and fresh groups was identical
and remained very low (Fig. 4A).

After 7 days of osteogenic induction, the cryopreserved
group exhibited ALP-positive cells, identical to that of the
fresh group (Fig. 4B). After osteogenic induction, the ALP

FIG. 2. Effect of the cryoprotectant concentrations on cell viability after a freeze and thaw cycle. Different concentrations
of DMSO (1%, 5%, 10%, 15%, and 20%) were assessed, with stem-C used as a conventional cryoprotectant for comparison.
The percentages of viable cells were measured using the WST-8 assay (A). The highest percentage of viable cells was
observed in the 5% DMSO group. The percentages of dead cells were measured using the LDH assay (B). The lowest
percentages of dead cells were observed in the 5% DMSO group. Cell growth was measured at 3, 24, and 72 h after thawing
(C). The highest cell growth was observed in the 5% DMSO group. Immunofluorescence for Ki-67 and TUNEL staining
was performed (D). Scale bar: 50 mm. The percentage of TUNEL-positive cells was measured (E). The lowest number of
apoptotic cells was observed in the 5% DMSO group. Data are presented as mean – SD. n = 5. ***p < 0.001. DMSO,
dimethyl sulfoxide; LDH; SD, standard deviation; TUNEL; WST.
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FIG. 3. Effect of spheroid
cryopreservation on stem-
ness. The results from qRT-
PCR for MSC markers (A),
pluripotency markers (B),
and osteogenic markers (C)
are shown. There were no
significant differences in ex-
pression of MSC markers
(CD29, Cd44, CD105, and
Casp3 (SCA-1)), pluri-
potency markers (Fut4
(SSEA1), Sox2, Oct4, Nanog,
and Klf4), and osteogenic
differentiation markers
(OCN, OPN, Col1a1, BSP,
and Osterix) between the
fresh and cryopreserved 5%
DMSO groups. Data are ex-
pressed as the mean – SEM,
n = 3. MSC, mesenchymal
stromal cells; qRT-PCR,
quantitative reverse
transcription-polymerase
chain reaction; SEM, stan-
dard error of the mean.

FIG. 4. Osteogenic differentiation
capability before and after cryopres-
ervation. ALP staining and ALP ac-
tivity for spontaneous CB-MSC
spheroids without osteogenic induc-
tion (A). No positive cells were ob-
served. ALP activity was low and no
significant difference was observed
between the fresh and the cryopre-
served spheroids (5% DMSO). After
7 days of osteogenic induction, the
cells from both fresh and 5% DMSO
groups showed ALP-positive cells.
The staining was almost identical be-
tween the fresh and 5% DMSO
groups. ALP activity was measured
after osteogenic induction, with no
significant differences between the
fresh and the 5% DMSO groups (B).
BSP, Osterix, and DMP1 expression
levels were measured after osteogenic
induction, with no significant differ-
ence between the fresh and the 5%
DMSO groups (C). Scale bar: 100mm.
Data are expressed as the mean – SD,
n = 3.
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activity was higher than those without osteogenic induction
in both conditions (Fig. 4A, B) However, ALP activities in
the cryopreserved 5% DMSO and fresh groups showed no
significant difference (Fig. 4B).

In parallel with these results, there was no significant
difference in the expression of BSP, Osterix, and dentin
matrix protein 1 (DMP1) between the 5% DMSO- and fresh
group-derived cells after osteogenic induction (Fig. 4C).
Taken together, the cryopreservation did not affect the
osteogenic differentiation capability.

Effect of spontaneous CB-MSC spheroid
cryopreservation on in vivo osteogenic capability

To evaluate the in vivo osteogenic capacity of spontaneous
CB-MSC spheroids after cryopreservation, a transplantation
experiment was performed. The cryopreserved (5% DMSO
group) and noncryopreserved CB-MSC spheroids (fresh group)
were seeded onto a b-TCP scaffold. The cells with scaffolds
were transplanted directly or transplanted after 7 days of os-
teogenic induction to the back of mice subcutaneously. The
samples were harvested after 4 weeks. The representative
photomicrographs of HE staining are shown in Figure 5. The

samples with the noninduced cells from both fresh and cryo-
preserved groups showed remarkable bone formation (Fig. 5A).
The samples with induced cells also showed abundant new
bone formation (Fig. 5B) and the level of new bone formation
was similar between fresh and cryopreserved groups. These
results were confirmed by morphometric analysis. Without
osteogenic induction, the area of new bone formation in fresh
and cryopreserved groups showed no significant difference
(Fig. 5C). This tendency was similar to the samples with os-
teogenic induction and the new bone area showed no signifi-
cant difference between fresh spheroid-derived cells and
cryopreserved spheroid-derived cells (Fig. 5D). When the
scaffolds were transplanted without cells, almost no bone for-
mation was observed (Supplementary Fig. S1).

Interestingly, the in vivo bone-forming capability of
spontaneous CB-MSC spheroids was not affected by the
conduction of osteogenic induction and the new bone area
was identical between the induced and noninduced samples
in both fresh and cryopreserved groups (Fig. 5C, D).
Overall, the osteogenic capability of spontaneous CB-MSC
spheroids was not affected by the cryopreservation. Spon-
taneous CB-MSC spheroids do not require osteogenic in-
duction to improve in vivo bone formation.

FIG. 5. The in vivo bone-forming capability after cryopreservation. The bone formation was observed using HE staining
of the sections from transplants. Fresh and cryopreserved (5% DMSO) spheroids were transplanted after cell seeding
without osteogenic induction. Remarkably new bone formation was observed in the transplants from both the fresh and
cryopreserved spheroids (A). Next, the spheroids from the fresh and 5% DMSO groups were seeded onto a scaffold and
transplanted after 7 days of osteogenic induction. Abundant new bone formation was observed in both the fresh and 5%
DMSO groups (B). Morphometric analyses showed no significant difference in the samples without osteogenic induction in
the new bone area between the transplants from the fresh and cryopreserved groups (C). The area of new bone was also
identical between the fresh and cryopreserved groups when cultured in the osteogenic induction medium for 7 days (D).
Interestingly, the in vivo bone-forming capability was unaffected by osteogenic induction, with comparable new bone areas
from the noninduced and induced groups. Data are expressed as the mean – SD, n = 7. Scale bar: 200mm (magnified images:
50 mm). HE, hematoxylin and eosin.
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Discussion

Cryopreservation processes cause cell death due to ice
crystal formation, osmotic imbalance, and free radical pro-
duction during the cooling and thawing steps.25 Cryopro-
tectants reduce ice crystal formation and act as solvents,
diluting the intracellular electrolyte solution.26,27 Cryopro-
tectants are categorized into two groups, permeating and
nonpermeating chemicals. DMSO is a permeating chemical
and has been used commonly due to its excellent perfor-
mance. Besides, due to the cytotoxicity and potential side
effects,28 the development for DMSO-free cryoprotectants
has been attempted. Although there are a number of prom-
ising candidates such as sucrose, glycerol, dextran, and
trehalose, there is still no cryoprotectant that can replace
DMSO under clinical circumstances.28,29 As we wanted to
develop a protocol for the cryopreservation of spheroids for
clinical application, we selected DMSO as a cryoprotectant.

Although the feasibility and potential drawbacks of MSC
cryopreservation have been reported,21,30 the knowledge of
spheroid cryopreservation is limited.19,20,23,31 In particular,
the effect of cryopreservation on MSC spheroids is poorly
understood.23 Despite their cryoprotective functions, most
including DMSO are cytotoxic.32,33 As a result, cryopro-
tectant use has to be optimized based on its cryoprotective
effect and cytotoxicity.33,34 Since spheroids consist of doz-
ens to hundreds of cells, the optimal freezing protocol for a
single cell suspension cannot be applied. The optimal con-
ditions should be determined based on the size of spheroids
and the type/status of cells.35–37 Use of lower concentrations
of cryoprotectant causes insufficient permeation to the
central part and may result in a lower survival rate. On the
contrary, the use of higher concentrations of cryoprotectants
may decrease the survival rate due to cytotoxicity.

Our results demonstrated that the 5% DMSO group had
the highest cell survival, confirmed by the lowest percentage
of dead and apoptotic cells. For the single-cell suspensions,
the reported optimal concentrations of DMSO were between
5% and 10% for most of the cells under various freezing
protocols.36,38–40 Interestingly, we found that the cell via-
bility of the 10% DMSO group was significantly lower than
that of the 5% DMSO group. Compared with the 5% DMSO
group, the 1% DMSO group had decreased cell survival,
which may reflect the insufficiency of cryoprotectant.
DMSO concentrations higher than 15% also had lower cell
survival and higher apoptotic cell ratio, demonstrating its
cytotoxic effect at higher concentrations.

Based on these results, the relatively lower cell survival
rate at 10% might be due to DMSO cytotoxicity. However,
it is unclear why spheroids are more sensitive to DMSO than
single-cell suspensions. Spontaneously formed spheroids
from CB-MSCs used in this study express not only MSC
markers but also pluripotency embryonic stem cell markers
such as Nanog, Sox2, Oct4, and Fut 4 (SSEA1), suggesting
the superior stemness of spheroid-forming cells. The cell
survival rate of human embryonic stem cells under the slow
freezing process was low. It was reported that only 79% of
the clumps were recovered after thawing, and only 16%
developed after plating into undersized embryonic stem cell
colonies with a high level of differentiation.41 The specific
undifferentiated nature of spontaneous CB-MSC spheroids
might cause increased sensitivity against DMSO.42

Another possibility is the effect of hypoxic environment,
since the cells inside of spheroids are exposed to hypoxic
environment. The accumulation of apoptotic cells in the
central part of spheroids in the 20% DMSO group might
support this hypothesis. However, the effect of hypoxic
environment on DMSO cytotoxicity is unclear and further
studies are required to clarify this mechanism.

The cell survival rate is an important index for the evaluation
of the optimal freezing condition. However, it is also important
that cryopreservation does not alter the function of cells. In this
study, the expression levels of MSC markers and the plur-
ipotency markers were compared in the spheroids with and
without cryopreservation. Our results showed that the expres-
sion of stem cell markers was not affected by cryopreservation.

To investigate the effect of cryopreservation further, the
osteogenic capability was also investigated. After osteo-
genic induction, the cryopreserved spheroid-derived cells
exhibited comparable levels of ALP activity and Osterix
expression with fresh spheroid-derived cells. Furthermore,
cryopreserved spontaneous CB-MSC spheroids showed re-
markable in vivo bone formation, which was identical to that
of fresh CB-MSC spheroids.

Taken together, the cryopreservation of spontaneous CB-
MSC spheroids under appropriate conditions did not affect
their function. Interestingly, the amount of new bone forma-
tion of noninduced cells was identical to that of the fresh and
cryopreserved induced CB-MSC spheroids. This suggests that
functional skeletal stem cells in spontaneous CB-MSC spher-
oids were maintained after freeze and thaw cycles and that
these cells can spontaneously differentiate into osteoblasts
after transplantation.43–45 Although deciphering the detailed
mechanism of this phenomenon was beyond the scope of this
study, direct transplantation of cryopreserved spheroids and
tissue-engineered products after thawing is cost-efficient and
affords practical clinical application of tissue-engineered
bone made with spontaneous CB-MSC spheroids.

Conclusion

Our findings showed that the cryopreservation of spon-
taneous CB-MSC spheroids was feasible without damaging
the stemness and function. Cryopreserved spheroids can be
directly transplanted without osteogenic induction, enabling
cost-efficient options for practical clinical applications for
bone tissue engineering.
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