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Introduction

The three-dimensional (3D) culture of mesenchymal stem 
cells (MSCs) avoids the space limitation of traditional two-
dimensional culture1. This exerts an effect on cytoskeleton 
maintenance and signal transduction promotion2. Through 
the detection of genes and secretory factors, 3D-cultured 
MSCs can better simulate the actual situation in vivo. For 
clinical applications, the 3D culture of MSCs amplifies their 
immunomodulatory, anti-inflammatory, and microvascular-
improving advantages3. Therefore, 3D culture has broader 
application prospects in MSC therapy.

Cells cultured in 3D show complex characteristics similar 
to those observed in their in vivo counterparts4, and 3D cul-
ture models have been proven to be the closest to natural 
conditions. MSCs have low immunogenicity and strong 
immune-regulation ability5 and play an important role in the 

treatment of immune-related diseases such as osteoarthritis6,7. 
Even during the COVID-19 pandemic, MSCs have played 
an active role in accelerating the recovery of critically ill 
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Abstract
To increase the potential and effectiveness of three-dimensional (3D) mesenchymal stem cells (MSCs) for clinical applications, 
this study explored the effects of short cryo-temperature pretreatment on MSC function. Adipose-derived MSCs (A-MSCs) 
were cultured via the ordinary monolayer method and 3D hanging drop spheroid method. When the cells adhered to the wall 
or formed a spheroid, they were subjected to hypothermic stress at 4°C for 1 h and then divided into three recovery periods 
at 37°C, specifically 0, 12, and 24 h. The control group was not subjected to any treatment throughout the study. Monolayer 
and 3D spheroid A-MSCs were analyzed via RNA sequencing after hypothermic stress at 4°C for 1 h. Subsequently, each 
group of cells was collected and subjected to phenotype identification via flow cytometry, and mRNA expression was 
detected via reverse transcription–quantitative polymerase chain reaction analysis. Western blot analysis was performed to 
analyze the PI3K-AKT signaling pathway in A-MSCs. The effects of A-MSCs on angiogenesis in vivo were examined using a 
chick chorioallantoic membrane assay. Transwell assays were performed to determine whether the culture supernatant from 
each group could induce the chemotaxis of human umbilical vein endothelial cells (HUVECs). Three-dimensional spheroid 
culture did not change the phenotype of A-MSCs. The expression of fibroblast growth factors, hepatocyte growth factors, 
and other angiogenesis-related factors in A-MSCs was upregulated. A-MSCs subjected to hypothermic stress promoted 
angiogenesis under both monolayer and 3D spheroid cultures. Moreover, the chemotaxis of HUVECs to the 3D spheroid 
culture supernatant increased substantially. Short cryo-temperature pretreatment could stimulate 3D spheroid A-MSCs and 
activate the PI3K-AKT pathway. This approach has the advantages of promoting angiogenesis and maintaining cell viability.
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patients and reducing case fatality8. The advantage of 3D 
culture methods for MSCs is that they can have higher dry-
ness and maintain the cell phenotype9. In addition, exosome 
production with 3D culture is increased by 20-fold compared 
to that with traditional monolayer culture and results in 
higher biological activity10. The injection of MSCs into the 
articular cavity through microcryogels can considerably 
improve the survival and repair efficiency of cells in osteo-
arthritis treatment11. Recently, the combination of MSC 
exosomes and 3D biomimetic materials has become a new 
technique for the treatment of osteoporosis12. Moreover, 
adipose-derived MSCs (A-MSCs) can effectively promote 
osteochondral regeneration through 3D culture13. These 
applications confirm that the 3D culture of MSCs is the pre-
vailing approach for cell therapy.

To fully realize the function of MSCs, physical and chem-
ical methods have become the focus of current research. 
Pulsed electromagnetic fields can increase the functional 
activity of MSCs through the regulation of cytokines, growth 
factors, and angiogenesis, and this can improve the MSC-
mediated regeneration of synovial tissue14. Heat shock pre-
treatment of MSCs can prevent chemotherapy-induced 
premature ovarian failure by reducing their rate of apopto-
sis15. Furthermore, interleukin-1β pretreatment of MSCs can 
enhance their immunomodulatory properties, resulting in 
better efficacy against inflammatory diseases16. The pretreat-
ment of MSCs with interferon (IFN-ɣ) enhances their immu-
nosuppressive capacity by promoting M2 polarization of 
macrophages17. At present, there have only been a few stud-
ies on the effect of cryo-temperature pretreatment on gene 
expression and cell function in MSCs, and whether short 
cryo-temperature pretreatment can interfere with the clinical 
application of 3D spheroid A-MSCs remains unclear.

In this study, we used cryo-temperature pretreatment for 
3D-cultured MSCs, aiming to further improve their treatment 
efficacy. The cell phenotype, cell viability, gene expression, 
and chemotactic ability of A-MSCs cultured via monolayer 
and 3D hanging drop methods were detected. An attempt was 
also made to combine cryo-temperature pretreatment with 3D 
culture to optimize the clinical application of MSCs.

Materials and Methods

Cell Culture

A-MSCs were prepared and identified as previously 
described18. The use of adipose tissue was approved by the 
Ethics Committee of Shandong University Qilu Hospital 
(Jinan, China). The cells were cultured in dishes with alpha-
minimal essential medium (Gibco, Carlsbad, CA, USA) con-
taining 10% fetal bovine serum (FBS; Gibco) and 1% 
penicillin-streptomycin (Gibco). To form spheroids, A-MSCs 
at passage 3–5 were cultured using the hanging drop method. 
Briefly, 1000 A-MSCs in 30 μL growth medium per drop 
were plated in hanging drops and incubated for 6 h to form 

spheroids. For subsequent experiments, the cell spheroids were 
incubated with 0.25% trypsin/ethylenediaminetetraacetic 
acid (EDTA) for 12 min (depending on the size of spheroids) 
with gentle pipetting once at 6 min. Human umbilical vein 
endothelial cells (HUVECs) were grown in endothelial cell 
medium (ScienCell, San Diego, CA, USA) containing 5% 
FBS, 1% endothelial cell growth supplement, and 1% peni-
cillin-streptomycin. The cells were cultured at 37°C in a 5% 
CO2 atmosphere.

Exposure to Hypothermia

To simulate hypothermic stress, monolayer and 3D spheroid 
A-MSCs were incubated for 1 h at 4°C. A set of samples 
were immediately analyzed (equilibration time of 0 h), 
whereas the other two groups of samples were transferred to 
an incubator for equilibration and recovery at 37°C for 
another 12 h and 24 h. We also collected the culture superna-
tant at various time points for HUVEC chemotaxis assay. 
The control group was cultured in a 37°C incubator for 24 h 
and tested at the same time as the experimental groups.

Phenotypic Analysis

Flow cytometry was performed to characterize A-MSCs and 
HUVECs. The following cell surface epitopes of A-MSCs 
were detected using anti-human CD29-phycoerythrin (PE) 
(TS2/16, 303004), CD31-PE (WM59, 303106), CD44-PE 
(IM7, 103024), CD45-fluorescein isothiocyanate (FITC) 
(HI30, 304006), CD73-PE (AD2, 344004), CD90-PE (5E10, 
328110), CD105-PE (43A3, 323206), and CD271-PE 
(ME20.4, 345106). HUVECs were detected using anti-
human CD31-PE. All antibodies were purchased from 
BioLegend (1:20 dilution; San Diego, CA, USA) and used 
according to the manufacturer’s protocol. Flow cytometry 
was performed using the Guava easyCyte 6HT (EMD 
Millipore, Billerica, MA, USA), and the data were analyzed 
using FlowJo version 10 (Tree Star Inc., Ashland, OR, USA).

Three-Dimensional Spheroid Shaping and 
Morphological Analysis

Monolayer and 3D spheroid A-MSCs were subjected to 
scanning electron microscopy by WeiYa Bio-Technology 
Co., Ltd. (Jinan, Shandong, China). Samples were fixed 
using 2.5% glutaraldehyde solution for 3 h at 4°C. Micro-
structural characterization was performed using a high- 
resolution scanning electron microscope (Sigma300; Zeiss, 
Germany).

To observe the overall distribution of cells, digested 
A-MSCs were first stained with PKH26 using PKH26 Red 
Fluorescent Cell Linker Kits for General Cell Membrane 
Labeling (Sigma-Aldrich, St Louis, MO, USA). Prior to 
staining, PKH26 in diluent C was incubated in a water bath 
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at 37 °C for 15 min. A-MSCs stained with a cell membrane 
were cultured by the hanging drop method. After 24 h incu-
bation in a 37°C incubator, the original position of the sus-
pension was maintained for 4′,6-diamidino-2-phenylindole 
(DAPI) staining. Next, 3D spheroid A-MSCs were subjected to 
hematoxylin and eosin staining for morphological evaluation. 
The spheroids were observed under a microscope (BX53; 
Olympus, Tokyo, Japan) and photographed (CellSens, Ver. 
1.18; Tokyo, Japan).

Transcriptome Sequencing and Differentially 
Expressed Genes (DEGs) Analysis

Monolayer and 3D spheroid A-MSCs were incubated for 1 h at 
4°C in the refrigerator. After hypothermic stress, the cells were 
immediately collected for RNA extraction using TRIzol (T9424-
100mL; Sigma, USA). All RNA sequencing samples were com-
missioned and analyzed by Xiuyue Biol (Jinan, China).

DEGs between the four samples cryo-mono, cryo-3D, 
RT-mono, and RT-3D were identified via GEO2R online 
tools19 with|logFC| > 2 and adjust P value < 0.05. The 
DEGs between cryo-mono and cryo-3D specimen were 
recognized as dataset A. The DEGs of RT-3D and cryo-3D 
specimen were identified as dataset B. Dataset C was the 
DEGs of RT-mono and cryo-mono specimen. Then, the up-
regulated DEGs and down-regulated DEGs between the 
three datasets were plotted in Venn software. Gene ontology 
analysis (GO) and Kyoto Encyclopedia of Gene and Genome 
(KEGG) pathways analysis were utilized to enrichment 
molecular function (MF), cellular component (CC), biologi-
cal process (BP), and pathway of DEGs (P < 0.05).

RNA Extraction and Gene Expression Analysis

After 1 h of hypothermic stress, A-MSCs were collected 
after different incubation times. Total RNA was extracted 
using TRIzol reagent (T9424-100mL; Sigma, USA). First-
strand cDNA was synthesized using 1 μg of total RNA in  
10 μL of reverse transcriptase reaction mixture using the 
ReverTra Ace qPCR RT Master Mix kit (TOYOBO, Osaka, 
Japan) with specific primers. Reverse transcription-quantita-
tive polymerase chain reaction (RT-qPCR) was performed 
using a Real Time Thermocycler (qTOWER3G; Analytik 
Jena AG, Germany), and detection was performed with 
SYBR Green Realtime PCR Master Mix (TOYOBO) in a 
20-μL reaction mixture to detect the mRNA levels of cyto-
kines. The primer sequences used for RT-qPCR are listed in 
Supplementary Table 1. The thermal cycling program was 
performed according to the manufacturer’s protocol. Data 
were analyzed using Sequence Detection Software 1.4 
(Applied Biosystems, CA, United States). The mRNA levels 
were normalized to the level of the control group as a refer-
ence, which was set to 1.

Western Blot Analysis

Protein extracts from A-MSCs (prior to and following differ-
ent in vitro treatments) were prepared in RIPA lysis buffer 
(Solarbio, Beijing, China) with phosphatase/protease inhibi-
tor (Beyotime, Shanghai, China). Then, proteins (60 μg) were 
separated on 7.5% acrylamide gels and transferred to poly-
vinylidene fluoride (PVDF) membranes (Millipore). The 
following commercially available antibodies and dilutions 
were used for western blotting: GAPDH (1:2000; 5174S, Cell 
Signaling Technology, United States), Phospho S473-AKT 
(1:1000; 4060S, Cell Signaling Technology, United States), 
AKT (1:1000; 9272S, Cell Signaling Technology, United 
States), Phospho Y607-PI3K (1:500; ab182651, Abcam, 
United States), and PI3K (1:1000; 4255S, Cell Signaling 
Technology, United States). After incubation with primary 
antibodies overnight at 4°C, the PVDF membranes were 
incubated with horseradish peroxidase-conjugated goat anti-
rabbit (1:5000, ZB-2301, ZSGB-BIO, Beijing, China) sec-
ondary antibody for 1 h at 25°C. Proteins were visualized 
using enhanced chemiluminescence (JIAPENG, JP-K600plus, 
Shanghai, China). The band intensity was quantified using 
ImageJ software. All target protein signal intensities were 
normalized to GAPDH signals. Experiments were performed 
in triplicate.

Chick Chorioallantoic Membrane Assay of 
Angiogenic Activity

The effect of A-MSCs on angiogenesis was evaluated  
in vivo using a CAM vessel development assay. Seven-
day-old eggs weighing 50–70 g were obtained from 
Shandong Experimental Breeder Farm of No Specific 
Pathogenic Chicken (Jinan, Shandong, China). Fertilized 
chicken eggs were acclimatized for 9 days in a standard 
egg incubator at 37°C and 60%–70% relative humidity. 
Before the experiment, A-MSCs (2 × 104 cells/egg) were 
embedded in 2.5% agar in advance. In brief, the MSCs 
were first suspended in pre-warmed medium and then 
mixed with an equal volume of 5% agar solution (111860; 
Biowest, Spain). After that, the agar was stabilized to a 
semi-solid state in a 37°C incubator. A circular window of 
1–1.5 cm in diameter was opened aseptically on the egg-
shell, and the agar containing MSCs was grafted into the 
CAM. The window was sealed with medical tape and 
sealed with wax. The eggs were then placed in an incubator. 
After 72 h, the CAM was carefully removed and photo-
graphed using a Canon digital camera. Angiogenic index 
was defined as the area of visible blood vessel within a 
defined area of 9.6 cm2. Assays for each test sample were 
performed using five eggs. The area of blood vessels was 
measured using the ImageJ software (National Institutes 
of Health, Bethesda, MD, USA).
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Transwell Chemotaxis Assay

HUVECs (2 × 104) were seeded in alpha-minimal essential 
medium supplemented with 5% FBS in the upper chamber. 
The lower chamber was filled with culture supernatants col-
lected at 0, 12, and 24 h after exposure to hypothermia. After 
incubation for 18 h, the cell membrane surface was wiped off 
with cotton swabs. The upper chamber was washed, fixed, 
dyed with 0.1% crystal violet, and photographed. Cell migra-
tion ability was determined by counting the number of cells 
in the lower chamber.

Statistical Analysis

All data are presented as the mean ± SD of three biological 
repeats experiments. Statistical analyses were performed by 
one-way analysis of variance (ANOVA) or two-way ANOVA 
following Tukey’s multiple comparisons test. Differences 
were considered significant at a probability level of P < 0.05. 
Statistical analyses were performed using Prism 8 (GraphPad 
Software Inc., San Diego, CA, USA).

Results

Hanging Drop Culture Does Not Change  
the Phenotype of A-MSCs

Through flow cytometry, we examined the consistency of the 
immunophenotype of A-MSCs before and after hanging drop 
culture. The results revealed that the A-MSCs showed the 
typical immunophenotypes of MSCs. Both A-MSCs grown 
in a monolayer and 3D spheroid cultures highly expressed 
the MSC markers CD29, CD44, CD73, CD90, and CD105 
but did not express the endothelial cell markers (CD31), 
hematopoietic markers (CD45), and differentiated activated 
effector cell markers (CD271) (Fig. 1A).

Characteristics of Spheroids

P3 A-MSCs were cultured in a dish using the hanging drop 
method (Fig. 2). After 24 h, the MSCs were observed to form 
spheres with a diameter of approximately 50 μm under a 
light microscope (Fig. 3A). Immunofluorescence (Fig. 3B) 
and hematoxylin and eosin (Fig. 3C) staining showed that 
the cells in the spheroids closely adhered to each other and 
were more compact than those in the monolayer culture. 
Scanning electron microscopy results (Fig. 3D) showed that, 
compared with that in the monolayer culture, the volume of 
each cell in the 3D spheroid was smaller (approximately a 
quarter of that in the monolayer culture) and the nucleus was 
larger. The cells in the spheroid formed dense connections 
and cannot be separated into individual cell boundaries. 
Through immunofluorescence staining, we were able to pre-
liminarily judge that there were approximately 100 cells in 
each 3D spheroid according to the density of our culture.

Effect of Culture Method and  
Cryo-Temperature Stress on Transcriptional  
of A-MSCs

Considering the uniqueness of the 3D hanging drop culture, 
we performed transcriptomic analysis on monolayer and 3D 
spheroid A-MSCs before and after hypothermic stress. Top 
five significantly enriched biological processes between the 
dataset A and dataset C were condensed DNA-dependent 
DNA replication, regulation of cell cycle phase transition, 
cell cycle G1/S phase transition, negative regulation of 
phosphorylation, and G1/S transition of mitotic cell cycle 
(Fig. 4C). KEGG pathway analysis using the KEGG pathway 
database (www.genome.jp/kegg/pathway.html) identified 
the top five most significantly enriched pathways between 
the dataset B and dataset C culture groups, which were  
PI3K-AKT signaling pathway, axon guidance, proteoglycans 
in cancer, human T-cell leukemia virus 1 infection, and 
salmonella infection (Fig. 4D). These results indicated that 
cryo-temperature stress significantly enriched in cell pro-
liferation-related signaling pathways and affected cell cycle. 
Therefore, preliminary RNA-Seq results showed that cryo-
temperature stress and culture method significantly altered 
the gene expression of A-MSCs.

Hypothermic Stress Causes Changes Differential 
Expression of FGF and Activates the PI3K-AKT 
Pathway

Based on previous transcriptomic results, we analyzed  
the types of the differentially expressed genes. We further 
verified the expression of mRNAs related to angiogenesis 
and neurotrophic activity by RT-qPCR. Among the mono-
layer groups, the mRNA levels of acid FGF (AFGF), basic 
FGF (BFGF), nerve growth factor (NGF), brain-derived neu-
rotrophic factor (BDNF), and stem cell factor (SCF) at 12 h 
were increased compared with those at 0 h (*P < 0.05, **P 
< 0.01, Fig. 5A–D and H). Among the 3D spheroids group, 
similarly, the mRNA levels of AFGF and BFGF were 
increased at the same time point (*P < 0.05, **P < 0.01, 
***P < 0.001, Fig. 5A and B). In addition, in the 3D spher-
oid culture, the mRNA levels of HGF, matrix metallo-
proteinase (MMP), and insulin-like growth factor 1 (IGF-1) 
increased at 12 h compared with those at 0 h and SCF 
increased maximum at 0 h (**P < 0.01, *P < 0.05, Fig. 5E–H). 
Specifically, the levels of NGF and BDNF in the 3D spheroid 
culture at 12 h were significantly increased compared with 
those at 0 h (*P < 0.05, ***P < 0.001, Fig. 5C–D). Besides, 
the mRNA level of ubiquinone oxidoreductase subunit S6 
(NDUFS6) was increased at 0 h compared with at 12 h in 
both monolayer groups and the 3D spheroid culture (**P < 
0.01, ***P < 0.001, Fig. 5I). In order to confirm the regula-
tory mechanism of A-MSCs after hypothermic stress. 
Furthermore, based on the aforementioned KEGG-enriched 

www.genome.jp/kegg/pathway.html
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pathways, we examined the protein level of phospho-PI3K, 
PI3K, phospho-AKT, and AKT. The protein expression 
ratio of phospho-PI3K/PI3K and phosphor-AKT/AKT was 
significantly increased in the monolayer groups at 12 h 
compared with control after hypothermic stress (*P < 0.05, 
Fig. 5K and L). In the 3D spheroid culture, however, these 
increases were significant at 0 h (*P < 0.05, **P < 0.01, 
Fig. 5M and N).

A-MSCs Subjected to Hypothermic Stress 
Promote Angiogenesis in CAM Model

To explore whether exposure to hypothermic stress affects the 
angiogenic activity of A-MSCs, we conducted a CAM assay 
in vivo. Among the monolayer groups, the cells incubated for 
12 h after hypothermic stress significantly induced neo-
vascularization compared with the control (***P < 0.001, 

Figure 1. Immunophenotypes of A-MSCs and HUVECs as determined by flow cytometry. (A) Immunophenotype of monolayer and 3D 
spheroid A-MSCs. The expression of positive stem markers CD29, CD44, CD73, CD90, and CD105 and negative stem markers CD31, 
CD45, and CD271. (B) Phenotypic identification of HUVECs. The isolated cultured cells were stained with endothelial cell marker 
CD31. A-MSCs: Adipose-derived mesenchymal stem cells; HUVECs: human umbilical vein endothelial cells.
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Fig. 6A and B bule). Moreover, neovascularization in the 12 
h group was the highest compared with that in the 0 and 24 h 
groups (##P < 0.01, Fig. 6B bule). However, among the 3D 
spheroids groups, compared with that in the control, the 
highest neovascularization was shown by A-MSCs collected 
immediately after exposure to hypothermia at 4°C for 1 h 
(**P < 0.01, Fig. 6B red), and good neovascularization was 
observed after 12 h of recovery at 37 °C (*P < 0.05, Fig. 6B 
red). Compared with the 12 h group, the 24 h group showed 
a lower degree of angiogenesis (#P < 0.05, Fig. 6B red) and 
no difference from the control group.

Three-Dimensional Spheroid A-MSCs Subjected 
to Hypothermic Stress Can Better Induce  
HUVEC Migration

RT-qPCR analysis revealed that the expression levels of 
angiogenesis- and nutrition-related factors in 3D spheroid 
and monolayer A-MSCs changed after hypothermic stress. 
Next, we observed the ability of the culture supernatant to 
induce the chemotaxis of HUVECs in Transwell assays. 
Before the experiment, we identified the characteristics of 
HUVECs by flow cytometry. The expression of the endothe-
lial cell marker CD31 was determined to be as high as 98% 
(Fig. 1B). Transwell assay results showed that the number of 
migrating cells at each time point in the 3D spheroid groups 
was greater than that in the monolayer groups (*P < 0.05, 
Fig. 7A and B). Among the monolayer groups, the HUVEC 

migration ability of the 12 h group was higher than that of the 
0 and 24 h groups (#P < 0.05, Fig. 7B bule). However, 
among the 3D spheroids group, the highest chemotaxis of 
HUVECs was shown by the supernatant collected immedi-
ately after hypothermic treatment at 4°C for 1 h compared 
with that in the control and 12 h groups (##P < 0.01 and #P < 
0.05, respectively, Fig. 7B red).

Discussion

In nature, adipose tissue adjusts the metabolic state of mam-
mals according to temperature changes to maintain a constant 
body temperature20. Based on this phenomenon, changes in 
temperature are more likely to cause changes in the function 
of A-MSCs. This is also the reason why we selected A-MSCs 
as the research object of cryo-temperature stress testing. In 
recent years, 3D cell culture based on agarose, collagen, 
fibronectin, gelatin, and laminin has become a new approach 
for cell therapy21. Among them, the advantages of the 
hanging drop method are its simple operation and high repeat-
ability. Another important advantage of this method is the 
avoidance of contamination of exogenous proteins in the col-
lagen scaffold. In this study, we successfully constructed 3D 
spheroid A-MSCs via the hanging drop method. MSCs can 
form spheroids in 6 h. Under electron and light microscopy, 
A-MSCs obtained from hanging drop culture showed a 
dense spherical structure and stable cell number, and this did 
not change the immunophenotype of A-MSCs.

Figure 2. Schematic diagram of the experimental design: the 3D spheroid and monolayer groups were allowed to form spheroids or 
adhere to the dish wall, respectively, in a 37°C incubator for 6–8 h. After 1 h of hypothermic stress treatment at 4°C, the cells in both 
groups were further incubated at 37°C for different periods: 0, 12, and 24 h. The control group did not undergo any treatment until the 
end. A-MSCs: Adipose-derived mesenchymal stem cells.
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Improving microcirculation is an important therapeutic 
basis for MSCs. Therefore, we first tested the angiogenesis-
promoting ability of MSCs pretreated using short hypo-
thermic periods. We used the CAM assay to examine the 
effect of different culture methods and incubation times on 
the angiogenic activity of A-MSCs in vivo. The CAM assay 
was first used in the study of neovascularization22. As a 
unique in vivo support environment, CAM assays are not 
only suitable for studying angiogenesis but also have advan-
tages for studying tumorigenesis23. Angiogenesis was sig-
nificantly promoted in the monolayer group after 12 h of 
incubation at 37°C. However, the 3D spheroid group showed 

significant increases in angiogenic activity at both 0 and 12 h 
after exposure to hypothermia.

Subsequently, a Transwell assay was performed with 
HUVECs to verify the chemotaxis-inducing activity of the 
culture supernatants sampled at different time points. Similar 
to the results of the CAM assays, compared with that in the 
monolayer groups, the 3D spheroid groups displayed evident 
increases in the chemotaxis of HUVECs at various time 
points. It is worth noting that the chemotactic ability of 
monolayer and 3D spheroid A-MSCs was observed after 12 
h of incubation at 37′ and immediately after exposure to 
hypothermic stress, respectively. However, it should be 

Figure 3. Morphology of 3D multicellular spheroid A-MSCs. (A) Morphology of the 3D spheroid under a light microscope.  
(B) Morphology of the 3D spheroid under PKH26 and DAPI immunofluorescence staining (microscope magnification: 200×).  
(C) Hematoxylin and eosin staining of the 3D spheroid (microscope magnification: 200×). (D) Morphology of monolayer and 3D spheroid 
A-MSCs under a scanning electron microscope. A-MSCs: Adipose-derived mesenchymal stem cells; DAPI, 4′,6-diamidino-2-phenylindole.
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noted that in the in vivo CAM assay, the overall angiogenic 
activity of 3D spheroid A-MSCs did not differ from that of 
the monolayer groups. This is inconsistent with the results of 
the in vitro Transwell assay. This inconsistency between the 
in vivo and in vitro experiments might be caused by the inter-
nal immune system of chicken embryos24, considering that 
A-MSCs, as an exogenous biological stimulus, are a chal-
lenge to the immune system of chicken embryos in the devel-
opmental stage. However, some studies have shown that 
chicken embryos lack a fully functional immune system dur-
ing the development of the vascular system25. This will be 
examined further in our future studies.

Similar to the results of several cell function experiments, 
the RT-qPCR results showed upregulation of FGF, HGF, 
MMP, and SCF genes after 12 h of recovery at 37°C. The 
FGF family has the function of promoting angiogenesis and 
regulating cell growth and motility26,27. Matrix metallopro-
teinases (MMPs) can resist extracellular matrix fibrosis, 
reduce adhesion inhibition between MSCs, and improve 
the microenvironment28. SCF is the key trophic factor to 

promote MSCs to resist stress, making them have superior 
anti-apoptotic and pro-proliferative effects29. Considering 
the previously discovered advantages of 3D cultures, this 
result was also expected. Additionally, Yuelin Zhang et al.30 
confirmed that depressed NDUFS6 and MSC aging interact 
in a manner of reciprocal causation. In this study, A-MSCs 
treated with cryo-temperature pretreatment did not show a 
significant decrease in NDUFS6. Moreover, the RNA-Seq-
enriched signaling pathways suggested that the PI3K-AKT 
signaling pathway of A-MSCs was significantly changed 
after exposure to hypothermia. The PI3K-AKT pathway 
plays an important role in promoting angiogenesis, maintain-
ing cell proliferation, and promoting cell migration. Cardiac 
mesenchymal stromal cell-derived extracellular vesicles are 
involved in endogenous cardiac repair by promoting angio-
genesis through the activation of PI3K-AKT31. Certain 
microRNAs can also promote maxillofacial bone regenera-
tion via the PI3K-AKT pathway32. Moreover, blocking the 
PI3K-AKT signaling pathway of bone marrow MSCs can 
inhibit tumor cell proliferation and migration33. Our data 

Figure 4. Authentication of DEGs in the three datasets ([A] cryo-mono vs. cryo-3D, (B) RT-3D vs. cryo-3D and (C) RT-mono vs.  
cryo-mono) through Venn diagrams software. Different color meant different datasets. (A) Venn diagrams containing lists of  
up-regulated and down-regulated DEGs in dataset A and C (|logFC| > 2). (B) Venn diagrams containing lists of up-regulated and  
down-regulated DEGs in dataset B and C (|logFC| > 2). (C) Biological processes enrichment diagram of Q values for single group GO 
items in dataset A and C. (D) Distribution diagram of Q values for the top twenty significantly enriched pathways of dataset B and C.  
BP: biological process; DEG: Differentially Expressed Genes; DNA: deoxyribonucleic acid; GO: gene ontology; KEGG: Kyoto 
Encyclopedia of Gene and Genome; RT: reverse transcription; mTOR: mammalian target of rapamycin; ECM: extracellular matrix.
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strongly suggest that cryo-temperature stress applied to 3D 
spheroid MSCs, without blocking the PI3K-AKT pathway, 
reduces PI3K, and AKT phosphorylation, which remains 
activated after recovery at 37°C.

Mild hypothermia alleviates hypoxic ischemic damage 
and increases tolerance to hypoxia via small ubiquitin-like 
modifier proteins of marrow-derived MSCs34,35. Although 

hypothermia reduces the gene expression of vascular endo-
thelial growth factor, it does not affect the differentiation or 
apoptosis of MSCs exposed to hypoxia36. It can be seen that 
cryo-temperature pretreatment can enable MSCs to realize 
their potential under harsh conditions. This is also similar  
to the results of our present study. However, the A-MSCs 
extracted in this study have limitations in practical clinical 

Figure 5. Under hypothermic stress, mRNA was differentially expressed between monolayer and 3D spheroid A-MSCs, and the  
PI3K-AKT pathway was activated. (A–I) The RT-qPCR experiment verifies that the genes AFGF, BFGF, NGF, BDNF, HGF, MMP-2, 
IGF-1, SCF and NDUFS6 were differentially expressed at the mRNA level. (J–N) Western blot and statistical analyses of p-PI3K, PI3K, 
p-AKT, and AKT in monolayer or 3D spheroid A-MSCs. GAPDH was used as a loading control. A-MSCs: adipose-derived mesenchymal 
stem cells; RT-qPCR: reverse transcription-quantitative polymerase chain reaction. All data are expressed as the mean ± SD (n=3,  
*P < 0.05, **P < 0.01, ***P < 0.001), and were analyzed by one-way ANOVA. p-PI3K/PI3K: phospho-phosphatidylinositol 3-kinase; 
p-AKT/AKT: phospho-serine/threonine kinase; GAPDH: Glyceraldehyde-3-phosphate dehydrogenase.
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applications. MSCs from induced pluripotent stem cells 
(iPSCs) that overcome batch-to-batch heterogeneity, have 
been used in refractory graft-versus-host-disease (GVHD) in 
clinical trials37,38. This is also the key to improving MSCs 
yield and preventing stem cell senescence in the clinical 
treatment. Strikingly, after short-term stress at 4°C, the func-
tion of 3D spheroid A-MSCs could be activated immediately, 
without the need for incubation at 37°C. This further con-
firms that 3D spheroid culture can increase the stability of 
MSCs under special conditions. However, whether 3D 
spheroid MSCs can resist long-term hypothermic stress 
needs further study.

In conclusion, 3D spheroid MSCs after short cryo- 
temperature pretreatment can enhance the expression of 
angiogenic and neurotrophic-related factors, activate the 
PI3K-AKT pathway, and better maintain cell pro-angio-
genic capacity. This method not only maintains the immune 

characteristics of MSCs but also stimulates the functions of 
MSCs to a certain extent. At the same time, our results show 
that the hanging drop method is a simple and highly repro-
ducible way to culture A-MSCs in three dimensions. In fur-
ther studies, we will validate the function of 3D spherical 
MSCs in animal models.
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