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Abstract: Objectives: This study aimed to investigate the effect of acoustic vibration on the pluripotency of human 
embryonic stem cells (hESCs) and evaluate cell proliferation and self-renewal ability post-treatment. Methods: The 
human ES cell line H1 was used for the experiments. hESCs were treated with an acoustic vibration device. Their 
proliferative ability was subsequently detected using a colony formation assay, while the expression of pluripotency-
related markers was detected via immunofluorescence staining. Finally, changes in gene expression levels were 
examined using quantitative polymerase chain reaction (qPCR) in the presence of appropriate primers. Results: 
Compared with normal cells in the control group, the morphology of experimental cells subjected to acoustic vibra-
tion did not significantly change. Contrastingly, the colony-forming efficiency of the experimental cells significantly 
increased. Immunofluorescence staining results showed the cells in experimental group were positive for the plu-
ripotency markers NANOG, octamer-binding transcription factor 4 gene (OCT4), and SRY (sex determining region 
Y)-box 2 (SOX2). In addition, the expression levels of pluripotency genes NANOG, OCT4, SOX2, and Yes-associated 
protein (YAP)-related genes were up-regulated following acoustic vibration. Conclusions: Our results revealed that 
acoustic vibration enhanced the proliferative ability of hESCs and increased the expression levels of NANOG, OCT4, 
SOX2, and YAP-related genes, indicating that acoustic vibration can optimize the self-renewal ability of hESCs and 
that the YAP signaling pathway may play a critical role in the functional process of acoustic vibration.
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Introduction

Human embryonic stem cells (hESCs) exhibit 
remarkable self-renewal capacity and potential 
to differentiate into various cell types, render-
ing them highly promising for the research of 
tissue development, pathological mechanisms, 
and human therapeutics [1, 2]. As is well docu-
mented, the pluripotency of hESCs is intricate- 
ly regulated by epigenetic modifications, core 
stemness transcription factors, signaling path-
ways, and histone modifications [3-5]. Its main-
tenance relies on key transcription factors, 
such as SRY (sex determining region Y)-box 2 
(SOX2), octamer-binding transcription factor  
4 (OCT4), and NANOG [6]. Despite extensive 
research, the mechanisms governing pluripo-

tency and self-renewal of embryonic stem cells 
remain elusive. Various approaches, including 
modification of culture protocols [7], incorporat-
ing different factors [8-10], alteration of meta-
bolic patterns [11], manipulation of RNA pro-
cessing, and implementation of reprogramming 
techniques [12, 13], have been explored to sus-
tain the pluripotency of embryonic stem cells in 
vitro.

The application of acoustic vibrations as a 
mechanical stimulus has emerged as a promis-
ing approach for mediating complex cell behav-
iors and directing stem cell differentiation [14]. 
Indeed, it has been extensively applied in cellu-
lar research and disease treatment [15, 16], 
including the generation of pluripotent stem 
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cells using ultrasound [17], induction wound 
healing in vitro [18], promotion of mesenchy-
mal stem cell proliferation, differentiation, and 
migration [19], as well as exosome secretion 
through low-intensity pulsed ultrasound (LIPUS) 
[20, 21], the acceleration of spinal healing [22], 
promotion of nerve regeneration and recovery 
[23, 24], the induction of neurogenesis, and  
the treatment of traumatic brain injury, mental 
disorders, and Alzheimer’s disease [25, 26]. 
Notably, sound waves exert their influence on 
tissue homeostasis and regeneration by mo- 
dulating intercellular communication, thereby 
impacting the onset and progression of diseas-
es [27]. Acoustic vibration offers numerous 
advantages, such as streamlined instrumenta-
tion and experimental setup, enhanced opera-
tional resolution, and flexibility. This versatile 
and non-invasive technique represents an ideal 
method for conducting cellular research [18, 
28-30].

The Yes-associated protein (YAP) pathway func-
tions as a sensor and mediator of mechanical 
signals in the cell microenvironment. It is highly 
sensitive to a wide range of mechanical stimuli, 
enabling the transduction of these signals into 
cell-specific biological signals and consequent 
modulation of cellular responses that promote 
the expression of target genes by activating  
the transcription factor TEAD PDZ binding motif 
(TAZ) [31-33]. Specifically, YAP1 is vital for the 
self-differentiation and renewal of stem cells, 
as well as the long-term proliferation and sur-
vival of hESCs in vitro [34, 35].

This study aimed to investigate the impact of 
acoustic vibration treatment on hESCs culture 
and elucidate the underlying mechanism. We 
hypothesized that acoustic vibration could 
enhance hESCs pluripotency and promote  
proliferation and thus provide novel promising 
strategies for stem cell culture.

Material and methods

Cell culture

Human embryonic stem cell line H1 was donat-
ed by Professor Zhengqin Yin of Army Medical 
University (Chongqing, China). H1 cells were 
seeded onto plates coated with Matrigel 
(Corning 354277) and incubated in mTeSR1 
medium (STEMCELL Technology) until the next 

passage, which was performed every 5-7  
days using ReLeSR™ (STEMCELL Technology, 
05872). The cells were incubated at 37°C in a 
humidified atmosphere with 5% CO2. The medi-
um was renewed daily.

Cells were treated with acoustic vibration

This experiment was carried out using an 
acoustic vibration device (Beijing Yishengkang, 
China) comprising a regulating acoustic display, 
an acoustic transmission box, and an infinite 
input sound head. The acoustic output frequen-
cy of the device ranged from 20 Hz to 4000 Hz, 
whilst the acoustic intensity ranged from 0 to 
100 dB. In the present study, the mode was 
employed at 3 intensity levels, with an acoustic 
output frequency of 450-500 Hz and an acous-
tic intensity of 30 dB.

After three days of passaging hESCs, the acous-
tic vibration device was utilized to stimulate the 
cells. The sonic wave intensity was set following 
the manufacturer’s instructions, and the treat-
ment lasted for 30 minutes. This treatment was 
administered twice daily, with a 10-hour inter-
val between consecutive passages.

Total RNA preparation and quantitative real-
time PCR

The cell samples underwent total RNA extrac-
tion using the Primescript First-Strand cDNA 
Synthesis kit (TaKaRa). Following this, cDNAs 
were synthesized from the extracted total RNA 
using the HiScript®III for qPCR (+gDNA wiper)  
kit (Vazyme). Real-time PCR was conducted on 
an Applied Biosystems 7500 Real-Time PCR 
System (Applied Biosystems) using SYBR Green 
reagents. The PCR cycling conditions consisted 
of an initial denaturation step at 95°C for 10 
seconds, followed by 40 cycles of denaturation 
at 95°C for 15 seconds, and annealing/exten-
sion at 60°C for 1 minute. Quantification data 
were analyzed using Applied Biosystems’ 
Sequence Detection System (SDS) software, 
with GAPDH serving as the internal control 
(Table 1).

Immunofluorescence staining

The cells were fixed with 4% paraformaldehyde 
for 10 minutes and permeabilized using 0.1% 
Triton X-100 (Beyotime Biotechnology). Next, 
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the samples were blocked with 10% normal 
donkey serum for 30 minutes at room tempera-
ture and then incubated with the primary anti-
bodies overnight at 4°C (Table 2), followed by 
incubation with Alexa Fluor 488-conjugated 
secondary antibodies (Invitrogen) at 37°C for 1 
hour. Lastly, the cell nuclei were stained with 
DAPI (Solarbio) and visualized under an Echo 
Revolve microscope (Echo Laboratories, San 
Diego, California).

Colony-forming assays (CFA)

Human embryonic stem cell line H1 cells were 
incubated in Matrigel-plated dishes. On the first 
day of inoculation, Rho inhibitor Y27632 was 
introduced into the culture medium, and then 
growth was maintained in the mTeSR1 medium 
until the next passage. Colony formation was 
initiated by seeding 10000 cells in 35-mm 
dishes with Matrigel and maintaining growth in 
mTeSR1 for 5-10 days at 37°C in a 5% CO2 
humidified incubator. Crystal violet staining 
was performed upon the appearance of macro-
scopic colonies. Afterward, the colonies were 
fixed with 4% paraformaldehyde for 10 minutes 
at room temperature and then stained with 
Crystal Violet Staining Solution (Beyotime Bio- 
technology) according to the manufacturer’s 
protocol. Colony formation was assessed using 
a Gel Imager System (Tanon 1600, Shanghai, 
China), repeated three times, and the number 
of macroscopic clones was counted, plotted, 
and statistically analyzed using GraphPad 
Prism 8 to determine colony-forming efficiency 
(CFE).

Treatment of hESCs with acoustic vibration 
stimulation

To investigate the effects of acoustic vibration 
stimulation on hESCs, an acoustic vibration 
device was employed for hESC stimulation. The 
experimental protocol is illustrated in Figure 
1A. Briefly, hESCs were randomly divided into 
two groups after passage. After 3 days of natu-
ral growth, the experimental group was subject-
ed to vibration treatment twice daily for 30 min-
utes each session, whereas the control group 
was allowed to grow naturally. After five to six 
days, the cells were passaged and vibrated for 
three consecutive generations. As displayed in 
Figure 1B, light microscopy images of hESCs 
undergoing acoustic vibration showed that 
acoustic vibration did not induce significant 
changes in cell morphology, and both two 
groups presented compact cells and large 
nucleocytoplasmic ratios (Figure 1B).

Acoustic vibration stimulation promoted the 
colony formation of hESCs

To examine the effects of acoustic vibration  
on hESCs, colony formation experiments of 
hESCs were carried out in the presence or 
absence of acoustic vibration. Rho-associat- 
ed kinase (ROCK) inhibitor Y-23632 can pro-
mote hESC survival, inhibit dissociation-
induced apoptosis, and improve cloning effi-
ciency [36]. In the present study, the dissociat-
ed cells were seeded in the absence of Y-27632. 
The results of colony-forming assays exposed 
that the number and size of colonies in the 

Table 1. List of primers
Gene name Forward Reverse
OCT4 CTGGGGGTTCTATTTGGGAAG GTTGCCTCTCACTCGGTTCT
NANOG ACCTCAGCTACAAACAGGTGAAG AGAGTAAGGCTGGGGTAGGT
SOX2 GAGAACCCCAAGATGCACAAC TTCTTCATGAGCGTCTTGGTTTT
YAP1 GCAGGATGGTGGGACTCAAA CTGCTCATGCTTAGTCCACTGTCT
TEAD1 AGGCAAGACGAGGACCAGAA ACGATCTGGGCTGAGGACTA
GAPDH CATGTTCGTCATGGGTGTGAA GGCATGGACTGTGGTCATGAG

Table 2. List of antibodies
Antibody Company Catalog no. Dilution
Rabbit polyclonal to OCT4 Abcam ab18976 1:200
Rabbit polyclonal to NANOG Abcam ab80892 1:200
Rabbit polyclonal to SOX2 Abcam ab137385 1:200
Donkey anti-mouse IgG-AF594 (H+L) Thermo Fisher SA5-10168 1:400

Statistical analysis

The Statistical Package for 
the Social Sciences version 
17.0 software and GraphPad 
Prism 8.0 software were uti-
lized for statistical analysis.  
A two-tailed Student’s t-test 
was employed to compare 
the two experimental groups. 
The data presented in this 
study were derived from at 
least three independent ex- 
periments and expressed as 
mean ± SEM. P < 0.05 was 
considered statistically signi- 
ficant.

Result
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treated cells were significantly higher (Figure 
2A). Moreover, statistical analysis determined 
that the colony formation rate of treated hESCs 
was significantly higher than of the control 
group (**P < 0.01) (Figure 2B). These results 
collectively suggested that acoustic vibration 
treatment enhanced the proliferation and sur-
vival of hESCs.

Acoustic vibration stimulation enhanced the 
pluripotency and self-renewal abilities of 
hESCs

To evaluate the effects of acoustic vibration 
treatment on the pluripotency of hESCs, the 

expression of core stemness markers in hESCs 
with or without acoustic vibration treatment 
was detected. The immunostaining assay dem-
onstrated that both two group cells exhibited 
the positive expressions of the markers SOX2, 
OCT4, and NANOG (Figure 3A). Likewise, PCR 
analysis indicated that the expression levels of 
stemness genes were significantly higher in the 
treated group compared to the control group 
(Figure 3B).

YAP and transcriptional regulators play a vital 
role in sustaining the pluripotent state of embry-
onic stem cells [37]. To investigate the involve-
ment of the YAP pathway in the effect of acous-

Figure 1. Schematic representation of cells treated with acoustic vibration is shown. A. Flowchart illustrating the 
process of sound wave vibration on human embryonic stem cells. Three days after passage, hESCs were randomly 
assigned to two groups: a control group and an acoustic treatment group. Three consecutive generations were 
treated accordingly, and samples were collected at each generation. B. Images depicting the control group and 
treatment group. hESCs: human embryonic stem cells, Nor: normal, Exp: experimental. The following is the same. 
Scale bar: 100 μm.

Figure 2. Acoustic vibration promoted the proliferation of hESCs. A. Colony-forming assays (CFA) of each group cells 
(n=3). B. Colony-forming efficiency (CFE) of normal hESCs and treaded hESCs (n=3). Nor: normal, Exp: experimental.
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tic stimulation on the pluripotency and prolifer-
ation of hESCs, the expression levels of YAP 
and TEAD1, key components of the YAP path-
way, were detected. PCR analysis unveiled that 
the expression levels of YAP and TEAD1 were 
significantly increased in treated hESCs (Figure 
3C), signifying that acoustic vibration stimula-
tion promoted hESC stemness, possibly via 
modulating the YAP pathway.

Discussion

Stem cells hold promise for a wide range of 
applications, including studying early develop-
mental events, providing potential sources for 
treating acquired or inherited diseases, and 
regenerating damaged tissues. They hold sig-
nificant implications in cell therapy, regenera-
tive medicine, disease modeling, and drug dis-

Figure 3. Acoustic vibration enhanced the stemness of hESCs and promoted the overexpression of YAP. A. Repre-
sentative immunofluorescence staining of pluripotency markers NANOG, OCT4 and SOX2 (n > 3). B. Relative gene 
expression of NANOG, OCT4 and SOX2 (n=3). C. Relative gene expression of YAP1 and TEAD1 (n=3). Nor: normal, 
Exp: experimental. Scale bar: 100 μm.
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covery and screening [38]. At present, resear- 
chers are actively investigating the molecu- 
lar mechanisms underlying embryonic stem 
cells differentiation and their response to 
diverse stimuli. Clinical trials are also using 
hESC-derived cells [1, 39-41]. Maintaining 
hESCs in an undifferentiated state is crucial for 
their widespread application [5]. While signifi-
cant advances in hESC culture and derivation 
techniques, the absence of a universally 
accepted xeno-free and definitive method to 
maintain their undifferentiated state across 
multiple laboratories poses challenges [42]. In 
the present study, the effect of a non-invasive 
physical stimulation on the proliferation and 
pluripotency of hESCs was assessed.

Acoustic vibration exerts a gentle massaging 
effect on cells, thereby modulating cell function 
by modifying cell volume and cell membrane 
permeability and promoting metabolite ex- 
change. Moreover, the application of acoustic 
tweezers in flow cytometry enhances cell sur-
vival and differentiation [43, 44]. This study 
demonstrated that acoustic vibration promotes 
the expression of the core stemness transcrip-
tion factors NANOG, OCT4, and SOX2, thereby 
maintaining stem cells in a more naïve state. 
This finding holds significant implications for 
the application and investigation of hESCs. To 
optimize the in vitro culture system of embry-
onic stem cells, several strategies have been 
proposed, including changing the culture com-
position, manipulating RNA processing and 
reprogramming, and altering the feeding layer. 
Although these strategies have shown certain 
advantages in maintaining the proliferation and 
stemness of embryonic stem cells, multiple 
drawbacks persist. For example, adjusting the 
basic components of the medium, such as tran-
scription factors, growth factors, or inhibitors, 
to improve the pluripotency of embryonic stem 
cells inhibits cell proliferation and compromise 
chromosome integrity, which is essential for 
the developmental potential of pluripotent  
cells [7, 45]. Deriving naive hESC by regulating 
RNA, including mRNA, lncRNA, etc., necessi-
tates extensive data screening for target identi-
fication and requires appropriate control  
for RNA knockdown or overexpression [13, 46, 
47]. Besides, uncertainties remain regarding 
off-target effects at the target location. 
Manipulating the feeding layer, such as with 
mitomycin C, irradiation, and ethanol treat-

ment, may introduce residues that affect the 
proliferation and stemness of stem cells [48-
50]. In comparison, acoustic vibration offers 
numerous advantages over alternative treat-
ments, including a lower risk of infection or tis-
sue damage, a high safety profile, cost-effec-
tiveness, and convenience.

Of note, the maintenance of stemness function 
is closely intertwined with cell-cell interactions, 
protein factor secretion, and other cellular 
alterations [51]. Stem cell populations possess 
the unique ability to sense and modulate their 
responses to various external stimuli, encom-
passing both physical forces and chemical sig-
nals [52]. Acoustic vibration can influence both 
the viability and metabolic activity of cells. 
Additionally, variations in sound pressure can 
induce higher levels of cellular stress, which 
may impact cellular functions and overall cell 
health [53]. The YAP pathway serves as both a 
sensor and mediator of mechanical signals 
within the cellular microenvironment. It demon-
strates outstanding sensitivity to a wide range 
of mechanical stimuli, facilitating the transduc-
tion of these signals into cell-specific biosignals 
and consequent modulation of cellular respons-
es [54, 55]. YAP plays a critical role in maintain-
ing the self-renewal abilities and survival of 
hESCs [56, 57]. Specifically, YAP overexpres-
sion promotes a primitive state in embryonic 
stem cells [58]. By inhibiting the expression of 
WNT2, YAP effectively suppresses differentia-
tion, thereby preserving the pluripotency of 
hESCs [59]. On the other hand, YAP depletion 
results in the loss of pluripotency, contributing 
to cell differentiation. Our study uncovered the 
overexpression of both YAP and TEAD1, high-
lighting that our approach enhances cell pluri-
potency and proliferation through the YAP 
pathway.

Herein, a physical treatment method was devel-
oped to enhance the in vitro expansion of 
hESCs, offering a novel approach for experi-
mental investigations and large-scale culture in 
cell factories. Nevertheless, there remain limi-
tations, including its impact on the differentia-
tion potential of hESCs. Furthermore, it is nec-
essary to investigate whether similar effects of 
acoustic vibration stimulation can be observed 
in the in-vitro expansion of other pluripotent 
stem cells or adult stem cells.
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Conclusion

An in vitro expansion method for hESCs was 
pioneered through the use of acoustic vibra-
tion, which can improve the pluripotency, prolif-
erative capacity, and clone formation rate of 
hESCs, possibly mediated by the YAP signaling 
pathway. Overall, this study provides a novel 
and promising strategy for the expansion of 
hESCs in vitro and for large-scale culture in 
stem cell factories.
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