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A B S T R A C T   

Cellular reprogramming technologies have been developed with different physicochemical factors to improve the 
reprogramming efficiencies of induced pluripotent stem cells (iPSCs). Ultrasound is a clinically applied 
noncontact biophysical factor known for regulating various cellular behaviors but remains uninvestigated for 
cellular reprogramming. Here, we present a new reprogramming strategy using low-intensity ultrasound (LIUS) 
to improve cellular reprogramming of iPSCs in vitro and in vivo. Under 3D microenvironment conditions, 
increased LIUS stimulation shows enhanced cellular reprogramming of the iPSCs. The cellular reprogramming 
process facilitated by LIUS is accompanied by increased mesenchymal to epithelial transition and histone 
modification. LIUS stimulation transiently modulates the cytoskeletal rearrangement, along with increased 
membrane fluidity and mobility to increase HA/CD44 interactions. Furthermore, LIUS stimulation with HA 
hydrogel can be utilized in application of both human cells and in vivo environment, for enhanced reprog
rammed cells into iPSCs. Thus, LIUS stimulation with a combinatorial 3D microenvironment system can improve 
cellular reprogramming in vitro and in vivo environments, which can be applied in various biomedical fields.   

1. Introduction 

Cellular reprogramming technology has expanded several aspects of 
stem cell research as somatic cells with different origins can be induced 
to produce different cells with desired features, and these reprogram
ming technologies have developed from in vitro culture method to in 
vivo [1,2]. In particular, cellular reprogramming into a pluripotent state 
for induced pluripotent stem cells (iPSCs) is highlighted for its func
tional characteristics of self-renewal and differentiation into multiple 
cell lineages [3–8]. Compared to other stem cells, iPSCs are favorable 
sources in that they can bypass ethical issues and immune rejections. 
Therefore, iPSCs have been utilized in various biomedical fields for 
disease screening, gene editing, and cell therapeutics [9–12]. Although 
there still remains a necessity to increase iPSCs in number and purity, 
reprogramming of iPSCs is challenging as its efficiency is low (1–5%); 
this leads to incomplete reprogramming that lacks reproducibility and 
has a lengthy culture time [13]. Several defined sets of transcription 
factors, small-molecule cocktails, and cell culture supplements have 
been suggested to improve reprogramming efficiency [14,15], but these 

biochemical methods have limitations for increasing the reprogramming 
efficiency while neglecting other considerable adverse effects caused by 
biochemical factors [16]. Moreover, cellular reprogramming technology 
in vitro is often differently regulated in vivo due to differences in local 
microenvironment conditions. These circumstances cause more reduced 
reprogramming efficiencies in vivo. Therefore, development of alter
native methods to enhance the reprogramming efficiencies are neces
sary for the increased production of iPSCs in therapeutic applications. 

Biophysical changes have garnered attention for regulating cell fates 
during differentiation and reprogramming [17]. These biophysical 
changes include stiffness, topography, ligand patterning, stretch, 
compression, shear stress, and external stimulation [18,19]. Cells are 
continuously exposed to biophysical stimuli as they are perturbed by 
various surfaces, stresses, and mechanical forces. These biophysical 
changes can be controlled to influence a myriad of cellular processes by 
switching the mechanical cues to biological responses during cell 
migration, differentiation, proliferation, and apoptosis [20–24]. A few 
reprogramming studies have shown that biophysical changes to stiffness 
[25,26], topography [27,28], shear stress [29], mechanical stretching 
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[30], and electromagnetic fields [31] can affect the reprogramming ef
ficiencies of iPSCs. Especially, biophysical changes from 2D to 3D cul
ture have shown increased cellular responses in migration, adhesion, 
interaction, and cytoskeletal organization [32,33]. As physiological 
microenvironment of cell is cultured in 3D, efforts to understand how 
biophysical factors synergistically activate cell behaviors in dynamic 3D 
microenvironment form [34,35]. In cell reprogramming studies, 3D 
culture system also showed improvement on producing more iPSCs [36, 
37]. These changes modulate cellular behaviors during the reprogram
ming process by varying the cytoskeletal changes, extracellular matrix 
(ECM)–receptor interactions, mesenchymal to epithelial transitions 
(MET), and epigenetic modulations [38]. 

Ultrasound as a noninvasive acoustic wave force is another bio
physical change that can apply mechanical stress in a noncontact 
manner. Among the various intensities and frequencies of ultrasound 
available, low-intensity ultrasound (LIUS) has been widely investigated 
as it is not lethal to cells yet provides active biophysical stimulus [39]. 
Unlike other inaccessible, expensive, invasive stimuli, LIUS has deep 
tissue-penetrating properties that can efficiently target sites with easily 
accessible apparatus [40]. Since the FDA has indicated that LIUS is 
generally safe with low risks, its safety profile is highly promising in 
various cell types [41]. LIUS has been commonly used for diagnostic and 
therapeutic purposes [42], as well as for modulating physiological 
changes in the proliferation, migration, and differentiation potentials 
(chondrocytes [43,44], neurons [45,46], and osteoblasts [47,48]) at the 
cellular level. Number of studies presented the effect of ultrasound 
stimulation on directed differentiation of various cell types, but limited 
number of studies support the reprogramming potential of ultrasound 
stimulation and its mechanotransduction [49]. Furthermore, mecha
nism of LIUS stimulation on cells and microenvironments are still un
clear. A few studies have associated biophysical changes from LIUS with 
cytoskeletal rearrangement and fluidization of the cell membrane as 
well as transmembrane protein of the target cells [50]. Also, regulatory 
effects of LIUS on cell and tissue are associated with the interaction of 
cell with adjacent substrates, such as extracellular matrices [51,52]. 
Therefore, further investigations of dynamic culture with LIUS during 
cell reprogramming are necessary to examine cellular mechanisms of 
biophysical modulation and ECM interaction. 

Previous studies have reported that 3D hydrogel system can improve 
the cell reprogramming process [53], but how cells in 3D microenvi
ronment regulate in response to dynamic biophysical cues during cell 
reprogramming process has not been clearly elucidated. Here, we pre
sent the LIUS stimulation of 3D microenvironment system for improved 
cell reprogramming of iPSCs and identify mechanical action of LIUS on 
cell interaction with 3D microenvironment. A previous study reported 
enhanced reprogramming efficiency of iPSCs under a hyaluronic-acid 
(HA) based 3D hydrogel niche with controlled stiffness, initially upre
gulating the HA mediated CD44 expression [53]. In the present study, 
we apply the different duration of LIUS during cellular reprogramming 
of iPSCs within a HA based 3D hydrogel, and the reprogramming effi
ciency of the iPSCs is assessed. LIUS stimulation under 3D microenvi
ronment culture is evaluated for pluripotency, mesenchymal to 
epithelial transition (MET), and histone modification. As LIUS induces 
acoustic wave force to modulate cytoskeletal rearrangement and cell 
surface change, cellular interaction with microenvironment may regu
late increased reprogramming process in HA hydrogel. LIUS stimulated 
3D microenvironment system is further confirmed its efficacy in human 
cell and in vivo environment. Our results indicate that LIUS stimulated 
microenvironment system induces more cell reprogramming process 
into iPSCs. 

2. Results 

2.1. LIUS enhances the reprogramming efficiency of iPSCs 

In this study, LIUS stimulation was carried out by modulating the 

duration of application on the 3D hydrogel. The frequency and intensity 
of the LIUS were set constant at 40 kHz and 300 mW cm− 2, respectively, 
as these values ranged within the viable condition [42]. Different du
rations of LIUS were induced on alternate days and analyzed throughout 
the study. Cell viability of the LIUS was first analyzed after stimulation 
for 7 days, and the fibroblasts stimulated with up to 20 min of LIUS 
showed high viability without dead cells (Supplementary Figs. 2a and 
b). However, 30 min of LIUS stimulation caused cell death, reducing the 
viability of the fibroblasts to ~71 % on day 7. The results show that up to 
20 min of LIUS can maintain cell viability for 14 days; thus, LIUS 
stimulations were limited to 20 min for further studies. 

Next, LIUS stimulation was evaluated for reprogramming iPSCs. For 
the reprogramming process, OCT4-GFP expressing mouse embryonic 
fibroblasts (OG-MEFs) were induced with Yamanaka’s four factors 
(OCT4, SOX2, c-MYC, and KLF4) using retroviral transduction. The 
transduced cells were then encapsulated in HA hydrogel using photo- 
crosslinking methods, and the hydrogels were stimulated with LIUS 
for a given time until analysis (Fig. 1a). Expression of OCT4-GFP at each 
time point showed that longer exposure to LIUS stimulation induced 
more OCT4-GFP-positive cells (Fig. 1b). While the unstimulated group 
started expressing OCT4-GFP on day 14 from transduction, 20 min of 
LIUS application accelerated GFP expression as early as 7 days after 
transduction. This observation is remarkable in that the reprogramming 
process of iPSCs can be further shortened to one week through LIUS 
stimulation. The quantification of OCT4-GFP-positive colonies on day 
21 was also compared, and LIUS stimulation generated more GFP- 
expressing colonies in terms of numbers and intensities [20 min of 
LIUS produced ~3.2-fold increase in colony numbers and ~2.3-fold 
increase in GFP intensities compared with the unstimulated group] 
(Fig. 1c and d). These results correlated with those of flow cytometry 
analysis in that the ratio of OCT4+/SSEA1+ cells improved to 15.56 % 
when compared with the conventional 2D condition (~1 %) and the 3D 
condition (~11 %) (Fig. 1e and Supplementary Fig. 3). The fluorescent 
intensities of other pluripotent markers, NANOG and SOX2, were also 
observed, and higher intensities were detected after LIUS exposure, 
confirming the increased reprogramming efficiency (Fig. 1f). As the 
expressions of pluripotency proteins and genes demonstrate fully 
reprogrammed iPSCs [54], total expression of the pluripotent markers 
were examined. The gene expressions of pluripotent markers Oct4, 
Nanog, and Sox2 showed increased expression with longer LIUS stimu
lation (Fig. 1g). Compared to the unstimulated cells, 20 min of LIUS 
stimulation expressed Oct4, Nanog, and Sox2 markers by ~2.7, ~6.4, 
and ~2.0 fold growth, respectively. Indeed, the protein expressions were 
also correlated with gene expressions, where longer LIUS stimulation 
upregulated the pluripotent markers of OCT4, NANOG, and SOX2 (up to 
2.5, 5.1, and 4.0 times higher intensities of OCT4, NANOG, and SOX2 
bands were measured in LIUS, respectively) (Fig. 1h). 

2.2. LIUS accelerates initial changes in the iPSC reprogramming process 

During the reprogramming process, cells undergo initial changes into 
fully reprogrammed iPSCs, such as METs and epigenetic modifications 
[55]. First, MET changes were analyzed by the gene expressions of 
epithelial marker E-cadherin and mesenchymal marker N-cadherin after 
LIUS stimulation (Fig. 2a). The results showed that LIUS stimulation 
significantly increased the expression of E-cad. On the contrary, N-cad 
expression was slightly reduced as LIUS was induced for 20 min. The 
ratio of E-cad to N-cad expression was more apparent such that LIUS 
stimulation increased the MET during iPSC reprogramming (Fig. 2b). 
Consistently, protein expression of E-cadherin was increased and 
expression of N-cadherin was decreased as LIUS stimulation was 
induced (Fig. 2c). Epigenetic modification is another aspect of iPSC 
reprogramming that activates or silences genes. Specifically, histone 
modifications are extensively reported transitions that occur in the early 
reprogramming process, which are key checkpoint molecules for iPSC 
reprogramming [56]. Here, we observed expressions of active H3 
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Fig. 1. | Ultrasound stimulation enhances reprogramming efficiency in 3D hydrogel. a, Schematic representation of the reprogramming of OCT4-GFP (OG)-MEFs into 
iPSCs under LIUS stimulation. b, OCT4-GFP expression of iPSCs derived from OG-MEFs under various LIUS stimulation times in HA hydrogel (scale bar, 300 μm). c, 
Quantitative analysis of OCT4 GFP intensity and d, number of iPSC colonies derived from OG-MEFs within 3D hydrogels with various ultrasound stimulation times 
(D21; n = 3). e, representative flow cytometry profile of the OCT4+/SSEA1+ cells under LIUS stimulation and its quantified results (D21; n = 3). Immunofluo
rescence images of f, NANOG and SOX2 stained colonies under LIUS-stimulated OG-MEFs after reprogramming (D21; scale bar, 300 μm). g, qPCR analysis of the 
pluripotent markers, (Oct4, Nanog, and Sox2) and h, western blot analysis of the pluripotency markers (OCT4, NANOG, and SOX2) in iPSCs derived from OG-MEFs 
under LIUS exposure in 3D hydrogels (D21; n = 3). All data are expressed as the mean ± s.d. The statistical significance was determined with one-way ANOVA 
followed by Tukey’s multiple comparison post test. ****P < 0.0001. 
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acetylation, H3K4 dimethylation, and H3K4 trimethylation during the 
early reprogramming process, and LIUS stimulation upregulated the 
expressions of all histone markers analyzed (Fig. 2d–g). Therefore, LIUS 
exposure during reprogramming enhanced the initial procedures by 
upregulating the METs and histone modifications. 

2.3. Cytoskeletal rearrangement by LIUS alters membrane fluidity and 
promotes CD44 signaling pathway 

LIUS stimulation could potentially affect the mechanical forces on 
cells within the hydrogel system and adjust their physical properties. 
Thus, we examined the mechanisms for LIUS to modulate reprogram
ming efficiencies by regulating the cytoskeletal structures. F-actin 
staining was used to observe different expressions of actin stress fibers 
from LIUS stimulation. Interestingly, F-actin filaments start to lose their 

expression as LIUS was stimulated extensively (Fig. 3a and b, and Sup
plementary Figs. 4a and b). The measured intensities of F-actin staining 
showed ~37 %, ~43 %, and ~75 % reductions for 5, 10, and 20 min of 
LIUS stimulations, respectively, compared to the unstimulated group. 
Aside from that, we did not observe any physical differences (modulus, 
swelling ratio) in the 3D hydrogels from LIUS stimulation (Fig. 3c and 
d). Actin stress fiber dynamics were further analyzed if LIUS stimula
tions permanently degraded F-actin expressions (Fig. 3e). As 20 min of 
LIUS application reduced F-actin expression, the fluorescence intensities 
remained at their reduced expressions until 40 min from initial LIUS 
stimulation. Interestingly, the expression of F-actin gradually reap
peared and rapidly rearranged the cytoskeletal structure by 60 min. 
These results imply that the mechanical forces from LIUS only alter the 
temporal changes to the cytoskeletal rearrangements of the reprog
rammed cells. The electron microscope images also show the changes to 

Fig. 2. | LIUS accelerates cell transition and epigenetic changes during iPSC reprogramming in 3D hydrogel. a, qPCR analysis of MET markers, E-cad and N-cad, and 
b, ratio of Cdh1/Cdh2 expression and c, western blot analysis of the MET markers (E-cadherin and N-cadherin) of OG-MEFs under LIUS (D1; n = 3). Immunoflu
orescence staining of d, Acetyl H3 (ACH3), e, dimethyl H3K4 (H3K4ME2), and f, trimethyl H3K4 (H3K4ME3) of OG-MEFs stimulated with LIUS (D1; scale bar, 100 
μm). g, Quantification of fluorescence intensity in each immunofluorescence stained cell sample (n = 3). All data are expressed as the mean ± s.d. The statistical 
significance was determined with one-way ANOVA followed by Tukey’s multiple comparison post test. ****P < 0.0001. 
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cell morphology after LIUS stimulation (Supplementary Fig. 5). Conse
quently, F-actin remodeling induced by LIUS regulates focal adhesion 
signaling associated with mechanical changes. Following LIUS-induced 
remodeling, focal adhesion kinase phosphorylation increased up to 
2.7-fold (Fig. 3f), indicating its regulatory role in focal adhesion 

signaling. To further elucidate the involvement of cytoskeletal structures 
in cell reprogramming, we modulated F-actin structures using actin- 
associated small molecules known to transiently alter cytoskeletal or
ganization [57], and assessed their effects on cells. In this experiment, 
cytochalasin D, which depolymerizes F-actin [58], and phalloidin, 

Fig. 3. | LIUS modulates cytoskeletal rearrangement and CD44 interaction. a, Immunofluorescence staining of F-actin after LIUS stimulation (scale bar, 50 μm) and 
b, its graphically quantified intensity (n = 3). Mechanical properties of hydrogel by LIUS application were analyzed by c, shear modulus and d, swelling ratio (n = 3). 
e, Time-dependent expressions of F-actin from LIUS were analyzed by the fluorescence intensities of F-actin (scale bar, 50 μm). f, Protein expression of phos
phorylated FAK and total FAK under LIUS (D1; n = 3). g, mRNA expression of Oct4 and Nanog after F-actin modulation by cytochalasin D and phalloidin treatment 
(D1; n = 3). h, Cell membrane fluidity of LIUS was measured by the relative fluorescence intensity of excimer to monomer ratio (n = 3). i, Immunofluorescence 
staining of CD44 after LIUS stimulation (D1; scale bar, 100 μm) and j, its intensities (n = 3). k, Expressions of CD44 under LIUS were analyzed by qPCR (D1; n = 3). l, 
Protein expression of CD44 and signaling molecules were analyzed with western blotting. Relative protein expressions of m, CD44 and n, signaling molecules, STAT3 
and AKT, were measured (D1; n = 3). All data are expressed as the mean ± s.d. The statistical significance was determined with one-way ANOVA followed by Tukey’s 
multiple comparison post test. n.s., not significant, ****P < 0.0001. 
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which stabilizes the F-actin structure [59], were employed. The results 
showed that each small molecule regulated the expression of F-actin in 
fibroblasts within a 3D hydrogel, even under the LIUS stimulation 
(Supplementary Fig. 6). Subsequently, these cells were evaluated its 
molecular changes in pluripotency, and observed significant alterations 
in the relative mRNA expression of pluripotent markers (Oct4 and 
Nanog) in response to each small molecule (Fig. 3g). F-actin depoly
merization induced by cytochalasin D increased the Oct4 and Nanog 
expression by about 2-fold compared to the untreated group. 
Conversely, phalloidin, which stabilized F-actin polymerization, 
reduced Oct4 and Nanog expression to about 60 % of the untreated 
group. These results emphasize the contribution of LIUS-induced cyto
skeletal remodeling to the cell reprogramming process. 

The cytoskeletal change of LIUS may adjust the fluidity and mobility 
of the cell membrane composition. Using the diffusion rate of the lipid 
analog probes in the fluidized cell membranes, LIUS-stimulated cells 
were analyzed for their cell membrane fluidity (Fig. 3h). The relative 
fluorescence units (RFU) showed that more lipid probes were diffused in 
LIUS treatment, indicating highly fluidized cell membranes. Changes in 
the cell membrane fluidity from LIUS influence cell surface receptor 

mediated signaling to ECM interactions. A previous study reported the 
importance of HA/CD44 interactions facilitating the initial reprogram
ming processes [53], and enhanced membrane fluidity by LIUS could 
further improve CD44 expression. Fluorescence staining of CD44 
showed up to 4 fold increased CD44-expressing cells with greater LIUS 
stimulation (Fig. 3i and j, and Supplementary Fig. 7). Likewise, up to 3 
times high CD44 expressions from LIUS stimulation were found in the 
qRT-PCR (Fig. 3k) and western blot (Fig. 3l,m) results, confirming that 
LIUS stimulation increases CD44 expression. With increased expression 
of CD44, phosphorylation of downstream signaling molecules (STAT3 
and AKT) was observed (Fig. 3l,n). Although all three signaling mole
cules show higher phosphorylation as LIUS was induced, significant 
increase in phosphorylation was observed from STAT3. Taken together, 
LIUS stimulation sequentially rearrange cytoskeletal fibers, modulate 
membrane fluidity, and regulate cell-ECM interaction to increase 
expression of CD44 and its downstream signals. 

Fig. 4. | LIUS stimulation under HA hydrogel mediates initial expression of CD44 and affects reprogramming efficiency. a, Immunofluorescence staining and its 
intensities of CD44 after LIUS stimulation under different microenvironment system (scale bar, 300 μm; n = 3). The reprogramming efficiency of LIUS system under 
different hydrogels were analyzed by immunofluorescence expression and its intensities of pluripotent markers, b, OCT4-GFP, c, NANOG, and d, SOX2 (scale bar, 
300 μm; n = 3). All data are expressed as the mean ± s.d. The statistical significance was determined with two-sided t-tests for comparisons between two experi
mental groups. n.s., not significant, ****P < 0.0001. 
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2.4. Presence of HA/CD44 is necessary for the increased reprogramming 
process during LIUS stimulation 

LIUS stimulation has shown increased reprogramming efficiencies 
from interaction of HA/CD44, and reprogramming efficiencies were 
further analyzed under LIUS stimulation when accessibility of HA or 
CD44 is limited. First, cells were exposed to different ECM-based 
hydrogels (PEG, Gel, and HA) before and after the LIUS stimulation. 
PEG and Gel were selected, as PEG is a biologically inert material, and 
Gel is the most widely used natural material for cell culture. While all 
hydrogels showed decreased F-actin expressions after LIUS stimulation 
(Supplementary Fig. 8), immunofluorescence stained CD44 showed high 
expression in HA hydrogel only, and LIUS stimulation further increased 
the CD44 expression to two folds (Fig. 4a). On the contrary, notable 
increased expression of CD44 were not observed from PEG and GEL 
hydrogels before and after the LIUS stimulation, as the CD44 expressions 
were ~16 % from the HA hydrogel group. PEG hydrogel showed sig
nificant CD44 change after LIUS stimulation, but increased CD44 
expression from PEG hydrogel with LIUS stimulus is too minimal (~20 

% of HA). These different hydrogels were further analyzed for the 
reprogramming efficiency into iPSCs by protein expressions of pluripo
tency. Fluorescence intensity of OCT4-GFP showed that LIUS stimula
tion only increased from HA hydrogel, while PEG and Gel did not change 
(Fig. 4b). Similarly, immunofluorescence stained SOX2 and NANOG also 
showed that LIUS stimulation regulated almost 3.6 fold increase from 
HA hydrogel, while other hydrogels remained its expressions (Fig. 4c 
and d). These results imply that HA ECM is necessary during LIUS 
stimulation to regulate CD44 expression and ultimately increase 
reprogramming efficiencies into iPSCs. 

To further examine if LIUS solely improves the reprogramming ef
ficiency of iPSCs without any CD44 modulations, we used down
regulation of CD44 and performed the reprogramming with 20 min of 
LIUS application. In this experiment, shRNA was used to establish stably 
downregulated CD44-deficient OG-MEFs (shCD44) (Supplementary 
Figs. 9a–c). After the cells were characterized with CD44 down
regulation, they were reprogrammed into iPSCs under 20 min of LIUS 
stimulation. Compared to the control group (shCon), the shCD44 group 
showed a dramatic reduction in OCT4-GFP expressions throughout 

Fig. 5. | LIUS stimulation does not affect reprogramming efficiency into iPSCs in the absence of CD44 expression. a, OCT4-GFP expression of shCD44-induced cells 
under LIUS stimulation throughout the reprogramming process (scale bar, 300 μm). b, Relative fluorescence intensity and c, number of OCT4-GFP-expressing 
colonies of LIUS stimulated reprogrammed shCD44 cells (n = 3). d, Phosphorylation of signaling proteins (STAT3, AKT), analyzed with western blotting (n = 3). 
e, qRT-PCR results of pluripotent markers, along with f, western blotted images and intensities (n = 3). All data are expressed as the mean ± s.d. The statistical 
significance was determined with one-way ANOVA (b,c) followed by Tukey’s multiple comparison post test or two-sided t-tests (d–f). n.s., not significant, ****P 
< 0.0001. 
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reprogramming under LIUS stimulation (Fig. 5a). At day 21, the shCD44 
cells demonstrated reduced number of colonies and fluorescence in
tensities of OCT4-GFP (Fig. 5b and c). LIUS mediated phosphorylation of 
downstream signaling molecules (STAT3 and AKT) was observed to be 
downregulated as CD44 was downregulated (Fig. 5d). The analyzed 
pluripotent markers also showed reduced mRNA and protein expres
sions when CD44 was downregulated (Fig. 5e and f). These results 
suggest that LIUS stimulation regulates the reprogramming efficiency of 

iPSCs mediated by the expression of CD44 interacting with the HA 
microenvironment. 

2.5. iPSC reprogramming applications of LIUS stimulation in HA 
microenvironment in human cell and in vivo condition 

Results have shown that LIUS stimulation in HA microenvironment 
system enhances cellular reprogramming efficiencies in mouse cell, and 

Fig. 6. | LIUS stimulation enhances reprogramming efficiencies into iPSCs in different applications. a, Schematic representation of the reprogramming of human 
adipose derived stem cells (hASCs) into iPSCs under ultrasound stimulation. Immunofluorescence staining of b, OCT4 (Green), SSEA4 (Red), c, NANOG (Green), and 
TRA-1-60 (Red) of hASCs under LIUS stimulation after reprogramming (scale bar, 300 μm). d, Quantification of fluorescence intensity in each immunofluorescence 
stained cell sample, and e, number of iPSC colonies derived from hASCs (n = 3). f, Schematic representation of the reprogramming of OG-MEFs into iPSCs under 
ultrasound stimulation in vivo. g, Fluorescence images of OCT4-GFP and its quantitative intensities from iPSCs reprogramming of OG-MEFs in vivo (scale bar, 100 
μm; n = 3). Immunofluorescence images of pluripotent markers, h, NANOG and i. SOX2 from iPSCs derived from OG-MEFs under in vivo LIUS stimulation in HA 
hydrogel (scale bar, 100 μm), and j, quantified its fluorescence intensities (n = 3). All data are expressed as the mean ± s.d. The statistical significance was 
determined with one-way ANOVA (d,e) followed by Tukey’s multiple comparison post test or two-sided t-tests (f,i). n.s., not significant, ****P < 0.0001. 
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we applied this system to human primary cells for increased iPSC pro
duction. For the reprogramming process of human primary cells, ASCs 
were isolated from patients and introduced retrovirally with Yamana
ka’s four factors. After encapsulation of transduced cells in HA hydrogel, 
LIUS was introduced every other day for a given time period (Fig. 6a). 
After the observation of viable LIUS conditions in human ASCs, up to 20 
minutes of LIUS were stimulated for the analysis (Supplementary 
Fig. 10). Reprogrammed cells were stained with pluripotent protein 
markers to examine the effect of LIUS stimulation. Immunofluorescence 
images show that more pluripotent expressions were observed from the 
human ASCs as the LIUS stimulations increased (Fig. 6b and c). Along 
with the OCT4 and NANOG, pluripotent markers for both mouse and 
human iPSCs, SSEA4 and TRA-1-60 proteins, which solely present in 
human iPSCs [60], were also increased from LIUS stimulation. Protein 
expressions were quantified its intensities and showed that all the 
analyzed pluripotent markers are significantly increased at 20 min of 
LIUS stimulation (up to 3.27, 3.96, 3.89, and 2.22 times higher in
tensities of OCT4, SSEA4, NANOG, and TRA-1-60 proteins were quan
tified in LIUS, respectively) (Fig. 6d). Number of colonies formed were 
also indicated that 20 min of LIUS significantly increased in number 
(Fig. 6e), presenting that LIUS/HA hydrogel system can be applied to the 
reprogramming process in human cell. 

Common procedures for cellular reprogramming are performed in 
vitro, understanding the cell fate specification and plasticity under 
controlled environment. To further utilize the LIUS/HA hydrogel tech
nique in regenerative medicine, we investigated the reprogramming 
efficiency of LIUS in vivo environment. For LIUS stimulation in vivo, 
ultrasound therapy device was used to deliver sound waves in vivo. 
First, the ultrasound therapy device showed significant cytotoxicity of 
OG-MEFs from 20 min (Supplementary Fig. 11). Therefore, LIUS stim
ulation of the device was set to 10 min throughout the process. After the 
encapsulation of OG-MEFs under reprogramming process, HA hydrogel 
was transplanted to a mouse and further processed with LIUS stimula
tion until analysis (Fig. 6f). The immunofluorescent staining of plurip
otent markers showed the elevated expression from LIUS stimulation 
(Fig. 6g–i). The presented result is meaningful that the LIUS/HA system 
can solely enhance the reprogramming process within in vivo condition. 
The relative fluorescence intensities also verify that expression of OCT4, 
NANOG, and SOX2 increased to 3.87, 1.77, and 2.33 times, respectively 
(Fig. 6j). Therefore, LIUS stimulation under HA hydrogel can be utilized 
in vivo reprogramming process to enhance reprogramming efficiency. 

3. Discussion 

Cell reprogramming technique has been highlighted as a promising 
tool for cell therapy and biomedical applications, yet key challenges still 
remain unsolved for its clinical use. Cell reprogramming is a complex 
process comprising some key events to convert somatic cells to iPSCs, 
and these key hallmarks include metabolic changes, inhibition of 
senescence, epigenetic modifications, morphological transitions, and 
pluripotency [55,61,62]. Bioengineering technologies have offered 
multiple approaches to enhance cell reprogramming process into desired 
cell types and numbers. In specific, engineering biomaterials to modu
late biochemical and biophysical cues in a microenvironment have 
expanded the possibility to further control cell fate and function. 
Importance of microenvironment is a key regulating factor for cell 
behavior that it mimics the in vivo-like extracellular environment pro
ducing optimal biochemical and biophysical cues. Previous finding has 
shown that composition of ECM can impact reprogramming process, and 
it can be further modulated with biophysical cues [53,63]. Biophysical 
factors directly influence the cell surfaces, changing the phenotypic 
transitions by cytoskeletal rearrangements. Furthermore, biophysical 
changes can modulate the chromatin structure by regulating the size, 
shape, and stiffness of the nucleus [64–66]. These biophysical modula
tions can lead to regulation of transmembrane localization, signaling 
pathway, and nuclear localization that ultimately impact expression of 

transcription factors. LIUS, another stimulus to regulate biophysical 
cues, is a noninvasive acoustic wave that is well known for its safety for 
various cells, including fibroblast [67,68] and adipose-derived stem 
cells [69–71]. Although biophysical regulation impacting on cells or 
extracellular matrices are well-researched in tissue engineering and cell 
differentiation, there has been no studies exploring the reprogram cells 
into iPSCs clarifying the relationship of LIUS as biophysical regulation to 
microenvironments. 

Here, we have presented LIUS as a new biophysical factor that can 
stimulates cell to promote reprogramming process of somatic cells into 
iPSCs throughout the MET, epigenetic modulation, and pluripotency 
expressions. LIUS directly alters cells to temporarily modulate cellular 
plasticity in cytoskeletal structure and membrane fluidity to facilitate 
actin remodeling and provide higher interaction with ECM components 
around the 3D microenvironment. 3D cell culture system is used in this 
study because it is advantageous over conventional 2D culture to 
observe the precise efficacy of LIUS stimulation, as the 3D system re
sembles cellular phenotypes, structures, and adhesion kinetics observed 
in vivo. Previous reports have indicated different regulatory mecha
nisms of mechanotransduction and cell stimulation between 2D and 3D 
[72,73]. Specifically, 2D culture generates forced polarity of cells, 
inducing varied biophysical modulations of LIUS or ECM interactions 
[74]. Through the LIUS stimulation, cytoskeletal remodeling and 
interaction between HA and CD44 has indicated as key factors to in
crease reprogramming efficiency of iPSCs, verifying that the effect of 
LIUS is highly influenced under optimal 3D microenvironment to 
improve cell reprogramming. As a result, biophysical modulation of 
LIUS stimulation within 3D microenvironment can substantially in
crease iPSC reprogramming efficiency up to 15-fold from traditional 
methods. The application potentials of LIUS are further confirmed with 
human primary cells isolated from human patients and in vivo condition 
that reprogramming efficiencies of iPSCs can be upregulated. 

We suggest that LIUS directly initiates the cellular plasticity of a cell 
during reprogramming process. While LIUS induces insufficient forces to 
affect the mechanical properties of microenvironments [75,76], LIUS 
stimulates the intracellular cytoskeletal structure as a biophysical 
change, which initiates cell transition and cell-matrix interactions sur
rounding its microenvironments [77,78]. The report indicated that 
ultrasound-induced strains break down the intracellular cytoskeletal 
filaments under viable conditions [50], and the softening of the actin 
stress filaments affects cell mechanosensing and cell properties [79]. 
Mechanical modulations alter cytoskeletal remodeling of cells and bio
chemically shift signaling pathways to regulate stem cell fate [80,81]. 
Studies indicate that the stiffness of iPSCs is soft compared to those of 
fibroblasts and human-adipose-derived stromal cells that are not 
pluripotent [82]. Our results showed that LIUS reduces cytoskeletal 
structures of stimulated somatic cells, followed by increased membrane 
fluidity to soften the cell rigidity. Cytoskeletal structures were then 
remodeled to signal the focal adhesion pathway, which is responsible for 
the activation of STAT3 [83,84] and highly influenced cell reprogram
ming process in cell transition and epigenetic modification. Choi et al. 
validated the relationship between F-actin stress fibers and MET during 
cell reprogramming in that F-actin stress fibers reorganize as cells form 
the epithelium in the morphology [25]. Other studies have also indi
cated the role of mechanical modulation in epigenetic changes during 
cell reprogramming, and biophysical cues can induce actin depolymer
ization and reorganization to remodel cytoskeletal structure and trans
mit focal adhesion signaling for iPSC reprogramming [85,86]. The 
presented results correlate that cytoskeletal rearrangement and cellular 
rigidity from LIUS promotes cell transitions towards epithelial-like cells 
and epigenetic modification towards the reprogramming acceleration 
into iPSCs. 

In addition to cell transitions by cytoskeletal disruption of LIUS, it is 
also known to influence the membrane fluidity of cells and mobility of 
the membrane receptor proteins (CD44) that interact with the sur
rounding biomaterials (HA). The acoustic force exerted by LIUS induces 
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membrane fluidity of the cells, and the transmembrane receptors in
crease its mobility within the cell membrane. LIUS is already known to 
induce membrane fluidization by dynamic cortical F-actin cytoskeleton, 
allowing high cellular plasticity [87]. Different lineages from pluripo
tent to differentiated cells show variable cell membrane fluidities. As 
pluripotent stem cells lose their pluripotency towards the differentiated 
state, membrane fluidization decreases and the lipid structure gets or
dered [88]. When cell membranes are disordered, the membrane re
ceptors are less confined and have increased mobility, such that they 
encounter targets more easily [89]. Our results showed the cells sur
rounded by the HA substratum further upregulated the CD44 expression 
as a result from the LIUS stimulation, and it enhances the reprogram
ming efficiency of iPSCs. Interestingly, LIUS stimulation under removed 
HA substratum or inhibited CD44 expression did not increase pluripo
tency after cell reprogramming. Thus, the mobility of CD44 in the cell 
membrane is affected by LIUS stimulation in that more HA engages with 
the less confined CD44. A related study also mentioned that HA/CD44 
binding is dependent on the spatial alignments of HA and CD44, and 
increased flexibility could facilitate the binding process [90]. Our in
vestigations of LIUS uncovered the enhancement of cellular expression 
of CD44 under HA microenvironments that accelerates reprogramming 
efficiency, and it is possible to further modify LIUS stimulation for 
increased cellular interaction with other ECM microenvironments. 

In our system, the HA hydrogel showed reprogramming efficiency of 
iPSCs by the interaction of HA with the CD44 transmembrane receptor 
that initiates reprogramming via enhanced MET, epigenetic, and 
pluripotent expressions [53]. Reports have indicated that HA acts as an 
adhesive bridging the molecules between cells that express CD44 [91], 
and CD44 expression is associated with the several signaling key mol
ecules, such as STAT3, and AKT that are associated with transcription 
factors [92–94]. Our results also indicated high expression of CD44 
induced phosphorylation of STAT3 and AKT proteins for activation. 
Each signaling molecule is highly important for pluripotency tran
scription markers, as STAT3 and AKT undergoes transcriptional acti
vation of the pluripotent markers, KLF4, NANOG, SOX2, and OCT4 
[95–97]. Phosphorylation of STAT3 at ser727 are found to regulate MET 
change, which our result also indicates CD44 induced STAT3 phos
phorylation at ser727 increased epithelial marker over mesenchymal 
marker. Therefore, increased CD44 expression by LIUS also upregulated 
MET, epigenetic, and pluripotent markers. Additional studies on other 
intracellular signaling pathways are necessary to clarify the under
standing of LIUS stimulation from 3D microenvironment during cell 
reprogramming, but the presented results imply that HA-CD44 signaling 
activates downstream molecules, STAT3 and AKT, for regulation of 
transcription factors facilitating reprogramming process. 

Although LIUS/HA hydrogel system showed enhanced cell reprog
ramming efficiencies in mouse somatic cells, reproducible effects in 
human primary cells and in vivo condition are not validated. Since the 
cell reprogramming is intended to convert patient derived cells into 
iPSCs, investigating the reprogramming efficiency of LIUS stimulation 
under HA hydrogel should be verified from human cell. Human primary 
cells, isolated from patient’s tissue, also showed high reprogrammed 
cells into iPSCs. More number of reprogrammed cells in human tissue 
demonstrates the potential for utilizing this method in clinical therapy 
and tissue regeneration. Moreover, LIUS stimulation in HA hydrogel is 
applied in in vivo environment. Recently, in vivo reprogramming has 
gained much attention for utilizing the reprogramming technique 
directly to the regenerative medicine applications [98]. However, 
generating reprogramming cells in vivo still raises challenges related to 
safety considerations and the constraint of limited conversion efficiency. 
HA hydrogels and LIUS are highly recognized materials for safety as 
these are widely utilized in clinical applications. These biocompatible 
materials are further validated its functional ability to increase reprog
ramming efficiency by transplanting HA encapsulated mouse cells and 
stimulating with LIUS. Results on pluripotency expression from mouse 
tissues showed more expressed pluripotent proteins from LIUS 

stimulation. The results are meaningful in that the previous cell 
reprogramming methods often encounter reduced reprogramming effi
ciencies when translated in vivo [99]. However, the LIUS/HA system 
show increased reprogramming efficiencies in both in vitro and in vivo 
condition. The result can be best explained by the HA hydrogel forming 
the surrounding microenvironment structure that mimics in vivo of 
reprogrammed cells, which the equivalent regulatory effects were 
induced from any condition when stimulated with LIUS. Other regula
tory factors may be involved in LIUS during the reprogramming process 
in vivo, given the complexity of physiological responses. However, the 
LIUS stimulation presented here can be proposed as a potential tool for 
enhancing cell reprogramming systems. LIUS stimulation can also be 
extended to other in vivo cell reprogramming studies to demonstrate its 
applicability to different cell types, such as neuronal and musculoskel
etal cells, as LIUS has shown potential for regenerating musculoskeletal 
and nerve systems [100,101]. Therefore, the presented LIUS/HA cell 
reprogramming technique can be suggested as a significant platform for 
various reprogramming applications in both human primary cell and in 
vivo condition. 

In this study, we have suggested methods to increase the reprog
ramming efficiency of iPSCs via modulation of the biophysical factor 
LIUS in a 3D hydrogel system. While initial exposure to ultrasound has 
been reported to show pluripotent potential [49], no clear understand
ing of the mechanisms underlying the relationship between ultrasound 
and reprogramming is elucidated. The present study uses LIUS to 
modulate the cellular responses within a 3D hydrogel system. Within the 
viable conditions, increasing the LIUS time facilitates reprogramming 
efficiency of the iPSCs by upregulating pluripotent expressions. More
over, LIUS stimulation enhances the MET and epigenetic markers, which 
indicate the initial changes during reprogramming. These changes were 
caused by LIUS activating the cytoskeletal rearrangements and mobility 
of the cell membrane and transmembrane proteins that easily interact 
with surrounding molecules. Utilization of LIUS as a biophysical stim
ulus holds many advantages for cellular reprogramming studies, as the 
reprogramming efficiency of LIUS is as effective as those of other bio
physical cues. Furthermore, LIUS can be applied in other reprogram
ming processes (direct reprogramming or in vivo reprogramming) under 
modified microenvironments as other mechanical stimulants have 
already presented such potential in in vivo reprogramming [102,103]. 
This noninvasive biophysical LIUS stimulation represents a novel 
research area in bioengineering and mechanotransduction that can be 
expanded in the tissue engineering and in vivo reprogramming. 

4. Conclusions 

We demonstrated a new reprogramming strategy involving 
noncontact ultrasonic stimulation in a 3D hydrogel system, whereby 
Yamanaka’s four-factor-induced reprogramming efficacy was improved. 
Integration of LIUS stimulation with the established 3D hydrogel system 
enhances the reprogramming efficiency, as more ultrasound stimulation 
leads to higher cellular reprogramming of iPSCs. LIUS stimulation also 
degrades the cytoskeletal structure, followed by increased fluidity and 
mobility of the cell membrane. These changes lead to increased ex
pressions of CD44 with HA microenvironment only, and downstream 
signaling pathways of STAT3 and AKT led to the regulations of METs, 
epigenetics, and pluripotency during reprogramming. The established 
3D microenvironment system integrated with a combinatorial LIUS is 
thus suggested as a new platform for cell reprogramming studies, and its 
capability for cell reprogramming can be applied in both human primary 
cells and in vivo tissue as well. Accordingly, the strategy presented 
herein is expected to be beneficial for various biological and biomedical 
applications. 
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5. Materials and methods 

5.1. Preparation of photo-crosslinkable polymers 

Photo-crosslinkable polymers were synthesized as previously re
ported [53]. In brief, methacrylated hyaluronic acid (MAHA) was syn
thesized by adding 1.5 % v/v of methacrylic anhydride to 1 % w/v 
hyaluronic acid (MW = 500 kDa, Bioland, South Korea) in aqueous so
lution (Supplementary Fig. 1a). While mixture was stirred for 24 h in the 
dark at 4 ◦C, 1.5 % v/v of 5 N NaOH was added to adjust the pH. Mixture 
was dialyzed for 3 days against deionized water using a dialysis mem
brane with a cutoff molecular weight of 100 kDa. After removing the 
remaining impurities, the mixture was lyophilized before use. The syn
thesized MAHA was analyzed for its relative peak of the methacrylate 
protons (peaks at ~6.1, 5.6, and 1.85 ppm) using proton nuclear mag
netic resonance spectroscopy (1H-NMR; 500 MHz FT-NMR Spectrom
etry, Bruker, USA) (Supplementary Fig. 1b). Methacrylated gelatin was 
synthesized from 10 % w/v Gelatin type B (Sigma Aldrich, St. Loius, 
USA) dissolved in phosphate buffer (25 mM potassium phosphate 
monobasic and 170 mM sodium phosphate dibasic) under 50 ◦C. While 
stirring, 10 % v/v methacrylic anhydride solution was added dropwise 
and reacted for 1 h, at pH of 7.5 in the dark. The reaction solution was 
then filtered with 100 μm cell strainer, dialyzed against distilled water 
for 3 days in 10 kDa membrane tube, and lyophilized for the final 
product. 

5.2. Preparation of hydrogels 

To prepare the HA, Gelatin (Gel), and Poly(ethylene glycol) (PEG) 
hydrogels, polymer solutions of MAHA (0.5 % w/v), methacrylated 
gelatin (7 % w/v), and PEG diacrylate (5 % w/v, Alfa Aesar, USA) in 
Dulbecco’s phosphate-buffered saline (DPBS) with Irgacure 2959 (final 
concentration of 0.2 % w/v) were prepared. After adding 40 μL of the 
polymer solution to a polydimethylsiloxane (PDMS) mold of depth 2 mm 
and diameter 5 mm, the sample was exposed to UV light (365 nm, 60 
mW cm− 2, Sei Myung Vactron Co., Ltd., Korea) for 10 s (HA) and 50 s 
(Gel and PEG). 

5.3. Hydrogel characterization 

Swelling properties: The swelling ratio of the HA hydrogel was 
measured by immersing a sample in DPBS under LIUS at 37 ◦C for 3 days. 
Before weighing the swollen sample, the remaining water on the sample 
surface was blotted with a paper. The swelling ratio at each time point 
was defined by the weight ratio of the net liquid uptake to the dried 
hydrogel. 

Rheological characterization: To characterize the mechanical prop
erties of the HA hydrogel, the sample was measured using a HAAKE 
Rheostress1 (Thermo Scientific, USA). The volume of each sample was 
500 μL. The oscillatory frequency sweep was applied at a constant 
oscillatory stress of 0.1 Pa for frequencies from 0.05 to 20 Hz. For all 
tests, the temperature was maintained at 37 ◦C. 

5.4. Cell culture 

Mouse embryonic fibroblasts (MEFs) were modified for OCT4-GFP 
expression (OG-MEF). The OG-MEFs were obtained from Dr. TaeHee 
Lee (Sejong University, South Korea) and incubated in a growth medium 
composed of Dulbecco’s modified Eagle’s medium (DMEM, Hyclone, 
USA) with 10 % v/v fetal bovine serum (FBS, Hyclone) and 1 % v/v 
penicillin/streptomycin (P/S, Hyclone). The cells were maintained at 
37 ◦C in a humidified 5 % CO2 incubator and passaged with 0.25 % 
trypsin/EDTA (Hyclone). For F-actin modulation test, 2 μM of cyto
chalasin D (Sigma Aldrich) or 0.05 μM of phalloidin (Sigma Aldrich) was 
treated for 30 minutes. Human primary adipose-derived stem cells 
(ASCs) were obtained from the human infrapatellar fat pad of patients’ 

knee, with approval of the Ethics Committee at Dongguk University (IRB 
No. DUIRB-202210-18). Briefly, human infrapatellar fat pad was 
washed with DPBS consisting 2 % P/S for three times. Washed tissue was 
digested with 0.5 mg mL− 1 collagenase (Sigma Aldrich) and 1 % P/S 
diluted in DMEM with low glucose at 37 ◦C for 45 min. Then, digested 
tissue was processed to isolate cell pellets by filtration (45 μm strainer) 
and centrifugation (1000×g for 5 min). ASC cell pellet was resuspended 
and cultured in a growth medium composed of low glucose DMEM with 
10 % fetal bovine serum and 1 % P/S at 37 ◦C in a humidified 5 % CO2 
incubator. 

For induction of the OG-MEFs into the mouse iPSCs, a mouse iPSC 
medium, consisted of DMEM with 15 % v/v FBS, 1 % v/v P/S, 1 % v/v 
non-essential amino acids (NEAA, Thermo Scientific), 1 % v/v N-2- 
hydroxyehtylpiperazine-N-2-ethane sulfonic acid (HEPES, Thermo Sci
entific), 1 % v/v Glutamax (Thermo Scientific), 1 % v/v EmbryoMax 
Nucleosides (Sigma Aldrich), 0.1 % v/v beta-mercaptoethanol (Thermo 
Scientific), and 1,000 units mL− 1 leukemia inhibitory factor (LIF; Sigma 
Aldrich), was used. Human ASCs were induced into the human iPSCs 
using human iPSC medium, consisting of DMEM/F12 (Thermo Scienti
fic) with 20 % KnockOut™ serum replacement (Thermo Scientific), 1 % 
P/S, 1 % NEAA, 0.1 % beta-mercaptoethanol, and 4 ng mL− 1 recombi
nant human FGF-basic (rhFGF-b; Thermo Scientific). 

5.5. Generation of iPSCs 

On the day before transfection, GP2-293 packaging cells (Clontech, 
Germany) were seeded at a density of 4 × 106 cells per 100 mm dish; 
pMXs-hOCT4, pMXs-hSOX2, pMXs-hKLF4, and pMXs-hc-MYC (Addg
ene, USA) were transfected using retroviral packaging vector VSV-G 
(Thermo Scientific) and lipofectamine 2000 reagent (Thermo Scienti
fic). The collected medium was centrifuged at 1,300 rpm for 3 min to 
remove debris, and the supernatant was filtered using a 0.45 μm syringe 
filter. Then, the filtered supernatant was loaded on an Amicon® Ultra-15 
10 kDa Centrifugal Filter (Merck, USA) and centrifuged at 4,000×g and 
4 ◦C for 20 min. The resulting solution was resuspended in fresh growth 
medium containing 8 μg mL− 1 polybrene (Sigma Aldrich). Each OG- 
MEFs and ASCs were pre-seeded at a density of 1 × 106 and 2 × 105 

cells, respectively, in 100 mm dishes before transduction. About 10 mL 
of the growth medium containing the retrovirus and polybrene was 
added to each dish, and the medium was replaced with a new growth 
medium after 24 h. After 48 h for complete expression, the transduction 
efficiencies of the OG-MEFs (>90 %) and ASCs (>50 %) were confirmed, 
and the detached cells were suspended in each hydrogel solution at a 
density of 2 × 106 cells mL− 1. The transduced cells encapsulated 
hydrogel was replaced with the iPSC medium every day. 

5.6. Ultrasound stimulation 

Ultrasonic stimulation was applied using a Digital Ultrasonic Set 
(Daehan, Korea). Each OG-MEF-encapsulated HA hydrogel was 
collected in a 50 mL tube with 2 mL of the medium and exposed to LIUS 
for 0, 5, 10, and 20 min at a frequency of 40 kHz and an intensity of 300 
mW cm− 2 on alternate days during the culture period. 

5.7. Live & dead staining 

Live/dead fluorescence staining was performed to estimate the 
cytotoxicity of ultrasonic stimulation. First, the HA hydrogel was 
washed with DPBS and stained with 2 μM calcein AM (Thermo Scien
tific) as well as 4 μM ethidium homodimer-1 (Thermo Scientific) in 
DPBS solution for 30 min. Fluorescence images of the live (green) and 
dead (red) cells were then observed using a Cytation3 (Biotek, USA). 

5.8. Gene expression analysis 

For quantitative real-time polymerase chain reaction (qRT-PCR) 
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analysis, the HA hydrogels were frozen in liquid nitrogen and disrupted 
with a homogenizer in 200 μL of TRIzol™ (Thermo Scientific). After 
complete homogenization, an additional 800 μL of TRIzol and 200 μL of 
chloroform were added. The samples were then vortexed and centri
fuged at 13,000 rpm and 4 ◦C for 20 min. The supernatant was mixed 
with an equal amount of isopropanol, and the mixture was centrifuged 
at 13,000 rpm and 4 ◦C for 20 min. The supernatant was removed from 
the pellet, and washed with 75 % ethyl alcohol, followed by another 
round of centrifugation at 13,000 rpm and 4 ◦C for 10 min. The pellets 
were completely dried and resuspended in RNase-free water (Thermo 
Scientific). RNA quantification was then performed using the Cytation3. 
For cDNA synthesis, complementary DNA was synthesized from 1 μg of 
total RNA using the PrimeScript™ RT reagent kit (Takara, Japan). Then, 
qRT-PCR was performed using the Power SYBR® Green PCR Master Mix 
(Applied Biosystems, UK); the PCR conditions were 95 ◦C for 20 s, fol
lowed by 40 cycles of 95 ◦C for 3 s, 60 ◦C for 30 s, and melting curve 
stage of 95 ◦C for 15 s and 60 ◦C for 60 s. The primer sequences for the 
PCR are shown in Supplementary Table 1. 

5.9. Western blot 

Before western blotting, all hydrogel samples were washed three 
times with DPBS and frozen with liquid nitrogen. Then, the samples 
were disrupted with a homogenizer using 50 μL 5X RIPA buffer (Sigma 
Aldrich) supplemented with a protease inhibitor (Merck) and phos
phatase inhibitor (Sigma Aldrich). The extract was centrifuged at 
13,000 rpm and 4 ◦C for 20 min, and the supernatant was collected. The 
total protein concentration was quantified by bicinchoninic acid protein 
assay using the Pierce BCA Protein Assay Kit (Thermo Scientific). About 
20 μg of each protein sample was separated by denaturing 10 % poly
acrylamide gel electrophoresis. The separated proteins were transferred 
to nitrocellulose membranes and blocked with 5 % skim milk in tris- 
buffered saline and 0.05 % tween-20 (TBS-T) for an hour. The mem
branes were incubated overnight at 4 ◦C with primary antibodies in TBS- 
T with 5 % bovine serum albumin (BSA). The membranes were then 
washed three times with TBS-T and incubated for 2 h at room temper
ature with appropriate horseradish-peroxidase-conjugated secondary 
antibodies diluted 1:5000 in 5 % skim milk TBS-T. After washing with 
TBS-T thrice, the protein bands were detected using a Chemi-doc 
detection system (Bio-Rad, USA), and the images were visualized 
using Image Lab (Bio-Rad) software. Details of the primary and sec
ondary antibodies are shown in Supplementary Table 2. 

5.10. Immunofluorescence staining 

The HA hydrogels were washed three times with DPBS, and the 
washed gels were fixed for an hour at room temperature with 4 % 
paraformaldehyde (Biosesang, Korea). The fixed hydrogels were per
meabilized with 0.3 % (v/v) Triton X-100 in DPBS (PBS-T) at room 
temperature for 30 min. After blocking with 1 % (w/v) BSA in PBS-T for 
an hour at room temperature, the hydrogels were incubated in the pri
mary antibody solution (1:200) overnight at 4 ◦C. The samples were 
then washed with DPBS and incubated in fluorescein-conjugated sec
ondary antibodies (Thermo Scientific) diluted 1:200 in 1 % BSA in PBS-T 
for 2 h at room temperature under dark conditions. For F-actin staining, 
Texas red-X phalloidin (Thermo Scientific) was used. The unbound an
tibodies were washed with DPBS, and samples were counterstained with 
4′6-diamidino-2-phenylindole (DAPI; Thermo Scientific) to observe the 
cellular nuclei. The fluorescence images were observed using Cytation3. 

5.11. Flow cytometry 

The surface antigens on the cells were analyzed via flow cytometry. 
Cells encapsulated in the hydrogels were washed twice with DPBS and 
dissociated using hyaluronidase from bovine testes Type I-s (Sigma 
Aldrich) before collection by centrifugation at 1,300 rpm for 3 min. The 

cell pellets were washed twice with DPBS and blocked with 2 % FBS in 
DPBS solution (FACS buffer). Specific antibodies (diluted 1:100 in FACS 
buffer) were incubated at 4 ◦C for 30 min and washed thrice with FACS 
buffer. Finally, fluorescence was detected using BD Accuri C6 (BD 
Bioscience, Japan). The percentage of expressed cell surface antigens 
was calculated for 10,000 gated cell events. The antibodies used in these 
experiments were anti-CD44 (103011, Biolegend, UK) and anti-SSEA1 
(125608, Biolegend). 

5.12. Cell membrane fluidity 

The cells were analyzed for membrane fluidity via the membrane 
fluidity assay (Abcam, UK) according to manufacturer instructions. In 
brief, cells stimulated with LIUS were labeled with pyrenedecanoic acid 
(PDA) for an hour at 25 ◦C under dark conditions. The unincorporated 
PDA was washed, and the ratio of monomer (Em 400 nm) to excimer 
(Em 470 nm) fluorescence was normalized to that of the unstimulated 
cells. 

5.13. CD44 knockdown 

CD44 RNA was downregulated in the OG-MEFs by retroviral trans
duction to introduce a predesigned CD44 mouse shRNA into the retro
viral vector (Origene, USA) targeting CD44. The CD44 mouse shRNA of 
the retroviral vector was purchased in annealed and purified form ready 
to be transfected into the GP2-293 packaging cells for retroviral syn
thesis. For the transduction, 1 × 106 cells were plated in 100 mm dish, 
and the adhered cells were transduced with retrovirus synthesized using 
polybrene. The OG-MEFs were transduced with CD44 mouse shRNA for 
24 h and then replaced with new growth medium. 

5.14. Electron microscopy 

Cells cultured on the HA hydrogel with LIUS stimulation were har
vested and washed in PBS, fixed with 2.5 % glutaraldehyde solution, and 
washed with distilled water. The hydrogel samples were lyophilized and 
coated with a 10-nm-thick layer of platinum/palladium using a sputter 
(E− 1010, Hitachi, Japan). The morphology of the adhered cells on the 
hydrogels was observed by scanning electron microscopy (SEM; S-3000 
N, Hitachi). 

5.15. Ultrasound stimulation in in-vivo 

Generation of iPSCs with LIUS stimulation in vivo condition was also 
analyzed, approved by the Institutional Animal Care and Use Committee 
of Dongguk University (IACUC-2021-018-3), in accordance with 
ARRIVE guidelines (https://arriveguidelines.org/arrive-guidelines). 
The transduced OG-MEFs encapsulated hydrogel was transplanted into a 
single subcutaneous space of randomly selected 6-8 weeks-old male 
BALB/c nude mice (Orient Bio, Inc., Korea). Each hydrogel is stimulated 
with ultrasound therapy (ST-10A, StraTek Co., Ltd., Korea). ultrasound 
was induced on top of hydrogel transplanted skin, at a frequency of 1 
MHz and an intensity of 300 mW cm− 2 on alternative days. On the day of 
analysis, each hydrogel was isolated from skin and analyzed. 

5.16. Statistical analysis 

In all figures, exact n values represent independent experiments 
performed for each condition. Statistical analysis of the results was then 
performed using GraphPad prism ver. 8.1.0 (GraphPad Software, USA). 
All data shown in this study are presented as means ± standard devia
tion (SD). Two-tailed Student’s t-tests were used for comparisons be
tween two experimental groups. One-way ANOVA using Tukey’s 
multiple comparison post-test was implemented to compare the sam
ples. Two-way ANOVA with Bonferroni posthoc testing was used for 
comparisons among more than two experimental groups with two 
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varying parameters. The statistical significance values were set at n.s., 
not significant, *P < 0.05, **P < 0.01, ***P < 0.001, and ****P <
0.0001. 
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