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Introduction: Topographical cues of biomaterial scaffolds directly guide cell behaviors by determining
integrin ligation and subsequent mechanotransducive pathways, but their influence on organelle (e.g.,
mitochondrion) behaviors remains unclear. Objectives: Considering the high sensitivity of mitochondriain
cardiomyocytes to topographical signals, this study focused on investigating the impact of oriented micro/
nano-wrinkled surfaces with varying wavelengths (0.5 to 25.0 pm) and amplitudes (0.05 to 4.30 pm) on
the mitochondrial functions of rat embryonic myocardial cell line H9c2. Methods and Results: The results
uncover anonlinear response of cardiomyocyte behavior and mitochondrial homeostasis to these surface
features. Notably, surfaces with a 3-um wavelength and 0.7-um amplitude (W3) promoted substantial cell
elongation and orientation, whereas surfaces with a 0.5-pm wavelength and 0.05-pm amplitude (WQ.5)
triggered pronounced mitochondrial division. Remarkably, WO.5 topography facilitated mitochondrial
division via cytoskeletal remodeling, involving vinculin and tubulin, which disrupted mitochondrial
energy metabolism, enhanced reactive oxygen species (ROS)-mediated oxidative stress, and perturbed
mitochondrial homeostasis by stimulating the adenosine 5’-monophosphate-activated protein kinase
(AMPK) pathway. The transcriptomic analysis identifies the pivotal involvement of the p53, FoxO, mTOR,
HIF-1, and AMPK signaling pathways in regulating mitochondrial dynamics in myocardial cells induced by
WO.5, confirming the essential role of the polyadenylation signal (AATAAA) in modulating transcript splicing
processes. Conclusion: Overall, this study offers important insights into the regulatory mechanisms by
which aligned micro/nano topographical stimuliimpact mitochondrial responses in cardiomyocytes, which
hold potential for the development of novel biomaterial-focused approaches for diagnosing and treating
cardiovascular diseases.
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Introduction

The substrate microenvironment is essential in regulating cell
behaviors during biomaterial-guided in situ tissue regeneration
[1,2]. Focal adhesion-mediated sensing of physical and func-
tional cues within the matrix allows cells to transduce these sig-
nals into intracellular signaling pathways, ultimately influencing
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cell growth, differentiation, and apoptosis [3,4]. Thus, cell-matrix
interactions are crucial in tissue remodeling and repairing. In
the area of tissue engineering utilizing biomaterials, the develop-
ment of biomimetic scaffolds possessing suitable physicochemi-
cal characteristics, such as topographical [5-7], biochemical
[8,9], and mechanical [10,11] signals, has surfaced as a hopeful
approach for the regeneration of functional tissues [12]. Surface
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topography, which refers to specific morphological features of
scaffolds in direct contact with cells, is a prominent physical
cue that affects cellular responses [13,14]. Recent research studies
have shown that the characteristics of surface topography can
influence cellular behavior by influencing the cellular cytoskel-
eton to exert forces on the nucleus or by indirectly altering
mechanosensitive pathways through integrin receptor-related
biochemical signaling on the cell membrane [2,15]. Despite sig-
nificant progress in understanding the regulation of cell behavior
by surface topography, the mechanisms underlying the impact
of micro/nanotopographic cues of biomaterial scaffolds on
organelles, such as mitochondria, have been largely overlooked.
Given that mitochondria primarily function to generate adenos-
ine triphosphate (ATP) energy and store calcium for cell signal-
ing activities, which in turn control cell growth and death [16,17],
adeeper understanding of how substrate topographical features
influence mitochondria can provide valuable insights into the
progress of scaffolds made from biomaterials in the field of regen-
erative medicine.

Mitochondrion-associated cellular energy metabolism is
closely linked to ATP production through oxidative phos-
phorylation [18]. The ATP generated powers various cellular
activities, including biomacromolecule formation (such as
nucleotides, lipids, and iron-sulfur clusters), cell growth, cell
death, chronic inflammation, and stem cell differentiation
[17,19]. Recently, numerous research indicated that mito-
chondrial damage is associated with most heart diseases
[20-22]. For example, mitochondrial disorders can lead to
reduced energy production, increased oxidative stress, and
interference with apoptosis signaling pathways [23,24], result-
ing in abnormal apoptosis processes in cardiomyocytes [25].
Additionally, damage to mitochondrial DNA or failure of the
mitochondrial respiratory chain can cause the release of free
electrons in mitochondria, leading to high levels of reactive
oxygen species (ROS), which can induce mitochondrial toxic-
ity [26]. Furthermore, impaired mitochondrial function can
activate the inflammatory response of the immune system and
contribute to tissue fibrosis, thereby causing varying degrees
of damage to heart tissues [27]. Moreover, due to the abun-
dance of mitochondria, myocardial cells exhibit high sensitiv-
ity to topographical signals on substrates [28]. Therefore, the
construction of an effective mitochondrial quality control
(QC) system is essential for the biomaterial-mediated therapy
of myocardial injury [29].

Recently, the arrangement of cardiomyocytes on wrinkled
surfaces has been demonstrated to enhance the growth and dif-
ferentiation of heart tissue for repair purposes [30]. However,
it remains unclear whether the topographical structure provides
a mechanical cue to modulate the mitochondria-associated bio-
energetics of myocardial cells. To investigate this, we designed
wrinkled polydimethylsiloxane (PDMS) surfaces with varying
sizes, ranging from nanometers to micrometers, to explore the
effects on cardiomyocyte morphology and intracellular environ-
ment, and reveal the related regulatory mechanisms. This study
aims to model the process in which cardiomyocytes experience
external pressure during their functioning. The fabrication of
wrinkled PDMS surfaces with anisotropic micro/nanotopography
was achieved by using an elastomer base (prepolymer) and
cross-linker (Sylgard 184) in a weight ratio of 10:1, as previously
described [31]. Following the seeding of H9¢2 cells, molecular
biotechnologies, including immunofluorescent staining and
Western blot (WB) analysis, were employed to investigate the
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mitochondrial homeostasis and oxidative stress response in the
myocardial cells. Additionally, transcriptome analysis was con-
ducted to uncover the regulatory mechanisms underlying the
behaviors of H9¢2 cells in response to the micro/nano-wrinkled

topography.

Results and Discussion

Micro/nano-wrinkled topographical surface

significantly affects cardiomyocyte cell morphology
Due to the relaxation of the stretched polymer after the release
of strain, PDMS substrates were successfully induced to form
micro/nano-wrinkled topographical surfaces through mechan-
ical stretching and plasma treatment [7]. The topographic
characteristics of PDMS can be controlled by adjusting the
degree of stretched strain and the conditions of the air plasma,
such as plasma pressure and oxidation time (Fig. 1A). The micro/
nanotopographical surfaces of PDMS are shown in atomic force
microscopy (AFM) images in Fig. S1. Typically, when cells adhere
to substrates, they can sense the surface topography of the sub-
strate through focal adhesions, which are binding proteins
between cell transmembrane molecules and the material. This
allows the cells to transduce the sensed physical signals from the
microenvironment into intracellular signaling pathways, thereby
influencing cytoskeleton remodeling and cell spreading, a phe-
nomenon referred to as “contact guidance” [2]. As illustrated in
Fig. 1B, a notable difference in cell morphology was observed
between the wrinkled topography and smooth surface.
Specifically, quantitative analysis of cell density revealed a signifi-
cant increase in cell number on the W10 surface compared to
the Flat PDMS (Fig. 1C), attributed to the increased specific sur-
face area of the wrinkled topography, which provides more adhe-
sion sites for cell attachment compared to the smooth surface
[20]. However, the most considerable cell spreading area was
observed in the W3 group (Fig. 1D). Increasing the wrinkle size
from Flat, W0.5, W3, W10, and W27 resulted in the highest cell
elongation along the direction of the wrinkled topography in the
W3 group, accompanied by the lowest cell orientation (Fig. 1E
and F). This suggests that W3 provides optimal contact guidance
for cell spreading. Moreover, it is speculated that topography-
mediated cell spreading influences cell responses, as accumulat-
ing evidence has demonstrated that the rearrangement of the
cytoskeleton induced by topographical cues can exert mechanical
stimuli on organelles and the nucleus, ultimately influencing gene
expression changes [32-34].

The wrinkled topography of WO0.5 facilitates
mitochondrial division by modulating

cytoskeletal remodeling

Given the close association between cytoskeletal remodeling
and mitochondrial transport, morphological plasticity, and
function [35,36], it can be inferred that topographical surfaces
that regulate cell morphology have the potential to impact the
morphology and function of mitochondria in H9c2 cells.
Consequently, the expression of cytoskeletal components (i.e.,
vinculin and tubulin), along with fragmented mitochondria,
was assessed in H9c2 cells [37]. As anticipated, while all groups
demonstrated noticeable vinculin and tubulin expression on
the PDMS substrate (Fig. 2A), the highest expression was
observed on the W0.5 surface (Fig. 2B and C). This suggests
that W0.5 promotes significant cytoskeletal remodeling in
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Fig. 1. Micro/nano-wrinkled topographical surface significantly affects cardiomyocyte cell morphology. (A) Schematic of PDMS substrates. (B) Cell morphology of H9c2 cells
on wrinkled PDMS substrates at 24 h. Red and blue fluorescence represent F-actin and nuclei, respectively. Scale bar, 20 um. (C to F) Quantitative analysis (n > 50) of cell
density, cell spreading area, cell elongation, and cell orientation. *P < 0.05, **#P < 0.005, *###P < 0.001.

H9c2 cells compared to the other PDMS groups. However, this
trend contrasts with the observed cell morphology, where the
highest cell alignment was observed on W3. This discrepancy
is mainly due to the combined effect of space-controlled contact
guidance and focal adhesion-guided cytoskeletal remodeling
on topography-induced changes in cell morphology [14]. On
W3, contact guidance may have a more dominant influence on
directing cell morphology compared to cytoskeletal remodel-
ing. To further investigate the mechanical stimulation of cyto-
skeleton rearrangement on mitochondria, mitochondria fission
in H9¢2 cells was examined through immunofluorescent stain-
ing of MitoTracker Red. As depicted in Fig. 2A, clear mitochon-
drial fragmentation was observed on W0.5 (Fig. 2D and E). We
performed the functional perturbation experiments in Fig. 3A
to C, disrupting the cytoskeleton with nocodazole, observing
the expression of tubulin and mitochondrial dynamics. Our
observations revealed that treatment with nocodazole signifi-
cantly suppressed tubulin expression in the presence of W0.5.
Additionally, nocodazole markedly mitigated the mitochon-
drial fission triggered by WO0.5, thus confirming the relationship
between mitochondrial division and cytoskeletal remodeling.
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In conclusion, these findings support the notion that the wrin-
kled topography of W0.5 promotes mitochondrial division by
regulating cytoskeletal remodeling.

The wrinkled topography of W0.5 significantly
perturbs mitochondrial homeostasis

Mitochondria are significant dynamism organelles that main-
tain mitochondrial network homeostasis through continuous
fusion and division [38]. This procedure is essential in preserv-
ing energy metabolism and contractile function in cardiomyo-
cytes. Dysregulation of mitochondrial dynamics can lead to
mitochondrial rupture and contribute to the pathological devel-
opment of cardiovascular diseases, such as dilated cardiomy-
opathy, ischemia-reperfusion injury, and heart failure [39-41].
In this study, we observed an initial increase followed by a
decrease in mitochondrial fragmentation in myocardial cells
with increasing wrinkle sizes from Flat, W0.5, W3, W10, and
W27 (Fig. 4A), with the most pronounced mitochondrial frag-
mentation occurring on W0.5 (Fig. 4B). Meanwhile, during
mitochondrial fusion and division, Drpl, a cytosolic protein,
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Fig. 2. The wrinkled topography of WO.5 facilitates mitochondrial division by modulating cytoskeletal remodeling. (A) Immunofluorescent staining of vinculin, tubulin, and
mitochondria in H9¢2 cells. (B) Quantified fluorescence intensity of vinculin. (C) Quantified fluorescence intensity of tubulin. (D and E) Quantified number of fragmented
mitochondrial in H9c2 cells from vinculin- and tubulin-based images, respectively. The detected mitochondria include punctate in the division state and linear in the fusion
state. *P < 0.05, **P < 0.01, ****P < 0,001.
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Fig. 3. The wrinkled topography of WO0.5 facilitates mitochondrial division by modulating cytoskeletal remodeling. (A) Immunofluorescent staining of tubulin and mitochondria
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H9c2 cells from tubulin-based images. The detected mitochondria include punctate in the division state and linear in the fusion state. *P < 0.05, **P < 0.01, ****P < 0.001.

collaborates with mitochondrial outer membrane proteins (such
as Fisl and mitochondrial fission factors) to facilitate the divi-
sion process [42,43]. On the other hand, the process of mito-
chondrial fusion is regulated by Mfn2 located in the outer
mitochondrial membrane and Opal found in the inner mito-
chondrial membrane [44]. To analyze mitochondrial homeo-
stasis on a molecular level, the expression of mitochondrial
tusion/division-related proteins in H9¢2 cells was assessed by
WB. As shown in Fig. 4E and E, compared to a smooth surface,
the wrinkled topography of WO0.5 significantly suppressed the
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expression of Mfn2 and Opal, while not significantly affecting
the mitochondrial fission proteins (i.e., Drp1 and Fis1). In addi-
tion, the primary role of mitochondria is to generate ATP for
cellular metabolism [45]. Any impairment in mitochondrial
dynamics can lead to ATP biogenesis defects and disrupt mito-
chondrial energy metabolism [46]. Accordingly, the W0.5 wrin-
kled topography significantly inhibited ATP production (Fig.
4C). Furthermore, mitochondria store electrochemical poten-
tial energy in their inner membrane during energy generation,
and this energy generates the mitochondrial membrane

o1
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Fig. 4. The wrinkled topography of WO0.5 significantly perturbs mitochondrial homeostasis. (A) Immunofluorescent staining of mitochondria in H9¢2 cells using MitoTracker
Red. (B) Quantified number of fragmented mitochondrial in H9c2 cells from (A). (C) ATP production in H9c2. (D) Detection of JC-1 level for mitochondrial membrane potential.
(E) Expression of mitochondrial homeostasis-related proteins (Mfn2, Opal, Drpl, and Fisl) in H9¢2 cells. (F) Quantitative analysis of protein expression (n = 3). *P < 0.05,

##P < 0.0, *#+P < 0.005, ****P < 0001,

potential when there is an asymmetric concentration of pro-
tons or ions across the inner membrane [47]. In other words,
increased energy production is associated with higher mito-
chondrial membrane potential [48]. This was further con-
firmed by the lower expression of JC-1 (a fluorescent indicator
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for measuring mitochondrial membrane potential) on W0.5
compared to other groups (Fig. 4D). This finding confirms
that the wrinkled topography of W0.5 is prone to disrupting
the dynamic equilibrium between mitochondrial fusion and
division.
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Additionally, when mitochondria are stimulated by exter-
nal stimuli, mitochondrial ROS (mROS) produced during
oxidative phosphorylation as a consequence of bioenergetic
metabolism can induce oxidative stress, cellular senescence,
and severe diseases [49-51]. Consistent with mitochondrial
fragmentation, higher levels of ROS were induced in the W0.5
group compared to the other groups (Fig. 5A and C). Notably,
normal cells produce minimal ROS. Although our study
emphasizes how mitochondrial fission promotes ROS produc-
tion, the mutual regulatory role of ROS in mitochondrial
dynamics is worth noting [52]. ROS are established activators
of fission pathways, primarily through the posttranslational
modification and activation of DRP1 (e.g., via phosphorylation
at serine-616) [53]. This ROS-DRP1 axis promotes mitochon-
drial fragmentation, creating a potential feedback loop wherein
fission-derived ROS further amplifies fission [54]. Our find-
ings that increased fission correlates with oxidative stress
suggest a unidirectional relationship. Future studies should
investigate whether targeting the ROS-DRP1 interaction could
modulate mitochondrial dysfunction observed in H9¢2 cells
under varying wrinkle sizes, particularly W0.5. Neglecting this
reciprocal relationship may oversimplify the complex interplay
between redox signaling and mitochondrial morphology. To
ensure that W0.5 can indeed cause mitochondrial fission. We
used the mitochondrial-targeted antioxidant mitoTEMPO
(1 pM) [55] and the general antioxidant N-acetylcysteine
(NAC) (1 mM) [56], treated H9C2 grown on different wrinkles
of PDMS. The results showed that NAC and mitoTEMPO
could effectively reduce the production of ROS in the W0.5
group (Fig. 5B and D).

Taken together, we use the above indicators (fusion/fission
index, ATP levels, membrane potential JC-1, and ROS produc-
tion) to evaluate mitochondrial homeostasis. These findings
demonstrated that the W0.5 wrinkled topography significantly
disrupts mitochondrial energy metabolism, increases mROS-
induced oxidative stress, and consequently disturbs mitochon-
drial homeostasis [57].

The wrinkled topography of W0.5 disrupts
mitochondrial homeostasis by activating
the AMPK pathway

Accumulating evidence demonstrates that cells develop com-
plex biological systems, including the activation of adenosine
5'-monophosphate (AMP)-activated protein kinase (AMPK)
complexes, to cope with energy stress [58,59]. For instance,
AMPK phosphorylates specific enzymes and growth control
nodes to enhance ATP generation and reduce ATP consumption
under low-energy conditions [60,61]. Therefore, the WO.5-
induced decrease in ATP levels in H9¢2 cells is likely to induce
comparable energy stress and trigger the fragmented mito-
chondrial phenotype by affecting AMPK activation (Fig. 6A).
Because AMPKa is closely related to the ATP energy supply
reduction, AMPK signal pathway is activated, and the phos-
phorylated AMPKa (p-AMPKa)/total AMPKa are always keep-
ing the balance [62]. This phenomenon accurately confirmed
that AMPKa and p-AMPKa play a regulating role in the mito-
chondrial energy supply process. Consistently, the increased
p-AMPKo/AMPKa ratio and decreased expression of ATPB
(ATP synthase) observed in the W0.5 group (Fig. 6B to D) fur-
ther confirm the disruption of mitochondrial homeostasis by
regulating the AMPK pathway. To further elucidate the role of
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WO0.5 in disrupting mitochondrial homeostasis through AMPK
activation, we administered the AMPK inhibitor dorsomorphin
(10 pM) [63] to H9c2 cells and monitored the resulting mito-
chondrial dynamics. Our results demonstrated that dorsomor-
phin significantly mitigated the mitochondrial fission induced
by W0.5, while other cellular morphological features remained
unaffected (Fig. 6E and F). These findings align with our previ-
ous conclusions. This indicates that the W0.5 wrinkled topog-
raphy primarily inhibits mitochondrial fusion, leading to the
disruption of mitochondrial homeostasis. Conversely, increas-
ing the size of the wrinkled topography (such as W3, W10, and
W27) tended to simultaneously suppress the fusion and division
of mitochondria, thereby maintaining mitochondrial dynamics
balance.

The potential signaling pathway and involved

cardiovascular diseases regulated by W0.5

To further compare the gene expression profiles at transcrip-
tional levels, cells in W0.5 and Flat groups were sequenced by
transcript sequencing following the experiment workflow (Fig.
S2, n =3). Based on the criteria of fold change greater than 1.5
and a P value of less than 0.05, a total of 2,446 transcripts dif-
ferentially expressed genes (DEGs) were identified as signifi-
cantly altered, in which 2,212 transcripts were up-regulated and
234 were down-regulated (Fig. 7A). The hierarchical cluster
confirmed the significant difference in expression pattern of the
altered transcripts and genes between the W0.5 group and the
control group (Fig. 7B and Fig. S3A to D). Next, we performed
database function annotation for differentially expressed tran-
scripts (DETs) and DEGs. The statistics of the annotated tran-
scripts showed that cellular process and binding activity account
for most systems in DETs and DEGs (Fig. S3E). The Gene
Ontology (GO) annotation results of the DETs were classified
according to the pathway types in GO, which displays the top
20 pathways with the smallest significant Q value. We observed
that ribosome process, spliceosome, p53 signaling pathway;, cell
cycle, and oxidative phosphorylation are the most predominant
signaling in DETSs (Fig. S3F). Particularly, the transcripts related
to cell cycle, apoptosis, and cardiac muscle contraction exhibit
the strongest dysregulation after W0.5 treatment in cardiomyo-
cytes. The transcriptional sequencing results implied that W0.5
higher probability changes the morphology and basic function
of cardiomyocytes.

To illustrate whether W0.5 biomaterials participate in the
putative role in the pathogenesis of cardiovascular diseases and
its mechanism, we analyzed the potential signaling pathways.
Hypertrophic cardiomyopathy, arrhythmogenic right ventricu-
lar cardiomyopathy, and dilated cardiomyopathy are close to
the regulation of W0.5 PDMS (Fig. 7C). Then, the top 20 under-
lying pathways related to biomaterial functions were analyzed.
The signals involved in the actin cytoskeleton, tight junction,
focal adhesion, and cardiac muscle contraction are significantly
regulated (Fig. 7D and E), while the apoptosis and ATP metabo-
lism pathways, including p53 signaling, FoxO signaling, mTOR
(mammalian target of rapamycin) signaling, HIF-1 (hypoxia-
inducible factor 1) signaling, and AMPK signaling, were the
main pathways mediated by W0.5 PDMS. Transcriptome analy-
sis suggests concurrent activation of stress-responsive pathways
(AMPK, p53) and metabolism-related pathways (mTOR, HIF-1,
FoxO). We propose these form a “mechano-metabolic signaling
network” with AMPK as a central hub linking cytoskeletal
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remodeling to mitochondrial dynamics. Moreover, as OPA1
was proved to be significantly regulated by W0.5 PDMS in our
previous study, we then performed the protein-protein inter-
action network of OPA1l by using the STRING database,
including the direct (physical) interactions and indirect (func-
tional) associations (Fig. 7F). We found that Opal mainly
binds nerve growth factor (NGF) and other newly identified
genes (ONT.5215.1) to regulate biological functions in cardio-
myocytes. Subsequently, we used the Kyoto Encyclopedia of
Genes and Genomes (KEGG) analysis to observe the role of
DEGs in regulating the disease, and the results showed that
DEGs are mainly involved in cardiomyocyte proliferation and
atrium development (Fig. 7G). Besides, since fusion genes can
lead to sequence abnormalities, gene expression disorders, and
protein dysfunction, which can lead to or promote the occur-
rence of various diseases, we used MinION sequencing to
identify fusion transcripts. The results showed that there is no
obvious fusion among these target genes, including Opal,
Drpl, Fisl, Mfnl, Mfn2, AMPK, and ATPB. These results
showed that W0.5 participated in the mitochondrial homeo-
stasis of cardiomyocytes.

Gene structure and alternative splicing analysis

Due to the limitation of the software or data, the annotation of
the selected reference genome is often not accurate enough.
Therefore, it is necessary to optimize the original annotated
gene structure. Meanwhile, we further explore the different
mechanisms of WO0.5-treated groups causing the decrease in
total transcript numbers. As a method capable of accurately
identifying the structure of transcripts, full-length sequencing
was used. Gffcomp is used to align transcripts obtained by full-
length sequencing to known transcripts of the genome, so novel
genes and transcripts can be obtained to supplement genome
annotation. Firstly, we analyzed the alternative splicing of DETs
by using Astalavista software and statistics of the 5 alternative
splicing events of transcripts. We found that exon skipping
events account for the majority of splices (Fig. S4), and there
are 241 alternative 3’ splice site and 223 alternative 5 splice site
combinations in W0.5-treated groups, which are significantly
lower than controls, whereas the 125 intron retention events
revealed obviously higher than controls (Fig. 8A). The different
alternative splicing would result in different translations of
proteins and eventually bring diversity to biological traits in
WO0.5 and Flat groups.

In prokaryotes, the alternative polyadenylation (APA) of pre-
cursor mRNA may play a role in enhancing transcriptome diver-
sity, influencing genome coding, and regulating gene expression.
Therefore, we conduct a further analysis of full-length nonchi-
meric (FLNC) sequences to identify instances of APA using the
TAPIS pipeline (transcriptome analysis pipeline from isoform
sequencing). As shown in Fig. 8B, transcripts from over 4,200
genes contain 2 or more polyadenylation sites, suggesting that
APA is a common phenomenon in cardiomyocytes. Interestingly,
the WO0.5 treatment strongly reduced to 3,500 genes, which might
explain the decrease of total number of transcripts. This analysis
identified a significantly overrepresented polyadenylation signal
(AATAAA) (Fig. 8C). In addition, the TCCAG and CTGTG
motifs were also found around 50 nucleotides upstream of the
poly(A) site (Fig. 8C). Then, we analyzed transcription factors
as they have the ability to control the attachment of RNA poly-
merase to DNA templates, thus influencing gene transcription
through the use of animal TFDB 2.0 (animal transcription factor
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database). A total of 1,603 transcription factors were predicted,
and the prediction results are shown in Fig. 8D. Z{-C2H2, a
family of zinc finger E-box binding (ZEB) homeobox that could
regulate cell cycle, cell death, and aging and embryo development
through repressing transcription, occupied the most abundance
of differential transcription factors. This evidence explains the
reason for the decrease in total transcript numbers in WO0.5-
treated groups from different mechanisms (Fig. 8).

In addition, since IncRNA (long noncoding RNA) does not
code for proteins, the transcripts were screened to determine
whether it had coding potential; thus, we can determine whether
the transcript is IncRNA or not. Meanwhile, long noncoding
RNAs were also reported to be closely related to cardiovascular
diseases. Therefore, we analyzed the differentially expressed
IncRNAs regulated by W0.5 in this study via analysis of CPC,
CNCI, CPAT, and PFAM protein domains. A total of 325 IncRNA
transcripts were predicted by all 4 methods (Fig. S5A). We made
an IncRNA classification map based on the location of IncRNA
within the annotation details of the reference genome (Fig. S5B).

Based on our in vitro experiments and transcriptome sequenc-
ing results, we emphasize that anisotropic micro/nanotopography
acts as a physical cue that directly influences cellular mech-
anotransduction via focal adhesion-integrin interactions
and cytoskeletal remodeling. Our work bridges a critical
gap by demonstrating how these cues propagate to organelle-level
responses (mitochondria), an underexplored area in biomaterial
design. Simultaneously, we correlated our results with cardiac
pathology and noted mitochondrial fragmentation on the W0.5
wrinkle, which may serve as a distinctive marker for myocardial
diseases such as ischemic cardiomyopathy and heart failure [64].
The disruption of the fusion/fission balance caused by W0.5 exem-
plifies the in vivo stress response, underscoring its utility in model-
ing disease mechanisms. Our data indicate that cytoskeletal
remodeling, evidenced by increased vinculin and tubulin levels,
acts as a catalyst for mitochondrial fission. However, it is important
to recognize that excessive ROS production might independently
drive fission through Drp1 activation. Additionally, the heightened
ROS levels observed on W0.5 surfaces may not be exclusively due
to mitochondrial impairment; they could also directly induce fis-
sion via redox-sensitive phosphorylation of Drp1 [54]. Employing
ROS scavengers like NAC helped elucidate the underlying caus-
ative mechanisms. We explicitly state that H9c2 cells (rat-derived)
may not fully recapitulate human cardiomyocyte responses.
Transcriptomic pathways (e.g., p53 and FoxO) require validation
in primary human cells or cardiac tissues. Also, we propose that
W3/W10 topographies (promoting cell alignment without fission)
are optimal for cardiac patches, while WO0.5 serves as a platform
to study pathological mitochondrial fragmentation.

Conclusion

In the present study, we used micro/nanotopography of PDMS
to interact with H9c2 and observed that the W0.5 wrinkled
substrate disrupts mitochondrial homeostasis, leading to abnor-
mal fission of H9¢2 mitochondria. At the same time, an oxida-
tive stress reaction occurred in H9¢2, and a large number of
ROS were produced. To more intuitively understand the effect
of fold substrate on the mitochondrial division of H9¢2, we
detected the expressions of Mfn2, Opal, Drpl, and Fisl and
found that W0.5 significantly increased the expression of mito-
chondrial fission protein Drp1. It also causes the activation of
the AMPK pathway. It can also affect the cytoskeletal structure,
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of the DEGs. N > 3, P < 0.05.

increasing the expression of tubulin and vinculin. To enhance
the reliability of our findings, we conducted a transcriptome
sequencing analysis, which, through KEGG analysis, confirmed
that WO.5 plays a role in the regulatory mechanism of cardio-
myocytes. In this study, topological structures of different
wrinkle surfaces were used to simulate the growth environment
of cardiomyocytes and participate in the regulation and repair
of cardiomyocytes. The results showed that W3 and W10 were
more suitable for the growth of cardiomyocytes, while W0.5
had an obvious destructive effect.

Our conclusions are primarily derived from in vitro models,
which may not fully recapitulate the complexity of intact myocar-
dium. Although mechanistically informative, direct clinical
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implications remain speculative without in vivo validation.
Future investigations into employing rat models will be critical to
establish pathophysiological relevance. It is worth noting that W3/
W10 topographies, which promote cell alignment without disrupt-
ing mitochondria (Figs. 1E and 4B), have potential application value
in optimizing the design of cardiac patches for myocardial repair.

Materials and Methods

Fabrication of micro/nano-wrinkled PDMS

The precursor solution of PDMS was prepared with an elastomer
base (prepolymer, Sigma-Aldrich) and Sylgard 184 (cross-linker,
Dow Corning) in a weight ratio of 10:1, following the provided
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instructions. The blend was thoroughly mixed using a spatula
and subsequently degassed in a vacuum for 15 min. Subsequently,
the mixture was deposited onto a clean 12 X 12 cm polystyrene
petri dish. The sample was cured at 70 °C overnight to obtain a
Flat PDMS substrate. To create wrinkled PDMS, the Flat PDMS
substrate obtained was uniaxially stretched to a strain of 10% to
30% ofits original length using a custom-made stretching appa-
ratus, as described in our previous study [65]. The elongated
substrate was subsequently subjected to oxidation through air
plasma (Plasma Activate Flecto 10 USB, at maximum intensity)
under varying pressure conditions (25 mtorr and 14 torr) and
oxidation times (20 to 1,800 s), following the methodology out-
lined in our previous study [31]. Finally, the strain applied to
the PDMS was released, resulting in the generation of micro/
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nano-wrinkled PDMS with various morphological features (i.e.,
WO0.5A0.05, W3A0.7, W10A3.5, and W27A4.3), which were
assigned as W0.5, W3, W10, and W27, respectively. In this nota-
tion, “W” denotes the wavelength of the wrinkled topography,
while “A” represents the amplitude. The specific values of surface
topography for each sample are as follows: W0.5 (wavelength:
0.5 pm, amplitude: 0.05 pm), W3 (wavelength: 3 pm, amplitude:
0.7 pm), W10 (wavelength: 10 pm, amplitude: 3.5 pm), and W27
(wavelength: 27 pm, amplitude: 4.3 pm).

AFM of micro/nano-wrinkled PDMS

AFM imaging was conducted utilizing a commercial NanoScope
V Dimension 3100 microscope (Veeco, USA) operating in tap-
ping mode under ambient conditions. The wavelength and
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amplitude of the wrinkles observed in these images were quan-
titatively analyzed using NanoScope Analysis software. The
modulus of the samples was determined using a BioScope
Catalyst AFM instrument (Bruker, Billerica, MA, USA) inte-
grated with Nano Scope Analysis software. All measurements
were executed in quantum-mechanical nano-mapping mode
with high amplitude, employing Bruker SCANASYST-AIR
cantilevers fabricated from silicon nitride with silicon tips.

Effect of micro/nano-wrinkled topography on

cell morphology

Cell culture and seeding

H9c2 cells were sourced from the American Type Culture
Collection (USA) and were grown in Dulbeccos modified Eagle’s
medium (Meilunbio, China) enriched with 10% fetal bovine serum
(ExCell Bio, China) and 1% penicillin—streptomycin (Invitrogen,
USA). The cells were incubated at 37 °Cin a 5% CO, atmosphere
[66]. For cell seeding, the PDMS substrates were sterilized and
placed in 24-well culture plates. Subsequently, H9c2 cells at 90%
confluence were harvested and seeded onto the substrates as per
the experimental requirements. The drug-treated cells are as fol-
lows: nocodazole (Oncodazole, MedChemExpress, MCE, China,
R17934; 2.5 pg/ml), NAC (MedChemExpress, MCE, China,
HY-B0215; 1 mM), MitoTEMPO (MedChemExpress, MCE,
China, HY-112879, 1 pM), and dorsomorphin (compound
C, MedChemExpress, MCE, China, BML-275; 10 pM).

Observation of cell morphology

H9c2 cells were cultured on PDMS substrates at a density of
2 % 10° cells per well in a 24-well plate. After 24 h of incubation,
the cells were rinsed 3 times using phosphate-buffered saline
(PBS; Solarbio, China) and then fixed at room temperature with
4% paraformaldehyde (Solarbio, China) for 20 min. Following
this, a solution of 0.5% Triton X-100 (Solarbio, China) was
introduced for 10 min to increase cell membrane permeability.
The cells were then stained with 200 nM tetramethyl rhodamine
isothiocyanate—phalloidin (Sigma, USA) for 30 min and 10 pg/
ml 4',6-diamidino-2-phenylindole (DAPI; Solarbio, China) for
10 min. Finally, the cell morphology was visualized using fluo-
rescence microscopy (Nikon A1 MP, Japan). For quantitative
analysis, parameters including cell density (cell number per
square millimeter), cell spreading area, cell elongation (the ratio
of the major axis to the minor axis of cells), and cell orientation
(the angle between the cell elongation direction and the sub-
strate wrinkle direction) were directly calculated using Image]
software, following previous studies [10,31].

Analysis of cytoskeleton and mitochondria remodeling

The topological structure of the substrate influences cell morphol-
ogy by regulating focal adhesions that connect the cell cytoskel-
eton to the substrate [2]. Since the cytoskeleton directly impacts
mitochondrial behavior [35], immunofluorescence staining of
vinculin and a-tubulin was performed in combination with mito-
chondrial labeling using MitoTracker Red CMXRos (Invitrogen
M?7512, USA), following the provided instructions. Briefly, H9c2
cells were cultured on the wrinkled PDMS substrates at a density
of 2 x 10° cells per well in a 24-well plate for 24 h. After washing
with PBS 3 times, the cells were co-incubated with 125 nM
MitoTracker Red CMXRos for 20 min at 37 °C, followed by fixa-
tion with 4% paraformaldehyde for 30 min. Subsequently, a 0.5%
solution of Triton X-100 (Solarbio, Beijing, China) was applied
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to enhance the permeability of the cell membrane for 20 min at
room temperature. To prevent nonspecific binding, the cells were
treated with 3% bovine serum albumin (BSA) in PBS for 30 min.
Next, the cells were incubated with primary antibodies (a-tubulin:
Cell Signaling Technology, USA, 1:2,000; anti-vinculin antibody:
Abcam, USA, 1:100) for 2 h at room temperature, followed by
incubation with secondary fluorescent antibodies [fluores-
cein isothiocyanate (FITC)-conjugated AffinPure Goat Anti-
Mouse IgG (H+L), Jackson ImmunoResearch, UK, 1:50;
FITC-conjugated AffinPure Goat Anti-Rabbit IgG (H+L),
Jackson ImmunoResearch, UK, 1:50] for 1 h at room temperature.
The expression levels of tubulin and vinculin, along with the mito-
chondrial condition in H9¢2 cells, were examined using a confocal
laser scanning microscope (Leica, TCS SPE, Germany). The
analysis of cardiomyocytes with dividing mitochondria was per-
formed using Image] software (Java 1.8.0, USA). Fragmented
mitochondria were defined as punctuate structures, while fused
mitochondria were tubular. This method aligns with established
protocols [67].

Effect of micro/nano-wrinkled topography on
mitochondrial functions

ATP expression assay

ATP expression was quantified using an ATP detection kit
(Beyotime, China) that utilizes firefly luciferase to catalyze fluo-
rescein production, resulting in fluorescence emission [68].
H9c2 cells were seeded on PDMS substrates at a density of 2 X
10° cells per well in a 24-well plate and incubated for 24 h. After
washing the cells 3 times with PBS, the total protein was col-
lected using ATP lysis buffer from the kit, and the protein con-
centration was determined using a bicinchoninic acid (BCA)
Protein Assay Kit (Sigma, USA). The total protein was then
aliquoted into black 96-well plates (JingAn Biological, China).
Subsequently, 20 pl of the protein sample was mixed with 100 pl
of the ATP working solution following the kit’s instructions.
The ATP expression was measured using an Enzyme Labeling
Instrument (BioTek, USA) to quantify the relative light units.
The relative ATP expression levels were analyzed using GraphPad
Prism 5 software (GraphPad Software Inc., USA).

Detection of mitochondrial membrane potential
Mitochondrial membrane potential was assessed using the JC-1
mitochondrial fluorescent probe. H9c2 cells were seeded on
PDMS substrates at a density of 2 x 10° cells per well in a 24-well
plate and incubated at 37 °C in a 5% CO, incubator for 24 h.
The cells were then stained with JC-1 mitochondrial fluorescent
probe (10 pg/ml, Yeasen, China) for 15 min at 37 °C. After wash-
ing the cells 3 times with PBS, trypsin was used to detach the
cells and form cell suspensions. Subsequently, 100 pl of the cell
suspension was added to black 96-well plates. The levels of mito-
chondrial membrane potential in normal cells (represented by
red fluorescence) and apoptotic/unhealthy cells (represented by
green fluorescence) were measured using a microplate reader.
Finally, the ratio of red fluorescence to green fluorescence was
calculated to analyze mitochondrial homeostasis.

Observation of ROS production

ROS production in H9¢2 cells was assessed using the MitoSOX
Red Mitochondrial Superoxide Indicator (Yeasen, China).
H9c2 cells were seeded on PDMS substrates at a density of 2 X
10° cells per well in a 24-well plate and incubated at 37 °Cin a
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5% CO, incubator for 24 h. The cells were then stained with
5 uM MitoSOX Red Mitochondrial Superoxide Indicator and
10 pg/ml DAPI solution. Subsequently, the H9c2 cells were
washed 3 times with PBS, and the expression of ROS was visual-
ized using a confocal laser scanning microscope. The quantita-
tive analysis of ROS expression, represented by fluorescence
intensity per cell, was performed using Image]J software based
on the fluorescence microscopy images.

Effect of micro/nano-wrinkled topography on
mitochondrial homeostasis

Determination of mitochondrial division

To investigate the association of mitochondrial dynamics with
dynamin-related protein 1 (Drpl), mitochondrial fission 1 (Fis1),
mitochondrial fusion 2 (Mfn2), and optic atrophy 1 (Opal) [69],
the protein expressions of these factors were evaluated using WB
analysis. H9¢2 cells were seeded on PDMS substrates at a density
of 2 X 10 cells per well in a 24-well plate and incubated at 37 °C
in a 5% CO, incubator for 48 h. Total proteins were extracted
from the H9c2 cells using immunoprecipitation assay with radio-
immunoprecipitation assay (RIPA) lysis buffer (Solarbio, China)
containing phenylmethanesulfonyl fluoride (Solarbio, China)
and protease inhibitor cocktail (Abmole China Branch, China).
The concentration of protein was measured using a BCA Protein
Assay Kit. Following this, 30 pg of protein was isolated by sub-
jecting them to 12.5% sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE). The proteins were then trans-
ferred onto a polyvinylidene difluoride (PVDF) membrane
(Millipore, USA) and blocked with 5% BSA (Invitrogen, USA)
at room temperature for 1 h on a shaking platform. The PVDF
membrane was then incubated with primary antibodies followed
by secondary antibodies, each for 1 h. Protein bands were visual-
ized using enhanced chemiluminescence (ECL) luminophores
(EpiZyme, SQ201, China), and the protein expressions were
quantitatively analyzed using Image] software. The details of the
primary antibodies used are as follows: rabbit anti-FIS1 poly-
clonal antibody (1:2,000, Absin, China), rabbit anti-DRP1 mono-
clonal antibody (1:1,000, Cell Signaling Technology, USA), rabbit
anti-OPA1 polyclonal antibody (1:2,000, Abcam, USA), and
rabbit anti-mitofusin-2 monoclonal antibody (1:1,000, Cell
Signaling Technology, USA). Rabbit anti-p-actin monoclonal
antibody (1:1,000, Cell Signaling Technology, USA) was used as
a reference protein. The secondary antibodies used were goat
anti-rabbit IgG (H+L) (1:5,000, Absin, China).

Verification of AMPK pathway involved in mitochondrial
energy metabolism

To investigate the involvement of AMPK pathway in mitochon-
drial fragmentation and analyze mitochondrial energy metabo-
lism, a WB assay was also performed following the protocol
outlined in previously described method. The related first anti-
bodies were as follows: rabbit anti-phospho-AMPKa (Thr'”?)
antibody (1:1,000, Cell Signaling Technology, USA), rabbit anti-
AMPKa antibody (1:1,000, Cell Signaling Technology, USA),
and rabbit anti-ATPB antibody (1:10,000, Abcam, USA).

Transcriptome analysis of H9¢c2 cells regulated by
micro/nano-wrinkled topography

Experiment workflow of transcriptome analysis

The experiment workflow followed the standard protocol pro-
vided by Oxford Nanopore Technologies, which involved
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sample QC, library construction, library QC, and library
sequencing [70]. The workflow consisted of the following steps:
Firstly, total RNA from H9c2 cells treated with PDMS substrates
was isolated using TRIzol reagent (Sigma, Darmstadt, Germany)
on dry ice. The RNA was then reverse transcribed using
SuperScript IV reverse transcriptase. The resulting cDNA was
purified and concentrated using AMPure XP beads. In the sec-
ond step, cDNA libraries were generated from 50 ng of total RNA
utilizing the cDNA-PCR Sequencing Kit (SQK-PCS109) and the
PCR Barcoding Kit (SQK-PBK004), following a 14-cycle poly-
merase chain reaction (PCR) amplification as per the manufac-
turer’s instructions (Oxford Nanopore Technologies Ltd., Oxford,
UK). Subsequently, the resulting cDNA libraries were sequenced
using the PromethION system (Oxford Nanopore Technologies
Ltd., Oxford, UK) by Biomarker Technologies (Beijing, China).
Three biological replicates were performed (n = 3). To obtain the
full-length transcriptome, the analysis process involved 3 steps
[71]: tull-length sequence recognition, consensus sequence pol-
ishing, and consensus sequence level clustering.

Long read processing

The raw reads were subjected to filtering, requiring an average
read Q score of at least 7 and a minimum length of 500 base
pairs. After filtering, reading and mapping to the rRNA data-
base were discarded as they represented ribosomal RNA. FLNC
transcripts were identified by detecting primers at both ends
of the reads. Clusters of FLNC transcripts were generated by
aligning them to the reference genome using minimap2. Within
each cluster, consensus isoforms were obtained by applying
polishing using pinfish (https://github.com/nanoporetech/pin-
fish). The consensus sequences were subsequently aligned to
the reference genome (assembly AAP 1.0) utilizing minimap2.
The mapped reads were then further processed using the
cDNA_Cupcake package (https://github.com/Magdoll/cDNA_
Cupcake) with a minimum coverage threshold of 85% and a
minimum identity threshold of 90%. When collapsing redun-
dant transcripts, differences in the 5’ end were not taken into
consideration.

Statistical analyses

All data used at least 3 independent experiments and were pre-
sented as the mean + SE, which were analyzed by GraphPad
Prism 5 software. In the specific analysis process, the Student’s
t test was used for the significance test between the 2 different
groups. A P value of <0.05 (*P < 0.05, ¥*P < 0.01, ¥**P <
0.005, ****P < 0.001) was considered a statistically significant
difference.
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