
Binary Colloidal Crystals Promote Cardiac
Differentiation of Human Pluripotent Stem
Cells via Nuclear Accumulation of SETDB1
Yongping Lin,# Feng Zhang,# Shaojie Chen,# Xiyu Zhu, Jincheng Jiao, Yike Zhang, Zhaomin Li, Jiao Lin,
Biao Ma, Minglong Chen,* Peng-Yuan Wang,* and Chang Cui*

Cite This: ACS Nano 2023, 17, 3181−3193 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Biophysical cues can facilitate the cardiac differ-
entiation of human pluripotent stem cells (hPSCs), yet the
mechanism is far from established. One of the binary colloidal
crystals, composed of 5 μm Si and 400 nm poly(methyl
methacrylate) particles named 5PM, has been applied as a
substrate for hPSCs cultivation and cardiac differentiation. In
this study, cell nucleus, cytoskeleton, and epigenetic states of
human induced pluripotent stem cells on the 5PM were
analyzed using atomic force microscopy, molecular biology
assays, and the assay for transposase-accessible chromatin
sequencing (ATAC-seq). Cells were more spherical with stiffer
cell nuclei on the 5PM compared to the flat control. ATAC-seq
revealed that chromatin accessibility decreased on the 5PM,
caused by the increased entry of histone lysine methyltransferase SETDB1 into the cell nuclei and the amplified level of
histone H3K9me3 modification. Reducing cytoskeleton tension using a ROCK inhibitor attenuated the nuclear accumulation
of SETDB1 on the 5PM, indicating that the effect is cytoskeleton-dependent. In addition, the knockdown of SETDB1 reversed
the promotive effects of the 5PM on cardiac differentiation, demonstrating that biophysical cue-induced cytoskeletal tension,
cell nucleus deformation, and then SETDB1 accumulation are critical outside-in signal transformations in cardiac
differentiation. Human embryonic stem cells showed similar results, indicating that the biophysical impact of the 5PM surfaces
on cardiac differentiation could be universal. These findings contribute to our understanding of material-assistant hPSC
differentiation, which benefits materiobiology and stem cell bioengineering.
KEYWORDS: biophysical cues, topography, pluripotent stem cell, epigenetics, histone modulation

INTRODUCTION
Human pluripotent stem cell (hPSC)-derived cardiomyocytes
(CMs) are a promising cell source for transplantation, drug
screening, and organ-on-chip platforms.1 The stem cell niche in
vivo is varying combinations of biochemical and biophysical
cues in a wide range. Since the discovery of hPSCs, many
studies have focused on regulating hPSC differentiation using
biochemical factors.2 Previous studies demonstrated that
materials with a soft mechanical property or a specific surface
structure could also facilitate stem cell differentiation, shedding
light on modulating stem cell decision-making using
biophysical cues.3,4 Indeed, developing an optimized bioen-
gineering approach for cardiac differentiation of hPSCs in vitro
will be highly beneficial for cardiac regenerative medicine.
Epigenetic regulation is critical in cardiac development. It

has been recently reported that cell nuclei of CM integrated

mechanical cues from the environment through the reorgan-
ization of epigenetically marked chromatin, thereby stabilizing
differentiation and a mature phenotype.5 When planted on a
dendrimer-immobilized surface, human mesenchymal stem
cells (hMSCs) reorganized the nuclear lamina and cytoskele-
ton and remodeled the histone modifications, consequently
shifting the cells from the multipotent state to the smooth,
skeletal, and cardiac muscle lineages.6 Steven’s group has
demonstrated that parallel microgrooves enhanced the directed
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differentiation of cardiac progenitors into CM-like cells. Such
biophysical effects inhibited the activity of histone deacetylase,
augmenting the expression of CM-specific proteins in the
genetically engineered cells.7 These findings highlighted the
epigenetic modification in response to mechanical stimuli
during cardiogenesis.
Our group developed a family of nanostructured substrates

called colloidal self-assembled patterns (cSAPs) for stem cell
differentiation.8 One of the cSAPs named binary colloidal
crystals (BCCs), composed of two types of particles, have been
applied to stem cell culture.8,9 Particle size, material,
proportion, and surface functional groups can be tuned prior
to self-assembly; hence, rich surface physicochemical signals
can be designed for tuning cellular function. Recently, we
demonstrated that one of the BCCs, composed of 5 μm silica
particles and 400 nm poly(methyl methacrylate) (PMMA)

particles (named 5PM) could promote CM differentiation of
hiPSCs, but the underlying mechanism is unclear.8

In the present study, we aimed to discover the mechanism of
BCC-mediated hPSC differentiation. We noticed that cell
morphology was dramatically distinct between 5PM surface
and the flat control, which lead to a better cardiac
differentiation on the 5PM. Thus, it is hypothesized that
focal adhesions, cell nucleus, and cytoskeleton are vital
modulators in hiPSC differentiation. Herein, we examined
the epigenetic state of hiPSCs using the assay for transposase
accessible chromatin sequencing (ATAC-seq) and verified
whether the biophysical effect of the BCC is universal using
hiPSCs and hESCs. This study explored the mechanism of
BCC-mediated cardiac differentiation, which provides insights
into mechanotransduction and benefits stem cell bioengineer-
ing.

Figure 1. 5PM prompted the cardiac differentiation. (A) Manufacturing of the BCCs substrate. (B) Flowchart of cardiac differentiation of
hiPSCs on control and 5PM surfaces. (C) Immunostaining of hiPSC-CMs derived from control, 5PM surface, and EB formation (nucleus:
blue, α-actinin: green, scale bars = 50 μm). The circularity (D), aspect ratio (E), and sarcomere length (F) of hiPSC-CMs in the three groups
were statistically analyzed (n = 30). Mean ± SEM is shown. *p < 0.05, **p < 0.01, ***p < 0.001, estimated by one-way ANOVA with Tukey’s
test.
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RESULTS AND DISCUSSION
BCCs Prompted the Cardiac Differentiation of

hiPSCs. When interacting with materials, adhered cells are
stimulated by various physicochemical signals, including
topographical cues, heat, electricity, and magnetism. Among
these physical signals, the regulatory effect of substrate
physicochemical signals on hPSCs is of most interest to
researchers because it is a one-step method that is feasible in
most laboratories.10,11 Various projects have illuminated the
promoting effects of surface topographical cues such as micro/
nanogroove,7,12 pillar,13 and hierarchical patterns14 on cardiac
differentiation and maturation of hPSCs.
BCCs are versatile materials with hierarchical surface

structures and heterogeneous surface chemistries15 that can
be fabricated in a short period (Figure 1A). We previously
revealed that BCC composed of 5 μm Si and 400 nm PMMA

particles, named 5PM, with hexagonal close-packed geometry
can improve the all-around maturation of hiPSC-CMs,
including mature structural and electrophysiological proper-
ties.8

hiPSCs on 5PM substrates formed igloo-like colonies and
3D spheroids depending on the size which is similar to
attached embryoid bodies (EBs).8 To show the effect of 5PM
surface, the surface characteristics of 5PM were analyzed using
X-ray photoelectron spectroscopy (XPS), atomic force micro-
scope (AFM), and scanning electron microscopy (SEM)
(Figure S1). Meanwhile, the sarcomere structures of the
reseeded hiPSC-CMs cultured on the control coverslip, 5PM
surface, and via EB formation were compared as a single cell
analysis. Before that, teratoma and karyotype assays were
conducted to prove the good quality of the hiPSCs (Figure
S2). As the immunofluorescence staining showed, the 5PM-
derived hiPSC-CMs (Figure 1B) exhibited significantly lower

Figure 2. Morphological and mechanical characterization of cells. (A) Fluorescence staining images of cytomembrane (Dil, red) and nuclei
(DAPI, blue) in hiPSCs cultured on 5PM and control coverslips (scale bars = 20 μm). (B) 3D-reconstructed images of the basal surface of
stained hiPSCs (scale bars = 20 μm). (C) Scanning electron microscopy (SEM) images of hiPSC colonies on 5PM and control coverslips
(scale bars = 10 μm). (D) Transmission electron microscopy (TEM) scan of microstructures in hiPSCs on 5PM and control coverslips (scale
bars = 2 μm). Based on the fluorescence staining, the cell area (E), cell aspect ratio (F), cell circularity (G), and cell karyoplasmic ratio (H)
in the two groups were statistically analyzed (n = 15−19). (I) The circularity of the hiPSCs nuclei in the two groups was analyzed based on
the TEM scan (n = 9). (J) AFM diagram of hiPSCs. (K) Morphology of hiPSCs on control and 5PM surface by AFM scan. The left panel
displayed the probe and hiPSCs (red circle) in the bright field. (L) Young’s modulus analysis of hiPSCs on control and 5PM surface (n =
10). Mean ± SEM is shown. *p < 0.05, **p < 0.01, ***p < 0.001, estimated by two-sample t test.
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Figure 3. Pluripotency analysis of hiPSCs on different surfaces. (A) Distribution of cellular adhesion, LINC complex, and cytoskeleton
related proteins, including FAK, JAK3, TYK1, LMNA, SUN2, EMD, PLEC, PTPN21, and SEPTIN in cells. (B) The expressions of genes
mentioned above were analyzed by qRT-PCR (n = 3). (C) Immunostaining of pluripotent markers in hiPSCs from control and 5PM group
(nucleus: blue, OCT4: green, SSEA4: red, scale bars = 100 μm). (D) Flow cytometry analysis of pluripotent markers, SSEA4, in hiPSCs
cultured on 5PM and control coverslips. (E) The expression levels of stemness related genes, including OCT4, NANOG, CMYC, REX1,
SOX2 were analyzed by qRT-PCR (n = 3). (F) Schematic diagram of hiPSCs trilineage differentiation induced with Trilineage Differentiation
Kit. (G) Trilineage differentiation capacity was characterized via qRT-PCR (endoderm: SOX17, FOXA2, mesoderm: Brachyury, NKX2.5,
ectoderm: NESTIN, PAX6, respectively). n = 3. (H) Immunostaining of mesoderm markers (ASMA, SOX9) in hiPSCs from control and
5PM group, after the induction of mesoderm differentiation (scale bars = 100 μm). (I) The fluorescence intensity of each mesoderm marker
was further compared (n = 9). Mean ± SEM is shown. *p < 0.05, **p < 0.01, ***p < 0.001, estimated by two-sample t test.
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Figure 4. Chromatin accessibility analysis of hiPSCs cultured on different surfaces. (A) Schematic diagram of ATAC-seq. (B) Heatmaps
show accessibility around differential peaks in each group of samples. The X-axis represents the position of 3KB upstream and downstream
with peak as the center, where −3KB represents 3KB upstream of peak center and 3KB represents 3KB downstream of peak center. The Y-
axis represents the signal value enriched by reads. The larger the value, the more enriched it is. (C) Heatmaps of differential expressed genes
forecast according to their corresponding peak numbers in each group of all samples. (D) GO enrichment map and KEGG pathway
enrichment map of associated genes in differential peak region. (E) The representative genome tracks of ATAC-Seq reads in hiPSCs cultured
on 5PM and control surfaces were exhibited, including CREM2, UTF1 (regulators involved in mesoderm development), GFAP (ectoderm
marker), FOXA2 (regulators involved in endoderm development). Blue: control group, Red: 5PM group. (F) The content of H3K9me3
levels in hiPSCs on 5PM and control coverslips was detected by Western Blot (n = 3). Mean ± SEM is shown. *p < 0.05, **p < 0.01, ***p <
0.001, estimated by two-sample t test.
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circularity, higher aspect ratio, and longer sarcomere length,
compared to the age-matched controls and EB-CMs (Figure
S3), indicating an inferior level of cardiac maturation16 (Figure
1C−F).
Cardiac differentiation of hPSCs on the 5PM surface is a

one-stop method for CM generation in situ, which would be
highly beneficial for robust CM production. Nevertheless, the
concrete mechanism of the 5PM promoting cardiac differ-
entiation is unclear. An in-depth exploration of this subject will
advance our understanding of how biophysical cues influence
cell behavior.
BCCs Prompted Nuclear Stiffness of hiPSCs. Cell

morphology of hiPSCs on 5PM surface was analyzed using a
confocal microscope, TEM, and SEM (Figure 2A−D). The
hiPSCs on the 5PM surface had distinct cell and nucleus
shapes, compared with the flat control. Single hiPSC cultured
on the 5PM surface showed a smaller cell size and denser
cytoplasm compared to the control (Figure 2A). The 3D-
reconstructive morphology of the cells further showed that the
single hiPSC on 5PM surface had a more spherical shape
(Figure 2B). hiPSCs on 5PM surface had significantly smaller
cell size (∼0.6-fold, Figure 2E), higher aspect ratio (∼2-fold,
Figure 2F), higher circularity (∼2.0-fold, Figure 2G), and
higher cell karyoplasmic ratio (∼1.7-fold, Figure 2H)
compared to the control. Dense and round hiPSC clusters
were observed on the 5PM surface, while loose and irregular
hiPSC colonies were found on the control coverslip (Figure
2C). The shape of the cell nucleus was examined using TEM
images (Figure 2D). Cell nuclei of hiPSCs cultured on 5PM
surface showed significantly increased nuclear roundness
compared with controls (∼1.1-fold, Figure 2I). The AFM
test demonstrated that Young’s modulus of cell nuclei on the
5PM surface was significantly higher than that on the control
coverslips (∼1.4-fold, Figure 2J−L). The mechanical proper-
ties of the cell nucleus, such as stiffness, are essential in
regulating various physiological and pathological processes,
including cell differentiation, migration, adhesion, and meta-
stasis. Hence, we speculated that 5PM surface could remodel
the properties of hiPSCs even before the induction of cardiac
differentiation.
BCCs Remodeled Cellular Structures and Prompted

Mesoderm Differentiation of hiPSCs. Cell adhesion
determines the spatial reorganization of the cytoskeleton and
cell morphology.17 Apical actin stress fibers are directly
connected to the nuclear lamina through the linker of
nucleoskeleton and cytoskeleton (LINC) complexes, which
are essential to maintain nuclear shape and regulating
chromosome dynamics. Mechanotransduction is the mecha-
nism by which cells convert mechanical stimuli from the
extracellular microenvironment into intracellular biophysical
signals to induce various cellular responses. It is becoming clear
that the mechanotransduction process involves distinct
cytoskeletal and LINC complex components. Herein, we
tested the gene expressions coding for integrins (seven ITGA
and eight ITGB subtypes), cell adhesion (FAK, JAK3, and
TYK1), LINC complex (LMNA, SUN2, and EMD), and
cytoskeleton (PLEC, PTPN21, and SEPTIN1) in hiPSCs
cultured on BCCs (Figure 3A). The result showed a dramatic
difference in the expression profiles of these structural genes
between the two groups (Figure 3B). There were no significant
differences in the expressions of integrin subtypes in hiPSCs
cultured between 5PM and flat control, although ITGA10 was

slightly higher and ITGB2/3 were slightly lower on 5PM
(Figure S4).
Pluripotency is defined by the expression of pluripotent

markers (e.g., OCT4, NANOG, SOX2, and SSEA4) and the
ability to differentiate into three lineages (i.e., endoderm,
mesoderm, and ectoderm).18 The pluripotent markers, i.e.,
OCT4 and SSEA4, showed similar protein expression levels in
hiPSCs cultured on the 5PM and control surfaces tested by
immunostaining and FACS analysis (∼99%, Figure 3C,D).
Similarly, the mRNA expression levels of pluripotent markers,
including OCT4, NANOG, CMYC, REX1, and SOX2 in
hiPSCs showed no differences between the two groups (Figure
3E).
On the other hand, hiPSCs were cultured on 5PM and

control surfaces without chemical factors for cardiac differ-
entiation. It is consistent with the pluripotent staining in Figure
3C that the immunostaining of cardiac markers was negative in
both groups (Figure S5). Subsequently, we induced trilineage
differentiation in hiPSCs cultured on 5PM and control
coverslips using commercial kits (Figure 3F). Interestingly,
two mesoderm genes, Brachyury and NKX2.5, key tran-
scription factors for cardiac differentiation, were significantly
enhanced in the 5PM group (Figure 3G). However, the
expressions of endoderm or ectoderm genes showed no
differences between the two groups. Brachyury and its
coexpressed CDX2 mediated BMP-induced differentiation of
human and mouse pluripotent stem cells into mesoderm and
inhibited endoderm differentiation.19 NKX2.5 is essential in
the mesoderm for early heart formation.20 Furthermore, the
immunofluorescence stainings of mesoderm markers (ASMA,
SOX9), endoderm markers (FOXA2, SOX17), and ectoderm
markers (TUJ1, GFAP) were analyzed as reported before.21 In
parallel, the 5PM surface prompted mesoderm differentiation
of hiPSCs (Figure 3H,I). However, there were no differences
in endoderm and ectoderm markers in the induced hiPSCs
(Figure S6). This is consistent with the previous findings that
the process of differentiation from pluripotent cells to
functional end-phenotypes is mechanoresponsive in a lineage-
and differentiation stage-specific manner.22

BCCs Decreased the Chromatin Accessibility of
hiPSCs. hiPSCs have been reported to have less condensed
chromatin, as they are capable of differentiating into any cell
type. The differentiation of hiPSCs is accompanied by a
selective condensation into heterochromatin with concomitant
gene silencing, leaving access only to lineage-specific genes in
the euchromatin.23 Mechanical and physical forces can alter
nuclear shape and mechanics via heterochromatin formation.24

Thus, we evaluated the epigenetic status and chromatin
accessibility using ATAC-seq (Figure 4A, Figure S7, and Table
S1).
As shown in Figure 4B, hiPSCs cultured on 5PM surfaces

exhibited decreased chromatin accessibility, compared with the
control group. According to their corresponding peak
numbers, the forecasted gene expression of 5PM group was
significantly downregulated compared with that in the control
group (Figure 4C). Further Gene Ontology (GO) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) analysis of
differentially expressed genes in the forecast indicated strong
enrichment for genes involved in cardiogenesis (i.e., Wnt,
Notch, and Hippo25−27), cellular structure (i.e., cell junction,
focal adhesion, actin cytoskeleton organization, actin filament
binding), and transcriptional regulation (i.e., transcription
factor binding, transcription coactivator activity, PDZ domain
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binding, transcription regulatory region sequence-specific
binding) (Figure 4D and Table S2). On the other side, the
representative genome tracks of ATAC-seq reads in hiPSCs
cultured on 5PM and control surfaces were exhibited in Figure
4E. The large-scale chromatin opening of GREM228 and
chromatin closing of UTF129 in hiPSCs from the 5PM group
may allow the expressions of transcriptional regulators of
cardiogenesis. Yet, the remodeling of chromatin accessibility
on the 5PM surface was not favorable for the endoderm and
ectoderm differentiation (Figure S8).30

Generally, gene silencing could be performed by trimethyl
histone H3 on lysine 9 and 27 (H3K9 and H3K27), and gene
activation could be regulated by trimethylation of histone H3
at lysine 4 (H3K4), by influencing chromatin accessibility.31

We further compared the histone methylation state between
the two groups. In the detection of the methylation of H3K4,
H3K9, and H3K27, the expression level of H3K9me3 was
significantly increased in the 5PM group (Figure 4F), while
H3K4me3 and H3K27me3 proteins showed no differences
between the two groups. Meanwhile, the expression level of
H3K9me2 was also elevated in the 5PM group (Figure S9).
BCCs Increased the Nuclear Transport of SETDB1 in

hiPSCs. The lysine methyltransferase, SETDB1, is one of the
enzymes responsible for modulating the methylation of H3K9
and plays a role in diverse biological processes, including early
development, immune cell development, and muscle differ-
entiation.32 Multiple mechanisms could induce the nuclear
transport and accumulation of SETDB1, mediating the silence

of genes and retrotransposons with H3K9me3 modification
(Figure 5A).33 Therefore, we compared the total, nuclear, and
cytoplasmic protein levels of SETDB1 in hiPSCs cultured on
the 5PM and control coverslip. The cytoplasmic SETDB1
protein was significantly decreased, while the nuclear SETDB1
was significantly increased in the 5PM group. Meanwhile, the
total protein levels of SETDB1 showed no differences between
the 5PM and control groups, indicating the relocation of
SETDB1 from the cytoplasm to the cell nucleus (Figure 5B).
On the other hand, Y-27632 is a selective Rho-associated

coiled coil-forming kinase (ROCK) inhibitor causing down-
stream inhibition of myosin II phosphorylation, reported to
reduce the cytoskeleton tension of cancer-associated fibro-
blasts34 and mouse embryonic stem cells.35 To validate
whether the relocalization of SETDB1 was driven by
biophysical cues from the 5PM surface, we thus added Y-
27632 to soften the cells. Moreover, the 2PM group was set as
a topographical control. Due to the low-attached character-
istics of hiPSCs, BCC substrates and control surfaces were all
coated with Matrigel to improve the adhesion. We initially
compared the surface stiffness of BCCs and control coverslips
with and without the Matrigel coating. As shown in Figure S10,
the 5PM surface in the presence of Matrigel coating exhibited a
slightly lower Young’s modulus compared with the plain 5PM,
but without statistical differences. Nevertheless, the stiffness of
5PM+Matrigel was higher than 2PM+Matrigel (∼1.8 fold) and
control coverslip+Matrigel (∼2.1 fold), which showed the
same trend as the stiffness of the surfaces alone.

Figure 5. 5PM prompted the nuclear transfer of SETDB1 in hiPSCs. (A) Schematic diagram of SETDB1 function, which regulates
transcriptional repression by histone methylation. (B) The total, cytoplasmic, and nuclear protein expressions of SETDB1 were analyzed by
Western Blot in hiPSCs grown on 5PM and control coverslips (n = 3). (C) Immunofluorescence staining was used to observe the nuclear
distribution of SETDB1 in the control, 2PM, 5PM, and 5PM treated with Y-27632 group (nucleus: blue, SETDB1: green, scale bars = 20 μm,
zoomed scale bars = 10 μm). (D) The fluorescence intensity of SETDB1 inside the nuclei in each group was statistically analyzed by ImageJ
(n = 10). (E) The nuclear stiffness of hiPSCs cultured on control coverslip, 2PM, 5PM, and 5PM with Y-27632 treatment was analyzed by
AFM (n = 10). Mean ± SEM is shown. *p < 0.05, **p < 0.01, ***p < 0.001, B was estimated by two-sample t test, D and E were estimated by
one-way ANOVA with Tukey’s test.
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Afterward, the nuclear stiffness and SETDB1 nuclear
localization of hiPSCs were evaluated among the control,
2PM, 5PM, and 5PM+Y-27632 groups (Figure 5C). In
parallel, AFM analysis demonstrated that Young’s modulus of
cell nuclei on the 5PM was the highest, followed by the 2PM
group and control group. Consistently, the immunofluor-
escence staining exhibited a notable accumulation of nuclear
SETDB1 in the hiPSCs cultured on the 5PM surface, 2PM
group was in the middle, and the control group was the lowest
(Figure 5D). After treatment of Y-27632, hiPSCs cultured on
the 5PM surfaces lost the spherical morphologies (Figure S11)
and exhibited soft cell nuclei (Figure 5E). Ultimately, the
phenotype of nuclear translocation of SETDB1 was reversed.

The change in nuclear morphology can alter the level of a
variety of substances in and out of the nucleus, resulting in
epigenetic remodeling. For example, mechanical stretch
deforms the nucleus, which cells initially counteract via a
calcium-dependent nuclear softening driven by a loss of
H3K9me3-marked heterochromatin.36 Recently, the nuclear
transport of DNA methyltransferase 3-like (DNMT3L) is
recognized to be promoted by stiff ECM in a protein kinase
Cα (PKCα)-dependent manner, leading to gene silencing by
condensed chromatin of promoters of pluripotent genes
(NANOG), and controls the pluripotency and differentiation
of mESCs.37 These investigations, together with ours, establish
a connection between biophysical signals and intracellular
epigenetic modifications.

Figure 6. Potent effect on mesoderm differentiation of 5PM surface was reversed by SETDB1 knockdown. (A) Flowchart of modulating
SETDB1 activity during cardiac differentiation of hiPSCs. (B) Immunostaining of D30 hiPSC-CMs in the presence of BIX-01294 (a histone
methyltransferase inhibitor), JIB-04 (a histone demethylase inhibitor), and blank control (nucleus: blue, α-actinin: green, scale bars = 50
μm). (C) The circularity, aspect ratio, and sarcomere length of hiPSC-CMs in the three groups were statistically analyzed (n = 30). (D) The
expression levels of cardiogenesis related genes including GATA4 and MEF2C were analyzed by qRT-PCR on D7 (n = 3). (E) Knockdown of
SETDB1 with small interfering RNAs (siRNAs) in one hiPSC and one hESC cell lines. Gene expression was determined via qRT-PCR. (F)
The protein expression level of SETDB1 was detected by Western Blot in two hPSC lines to estimate the interfering efficiency of siRNA-
SETDB1 (n = 3), estimated by one-way ANOVA with Dunnett’s test. (G,H) Trilineage differentiation capacity was evaluated using qRT-PCR
analysis after siRNA-SETDB1 treatment in hiPSCs and hESCs on 5PM surface, respectively (n = 3). Mean ± SEM is shown. *p < 0.05, **p <
0.01, ***p < 0.001, C and D were estimated by one-way ANOVA with Tukey’s test, E, G, and H were estimated by two-sample t test.
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Knockdown of SETDB1 Attenuated the Biophysical
Cues of BCCs. It has been demonstrated that SETDB1
restricted extraembryonic trophoblast lineage potential in
hPSCs.38,39 Moreover, H3K9me3-marked heterochromatin
controls genome stability and three-trilineage differentiation
via distinct epigenomic landscapes. A recent study has revealed
that H3K9me3 marked more gene bodies, promoters, and
termination transcription sites in endoderm and mesoderm
cells when comparing H3K9me3 profiles across the three germ
layers.40 To further support that SETDB1 is vital in cardiac
differentiation, we mimicked and reduced the effect of
SETDB1 on the early days of cardiogenesis with small
molecules, i.e., JIB-04 and BIX-01294, respectively41 (Figure
6A). It illuminated that JIB-04 (a histone demethylase
inhibitor) prompted the sarcomere maturation (Figure 6B,C)
and the expressions of cardiogenesis markers (Figure 6D),
while BIX-01294 (a histone methyltransferase inhibitor)
exhibited opposite phenotypes.
Moreover, human embryonic stem cells (hESC) were

another important source for hPSCs. As the immunostaining
of cardiac contractile protein (α-actinin) showed, the 5PM
surface was also effective to facilitate cardiac differentiation of
hESCs (Figure S12). In order to verify whether the 5PM
surface affected a variety of hPSCs differentiation by increasing
nuclear SETDB1, we used siRNA-SETDB1 (Table S3) to
knock down SETDB1 expression in hiPSCs and hESCs. Both
siRNAs804 and siRNAs1444 could efficiently reduce the
mRNA and protein levels of SETDB1 (Figure 6E,F).
Afterward, hiPSCs were differentiated into three germ layers
using the Trilineage Differentiation Kit. Knockdown of
SETDB1 decreased the expressions of mesoderm markers
(i.e., Brachyury and NKX2.5) on the 5PM surface.
Furthermore, the expressions of endoderm and ectoderm
markers were also changed, where SOX17 and FOXA2
(endoderm) was downregulated and NESTIN and PAX6
(ectoderm) was upregulated, compared with NC-treated
samples on the 5PM surface (Figure 6G). Additionally,
identical outcomes in the hESC cell line (Figure 6H)
demonstrated that the universal promoting effects of BCCs
on cardiogenesis were via the activity of SETDB1.
Previously, loss of SETDB1 in the embryonic stage was

reported to impair the mesoderm42 and endoderm develop-
ment.43 However, the hiPSCs maintain low levels of
H3K9me3, allowing the expressions of transcriptional regu-
lators of neuronal differentiation. The Huntingtin disease-
specific hiPSCs were reported to exhibit increased H3K9me3
levels, impairing the induction of distinct neural genes.44

Consistently, the knockdown of SETDB1 downregulated the
differentiation of hiPSCs into the mesoderm and endoderm
lineages but upregulated the expressions of ectoderm markers
in the present study.

CONCLUSION
The present study explored the mechanism of binary colloidal
crystal (BCC)-induced mechanotransduction in the cardiac
differentiation of hiPSCs, which is illustrated in the Table of
Contents graphic. hiPSCs were more spherical and had a stiffer
nucleus on the 5PM surface, accompanied by the down-
regulation of the chromatin accessibility and promotion of the
translocation of SETDB1 into the cell nucleus. hESCs showed
similar behaviors, indicating that this phenomenon could be
universal in pluripotent stem cells. It was demonstrated that
the BCC substrate delivered the specific outside-in signals,

which remodeled the chromatin state and in turn influenced
the ultimate cell fate. This study provides insights into
biophysics, materiobiology, and stem cell bioengineering.

METHODS
Fabrication of BCCs. BCCs were fabricated according to our

previous protocol using evaporation-induced confined area assembly
(EICAA).45 Briefly, large silica (Si) particles and small polymer
(polystyrene (PS) or poly(methyl methacrylate) (PMMA) particles
were well-mixed in Milli-Q water and deposited on PS-coated glass
slides in a confined area (i.e., a 3 cm diameter rubber ring). Four
combinations were designed, 2 μm Si/0.1 μm PS (2PS), 2 μm Si/0.1
PMMA (2PM), 5 μm Si/0.4 PS (5PS), and 5 μm Si/0.4 μm PMMA
(5PM) in this study. The volumes of the two colloidal solutions were
calculated based on the concentration of large Si particles needed to
form a monolayer inside the confined area. Polymer particles were
calculated to fill the voids between Si particles without covering them.
After water evaporation, the BCCs were heated to 200 °C for 1 min to
stabilize the particle layers. BCCs were sterilized under UV light
(ProCleaner Plus, BioForce Nanosciences, Inc.) for 30 min prior to
cell culture.
X-ray Photoelectron Spectroscopy (XPS). Monochromated

Alkα X-ray source with 150 W of power was used for the XPS analysis
with a Kratos AXIS NOVA spectrometer (Kratos Analytical Inc.,
Manchester, UK).46 The pass energies used to acquire the survey and
high-resolution spectra were 160 and 20 eV, respectively. Three spots
with elliptical areas of ≈0.3 × 0.7 mm2 on each surface were analyzed.
The CasaXPS processing software (version 2.3.16, Casa Software Ltd.
Teignmouth, UK) was used to analyze and quantify the obtained data.
All XPS spectra were corrected according to the C ls line at 284.6 eV.
Teratoma Formation and Karyotyping. Teratoma formation

was performed to evaluate differentiation potency. 106 iPSCs in total
were collected, resuspended in 100 μL of Matrigel, and transplanted
to immune-deficient mice (NOD/SCID) of 6-week subcutaneously.
Eight weeks later, teratomas were surgically dissected and fixed.
Representative sections of hematoxylin and eosin (H&E) stain of all
three germ layers were demonstrated.

For karyotyping analysis, colcemid (10 ug/mL) was used to treat
iPSCs at 37 °C for 1 h. After being dissociated by Accutase
(STEMCELL Technologies, #07920), iPSCs were collected, treated
by hypotonic KCl solution at the concentration of 0.075 M at 37 °C
for 20 min, and fixed by Carnoy’s fixative. Next, Giemsa stain was
performed. Twenty cells in metaphase were counted for G-banding
analysis.
Cell Culture and Differentiation. hiPSCs (NC5) and hESCs

(H9) were cultured in mTeSR1 medium (STEMCELL Technologies,
#85850) on matrigel (Corning, #354248) coated cell culture plates
(Corning, #3506). hiPSCs and hESCs were maintained between
passages 20 and 80, and passaged at 85−100% density with Accutase
(STEMCELL Technologies, #07920) every 3−5 days. The protocol
of cardiac differentiation was described before.47 After 30 days of in
vitro differentiation, the cells were trypsinized and reseeded on
gelatin-coated coverslips for further experiments.

On the early days of the cardiogenesis, 100 nM JIB-04 (MCE, HY-
13953) or 1 μM BIX-01294 (MCE, HY-10587) was added from D0
for 48 h to modulate the activity of SETDB1.
EB-Derived Cardiomyocytes. When the stem cells grow to 80%

confluence, cells were digested with accutase for 3−5 min to
dissociate colonies to single cells. To form self-aggregated EBs,
suspending cells were transferred to the low attachment 6-well plate
(Corning, # 3471), with 2 mL per well in the concentration of 5 ×
106/mL. On the second day, EBs could form in various sizes and were
maintained in the ED Formation Medium (AggreWell, # 05893) as
reported before.48

On Day 4 since EB formation, cardiac differentiation was induced
using small molecules as applied in monolayer differentiation. On Day
8 since cardiac differentiation, spontaneously beating cardiomyocytes
could be observed and were fed every alternate day with the F12
Medium (Thermo Fisher, 11320033) + 2% FBS (Thermo Fisher,
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10100147). During the whole process, culture dishes or plates were
placed on the decolorization shaker (60 rpm) in a 37 °C incubator.
After 30 days of in vitro differentiation, the cells were centrifugated
(200g, 5 min), trypsinized, and reseeded on gelatin-coated coverslips
for further experiments.
Three Germ Layer Differentiation Assay. A STEMdiff

Trilineage Differentiation Kit (Stemcell Technologies, #130115660)
was used for iPSCs differentiation in vitro following the
manufacturer’s protocol. Differentiated cells were analyzed with
related markers for the endoderm, mesoderm, and ectoderm.
Atomic Force Microscope (AFM) Measurement. Cell stiffness

was measured in situ using peak force tapping mode BioScope Resolve
AFM (Bruker Corp., USA), and probes with spring constants of 0.061
N/m (MLCT-A, Bruker Corp., USA) were used. During the
measurement, the cell activity was ensured by constant temperature
perfusion of culture medium at 37 °C, the AFM tip was positioned on
the top of the cell nucleus with micrometer precision, and force−
displacement curves were recorded at 0.25 kHz. Hertz’s model for
mechanics was employed to analyze Young’s modulus of cardiomyo-
cytes. For the stiffness of BCCs, the materials were fixed on a Petri
dish filled with PBS, force curves were directly collected in PBS using
a cantilever with a calibrated spring constant, 0.802 N/m (NP-S10-
A). All values of Young’s modulus were obtained by Nasoscope
Analysis 1.7 software (Bruker Corp., USA).
Scanning Electron Microscopy (SEM). The samples were

washed with Dulbecco’s phosphate-buffered saline (DPBS) and
fixed with 2% cooled glutaraldehyde for 3 h. Samples were coated
with a thin layer of gold for 10 s. A thermal field emission scanning
electron microscopy (FE-SEM, JEOL JSM-7900F, Japan) was used to
observe the samples.
Transmission Electron Microscope (TEM). The samples were

placed in 2% cooled glutaraldehyde and fixed for 24 h. After fixation,
the sample was treated with 1% osmic acid at room temperature for 7
h. Then samples were dehydrated with increasing concentrations of
ethanol (50−100%, each concentration for 30 min). After embedding
with EPON812, polymerization in a 60 °C oven, and block trimming,
the samples were sliced into a thickness of 60−80 nm using an
ultrathin slicer (Leica, Leica UC7, Germany). Slices were placed on a
copper mesh, dried in 2% uranium acetate for 8 min, washed with
deionized water, and then dyed in 2.6% lead citrate solution for 8 min.
The images were collected and analyzed under a transmission electron
microscope (JEOL, JEM-1010, Japan).
qRT-PCR. Total RNA was extracted using the TRIzol Reagent

(Thermo Fisher Scientific, #15596026). The RNA was reverse-
transcribed into cDNA using the PrimeScript RT Reagent kit (Takara,
#RR037A) according to the manufacturer’s instructions. For the qRT-
PCR analysis, cDNA was amplified using an SYBR Green PCR Kit
(Bio-Rad, #1725121). GAPDH was used as the housekeeping gene.
In each group, three samples were analyzed. The detailed information
on primers is listed in Table S4.
Western Blot. Total, cytoplasmic, and nuclear proteins were

extracted from cells using a protein extraction kit (KeyGen BioTECH,
KGP250, KGBSP002). Lysate protein concentrations were deter-
mined using the BCA method (Thermo Fisher Scientific, #23225).
Protein extracts were transferred to a polyvinylidene difluoride
(PVDF) membrane and blocked with 5% bovine serum albumin for
nonspecific bindings. Then membranes were incubated overnight at 4
°C with primary antibodies, followed by incubation with Horseradish
Peroxidase conjugated secondary antibodies. Images were captured
using a Western blot intelligent imaging system (iBrigh CL1000,
Thermo Fisher Scientific, Singapore) and analyzed using ImageJ
software. The detailed information on antibodies is listed in Table S5.
Immunofluorescence Staining. Except for reseeded cardiomyo-

cytes, hiPSCs on different surfaces were stained in situ. Briefly, cells
were carefully washed three times using PBS and then fixed with 4%
paraformaldehyde for 30 min, incubated with 0.1% Triton X-100/PBS
for 10 min. Then the samples were blocked with 1% BSA at room
temperature for 30 min. The samples were incubated with the primary
antibody. After labeling with secondary antibody, cells were imaged
using a Zeiss fluorescence microscope (Axio Imager A2, Zeiss,

Germany) and analyzed using ImageJ software. The detailed
information on antibodies is listed in Table S5.
ATAC-seq. First, we prepared cell suspension, lysed cells with

lysate to obtain nuclei, then cut and purified them with Tn5
transposase, and finally recovered DNA fragments. The recovered
fragments were subjected to end repair, 3′-end addition of A, the
connection of sequencing connector, fragment size selection, and
PCR amplification to obtain a standard high-throughput sequencing
library. Sequencing was performed using an Illumina sequencing
platform.49 The original reads obtained by ATAC-seq were filtered to
obtain clean reads. We obtained the peak position after comparing
clean reads with the reference genome sequence. We mainly chose
MACS2 v2 1.1 software for peak extraction.50 Next, the associated
genes in the peak region were compared with NR, Swiss-prot,51 GO,52

KEGG,53 COG,54 KOG,55 eggNOG,56 and Pfam56 function database
through BLAST57 to obtain the annotation of these genes. Finally, the
functional enrichment analysis was performed.
Statistical Analysis. All normally distributed data were

represented as mean ± standard error of the mean, and the Student’s
t test was used to evaluate statistical significance between the two
groups. Three or more groups were compared by one-way analysis of
variance (ANOVA). A p-value less than 0.05 was considered
statistically significant.
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