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Geometrically defined 
environments direct cell 
division rate and subcellular 
YAP localization in single mouse 
embryonic stem cells
Sarah Bertels1,2,6,8, Mona Jaggy1,2,8, Benjamin Richter1, Stephan Keppler1,6, 
Kerstin Weber1, Elisa Genthner1,6, Andrea C. Fischer1,3, Michael Thiel4, Martin Wegener3,5,6, 
Alexandra M. Greiner1, Tatjana J. Autenrieth1,2 & Martin Bastmeyer1,2,6,7*

Mechanotransduction via yes-associated protein (YAP) is a central mechanism for decision-
making in mouse embryonic stem cells (mESCs). Nuclear localization of YAP is tightly connected 
to pluripotency and increases the cell division rate (CDR). How the geometry of the extracellular 
environment influences mechanotransduction, thereby YAP localization, and decision-making of 
single isolated mESCs is largely unknown. To investigate this relation, we produced well-defined 2D 
and 2.5D microenvironments and monitored CDR and subcellular YAP localization in single mESCs 
hence excluding cell–cell interactions. By systematically varying size and shape of the 2D and 2.5D 
substrates we observed that the geometry of the growth environment affects the CDR. Whereas CDR 
increases with increasing adhesive area in 2D, CDR is highest in small 2.5D micro-wells. Here, mESCs 
attach to all four walls and exhibit a cross-shaped cell and nuclear morphology. This observation 
indicates that changes in cell shape are linked to a high CDR. Inhibition of actomyosin activity 
abrogate these effects. Correspondingly, nuclear YAP localization decreases in inhibitor treated cells, 
suggesting a relation between cell shape, intracellular forces, and cell division rate. The simplicity of 
our system guarantees high standardization and reproducibility for monitoring stem cell reactions and 
allows addressing a variety of fundamental biological questions on a single cell level.

First isolated in  19811,2 and utilized for genetic manipulation of mouse  strains3–5, mouse embryonic stem cells 
(mESCs) have evolved to an excellent model for studying early developmental processes. Understanding and 
controlling self-renewal and differentiation are the two major goals in this field. In recent years it was dem-
onstrated that mechanical properties from the environment evoke intracellular signaling cascades and direct 
gene expression and ultimately cell  behavior6. A protein that has been identified in this context is the mecha-
notransducer yes-associated protein (YAP)7. It is highly expressed in  mESCs8 and its nuclear localization sup-
ports  pluripotency9. Remarkably, mechanotransduction via YAP shuttling can occur within two  hours7. As a 
co-activator of the transcription factor TEAD, it promotes  proliferation10,11 and self-renewal by enhancing the 
expression of pluripotency marker  proteins9,12–14. Although the latter is widely accepted, there are contradictory 
results concerning YAP subcellular localization in mESCs. On the one hand, it has been demonstrated that YAP 
is localized to the nucleus and the  cytoplasm9. On the other hand, it was shown that within the inner cell mass 
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(ICM) YAP is inactivated, shuttled to the cytoplasm, and excluded from the nucleus to prevent differentiation 
into  trophectoderm15. As many other proteins, relevant for early embryogenesis, YAP seems to be distributed 
within the cell in a context-specific manner. To steer self-renewal and differentiation of mESCs in culture, it 
is beneficial to understand how the nuclear to cytoplasmic (n/c) YAP ratio is determined. However, whether 
and how the environment affects YAP localization and ESC fate decision has not been sufficiently assessed. 
Furthermore, it is now well accepted that the response of various cell types drastically differs between 2 and 3D 
growth  environments16–18. Accordingly, different types of 3D growth substrates have been developed to cultivate 
and manipulate various cell types, including  ESCs19–21. Most of these 3D environments are based on complex 
 matrices22,23 and experiments with ESCs are mainly performed with ESC  colonies24,25. Although frequently 
demanded, there is still a lack of studies on single ESC fate decision with respect to clearly defined environmental 
cues. This is due to the fact that reliably assigning a specific cue to a cellular reaction within a complex growth 
environment is  difficult26,27. As a first requirement, a cell culture system allowing for single cell observation needs 
to be designed. The setup should only provide the elementary environmental cues in a highly defined manner. 
In this research article, we describe our interdisciplinary approach to develop a robust and effective cell culture 
system that allows studying ESC fate decision on a single cellular level. We used two-dimensional (2D) micro-
islands and micro-wells with a squared base of different sizes surrounded by walls (2.5D) to achieve different 
geometrically defined growth substrates. The varying degrees of confinement direct mESC morphology, cellular 
tension and presumably fate decision. While most former studies have investigated the impact of biochemical 
factors on ESC lineage  specification28–31, only little is known about the impact of biophysical factors from the 
microenvironment on early fate decision events of single mESCs. Therefore, we explicitly focused on single mESC 
behavior shortly after seeding. We analyzed two short-term events during mESC fate decision: (1) the cell division 
rate, which decreases upon  differentiation32,33 and (2) the context-dependent subcellular localization of YAP. We 
monitored the cells either during decision-making at 4 h or at 24 h to evaluate the respective outcome. In our 
cell culture system with a reduced environmental complexity we discovered that cellular confinement directs 
cell shape which influences subcellular YAP localization and ultimately the cell division rate of single mESCs.

Results
2D and 2.5D confinement differentially affects mESC division rate. We first asked whether single 
mouse ESCs (mESC) can be influenced by the provided 2D and 2.5D adhesive area. 2D micro-islands were pro-
duced by microcontact printing, a soft lithography technique which enables patterning of surfaces with proteins 
separated by protein- and cell-repellent regions. 2.5D micro-wells were produced by direct laser writing (DLW), 
a technique which allows the fabrication of arbitrary free-standing structures in the range of single cells. Thus, 
DLW is a valuable method to produce well-defined 3D cell culture  scaffolds17. The micro-islands and micro-
wells were produced in different sizes – the edge length of the base area increased from 15, 20, 25, 30 to 35 µm 
in length, the height of the wells was kept at approximately 20–25 µm (Fig. 1A,B). We chose a minimal square 
size of (15 × 15) µm2 because mESCs in suspension have a diameter of 10–12 µm and cover the whole (15 × 15) 
µm2 micro-island already after four hours (Supplementary Fig. 1). Base areas and walls of the micro-wells were 
coated with the protein fibronectin (FN) to provide a minimal environmental cue that mimics the extracellular 
matrix (ECM). Single mESCs expressing the pluripotency reporter-construct OCT4-eGFP34 were cultured on 
the islands and inside the wells. Since the cell cycle of mESCs takes about 12  h35 we analyzed the cells 4 and 
24 h after seeding to monitor initial division events. At the first time point, we documented the position of 
islands or wells containing only one single OCT4-eGFP-positive mESCs demonstrating the pluripotent state 
(Supplementary Fig. 2). In supplemental experiments, as a second pluripotency marker SOX2 was monitored 
by immunofluorescence (Supplementary Fig. 2). After 24 h the samples were fixed, stained and the same posi-
tions were imaged again. The images were compared and cell division events were counted. We found that on 
2D substrates mainly mESCs on large islands underwent cell division (Fig. 1C). The quantification demonstrates 
that CDR depends on micro-island size. From small to large islands the CDR gradually increased from 53 to 
87% (Fig. 1D). Surprisingly, mESCs in small 2.5D wells underwent cell division more often than mESCs in larger 

Figure 1.  Cell division rate of mESCs is influenced by their 2D and 2.5D growth environment. (A) 
Fluorescence images of 2D micro-islands with a base area edge length of 15 and 35 µm, respectively. The 
micropattern was produced by microcontact printing. The islands were coated with fibronectin (FN, grey). 
The black areas are passivated and do not allow protein binding or cell adhesion. (B) Scanning electron 
micrographs (SEM) of the smallest ((15 × 15) µm2) and largest ((35 × 35) µm2) 2.5D micro-wells fabricated by 
direct laser writing. The walls have a height of approximately 20 µm. The insert shows a zoom-in at a different 
angle. Scale bars: 50 µm. (C) Representative images of mESCs on small and large 2D micro-islands. Upper 
row: 3D reconstructions from laser scanning image stacks of actin labeled (green) mESCs on FN (magenta) 
islands 4 h after seeding. Lower row: Images of mESCs 24 h after seeding. On the small island only one cell is 
present, whereas on the large island two nuclei (DAPI, white) are detected. (D) Quantification of the CDR of 
mESCs on micro-islands with different base areas. (E) Representative images of mESCs in small and large 2.5D 
micro-wells. Upper row: 3D reconstructions of single mESCs growing in FN (magenta)-coated micro-wells 4 h 
after seeding. In small micro-wells mESCs have a cross shaped morphology, in large micro-wells they display 
a round morphology. Lower row: Images of mESCs 24 h after seeding. In the small well two cells are present, 
whereas in the large well only one nucleus (DAPI, white) is detected. (F) Quantification of the CDR of mESCs 
in micro-wells. Scale bars: 10 µm. Graphs show mean ± one standard deviation (s.d.) from N = 3 independent 
experiments. The number of analyzed cells is given in the individual bars; p value was determined by two-tailed 
student’s t-test.
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wells (Fig. 1E). From small to large wells the CDR gradually decreased from 89 to 37% (Fig. 1F). These findings 
were confirmed using EdU-incorporation assays (Supplementary Fig. 3). Thus, our findings demonstrate that 
the provided adhesive area as well as the dimensionality of the microenvironment affects cell division rate of 
mESCs. Notably, CDR correlates positively with adhesion area in 2D, whereas in 2.5D scaffolds CDR correlates 
with the degree of confinement.

Strong 2.5D confinement provokes unique cellular and nuclear shape and maintains a high 
CDR. To carefully dissect what particular parameter promotes the high CDR in small micro-wells, we varied 
defined environmental cues within our system. To exclude that FN is responsible for the observed effects we 
changed the protein coating to laminin (LN) (Fig. 2A), another ECM protein of the early mouse  embryo36. The 
behavior of single mESCs in LN-coated micro-wells did not differ from the behavior on FN. Again the CDR 
decreased from 84 to 56% with increasing micro-well size (Fig. 2B). Seemingly, the type of cell-ECM contact is 
not decisive for mESC behavior in our system. As an additional control, coating with Poly-d-Lysine (PDL) was 
performed. mESCs in PDL-coated scaffolds react in a similar manner with a higher CDR in small micro-wells 
(Supplementary Fig. 4). Another reason for the different cellular reactions could be the accumulation of fac-
tors secreted by the mESCs within the 2.5D micro-wells that possibly influence mESC fate decision. Therefore, 
we created a second setup with 2.5D micro-wells with non-adhesive walls, allowing potential accumulation of 
soluble factors (Fig. 2C). The walls of these scaffolds were fabricated from a photoresist with passivating proper-
ties (TPE-TA37), preventing cell adhesion. The bottom was the glass surface of the cover slips coated with FN. 
In these wells, the obtained CDR corresponded to the CDR on 2D where no accumulation of soluble factors 
can occur: The larger the base area, the higher the CDR of single mESCs (Fig. 2D). Thus, a potential accumula-
tion of soluble factors within the micro-wells is not responsible for the observed effects. Additionally, we found 
that single mESCs cultivated in passivated 2.5D micro-wells did not interact with the walls of the scaffolds and 
resembled mESCs on 2D with respect to cellular morphology.

We next analyzed how many walls were contacted by the mESCs in FN-coated 2.5D micro-wells. We found 
that 80% of mESCs in small wells ((15 × 15) µm2) had contact to all four walls (as quantified in Supplementary 
Fig. 5), leading to cross-shaped cells (FN, Fig. 1E and LN, Fig. 2A). In large 2.5D wells ((35 × 35) µm2) most 
mESCs adhered to the bottom and in addition to one or two walls, leading to roundish cells (FN, Fig. 1E and 
LN, Fig. 2A). This is in contrast to cells growing on large 2D micro-islands, where the cells can easily spread as 
observed by live cell imaging (Supplementary Fig. 6). This led to the assumption that the type of cell adhesion 
and thereby cell shape is one relevant factor for decision-making in mESCs.

Accordingly, we compared mESC morphology on small micro-islands, in small micro-wells and in small 
micro-wells with non-adhesive walls. Single optical sections of mESCs reveal that only cultivation in small 
ECM-coated micro-wells led to the formation of prominent actin arcs and in addition resulted in a cross-shaped 
nucleus (Fig. 2E). In larger 2.5D micro-wells with adhesive walls the distance between two opposite walls prevents 
mESCs from spanning across the well. We quantified this finding and found that the cells in 2.5D micro-wells 
with a base area of (35 × 35) µm2 are mostly attached to one or two walls, do not spread, and reveal either a spheri-
cal or hemispherical morphology (Supplementary Fig. 5). On large 2D micro-islands, however, mESCs usually 
increase their spreading area before cell division (Supplementary Fig. 6). Cell spreading, as observed for mESCs 
in small micro-wells and on large micro-islands, is known to affect cellular tension. Thus our data suggest that 
an increased cellular tension correlates with a high CDR.

Relative YAP localization in single confined mESCs correlates with cellular tension. To confirm 
that cellular tension within single mESCs determines the CDR we applied two inhibitors that relieve actomyosin 
contractility. We applied the inhibitors at concentrations that affected cellular morphology but still allowed cell 
division. When imaged four hours after seeding, mESCs treated with the myosin II inhibitor Blebbistatin showed 
a flattened and enlarged phenotype compared to control cells. This effect was independent from micro-well size 
(Fig. 3A) and led to an equal CDR of ~ 55% in small and large micro-wells (Fig. 3B). In addition, loss of cellular 
tension also abolished the formation of cross-shaped nuclei in small micro-wells (Fig. 3A inset). The same obser-
vations were made for treatment with the myosin light chain kinase inhibitor ML-7. Again, the cells had a large 
spreading area (Fig. 3C) and an equal CDR of ~ 56% in small and large micro-wells (Fig. 3D).

It has been described that low nuclear stiffness, which is typical for mESCs, together with a high cellular strain 
due to actin stress fibers lead to a shift of mechanotransductive events from the cytoplasm to the  nucleus38. This 
supports the notion that nuclear YAP is relevant for cross-shaped mESCs. We measured the relative nuclear to 
cytoplasmic localization of the mechanotransducer and transcriptional co-activator YAP.

The outline of the cell was defined by actin-labeling and the outline of the nucleus was determined by DAPI-
staining. Subsequently, the mean fluorescence intensity of the YAP-signal was measured for the cytoplasm and 
the nucleus (Fig. 3E). Interestingly, our measurements revealed that mESCs in a confined 2.5D microenvironment 
in general have more nuclear than cytoplasmic YAP, thereby addressing the ongoing discussion on the relative 
YAP localization in mESCs.

The quantifications revealed that the nuclear to cytoplasmic (n/c) YAP ratio drops from 2.1 in confined, cross-
shaped mESCs in small micro-wells to 1.4 in round mESCs in large micro-wells (Fig. 3F). The relative localization 
of YAP in inhibitor treated single mESCs further confirmed the assumption that the observed changes in CDR 
are dependent on cellular tension. For both inhibitors the n/c YAP ratio did not significantly differ between single 
mESCs in small or large micro-wells (Fig. 3G,H).

We conclude that for single mESCs in small micro-wells the confinement leads to a stretched phenotype, 
inducing high cellular tension that is translated into a biochemical signal via YAP translocation.
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Figure 2.  Cell shape is linked to cell division rate. (A) Single OCT4-eGFP expressing mESCs (green) in laminin-coated 
2.5D micro-wells (LN, yellow) with 15 µm base area edge length four hours after seeding. The nuclei (marked by OCT4) 
exhibit a cross-shaped morphology. Scale bars: 10 µm and 15 µm for the 3D reconstruction. (B) CDR on LN significantly 
decreases with increasing micro-well size. (C) 3D reconstructions of mESCs in micro-wells with non-adhesive walls 
(TPE-TA, grey) and a FN-coated bottom (magenta). The cells exhibit a round morphology irrespective of the well size. 
Scale bars: 10 µm (D) The CDR increases with increasing micro-well size, as on 2D islands. (E) 3D reconstructions 
(upper row) and single optical sections (lower row) of mESCs four hours after seeding. Actin (green) and the nucleus 
(DAPI, blue) were stained. On 2D micro-islands and in 2.5D micro-wells with non-adhesive walls cells and nuclei have 
a round morphology. Cells (and nuclei) in 2.5D micro-wells with adhesive walls adopt a cross-shaped morphology with 
prominent actin arcs. Scale bars: 5 µm. Graphs show mean ± one s.d. from N = 3 independent experiments. The number of 
analyzed cells is given in the individual bars; p value was determined by two-tailed student’s t-test.
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Discussion
In recent years the influence of biochemical and biophysical factors from the local microenvironment on stem 
cell differentiation has frequently been studied. Most 3D cell culture systems, however, are too complex to deter-
mine the impact of specific environmental cues on stem cell fate decision. For example, gel-matrices, especially 
those derived from natural polymers such as collagen or hyaluronic acid, are difficult to standardize due to the 
random cross-linking  process39,40. Additionally, characterization of the bulk material often fails to represent the 
local microenvironment which would be more relevant for  cells41. Unfortunately, characterization of the local 
environment proved to be difficult and heterogeneity in local stiffness, pore size, permeability, ligand spacing or 
degradability has been  observed39,42. Within our 2.5D cell culture system essential parameters, i.e., adhesion area, 
dimensionality, and ECM-coating, are presented and systematically varied. Thereby, we can easily standardize 
the composition of our growth substrates which leads to highly reproducible results. Furthermore, we are able 
to monitor single mESCs instead of whole colonies. Protected from direct cell–cell interactions, the observed 
behavior can be assigned to the changes of the microenvironment. It was already proven for adult stem cells, espe-
cially mesenchymal stem cells that biophysical cues from the microenvironment regulate cell fate  decision43,44. 
A typical cellular reaction of mESCs to the geometrical and/or mechanical properties of the microenvironment 
is the adaptation of their morphology. Interestingly, differences in cell shape have been shown to be closely 
linked to changes in cellular tension, both in 2D and in  3D45,46. As an example, intracellular tension caused by 
cell morphology is involved in the first specification event during mammalian embryonic development. At the 
8-cell stage of mouse development an asymmetric cell division produces two daughter cells, one with weak and 
one with strong actomyosin contractility. Mediated through nuclear YAP, the highly contractile and stretched 
outer cells build the trophectoderm (TE) whereas the round and less contractile cells build the  ICM47 which 
will form the embryonic tissue.

So far it has been shown that nuclear YAP positively correlates with cell  proliferation10,11 and self-renewal of 
 mESCs9,12–14. How dimensionality, cellular confinement, and mechanical forces influence the behavior of single 
ESCs is still a matter of investigation. To demonstrate the power of single cell monitoring in this context, we 
applied our geometrically defined growth substrates to analyze the CDR and subcellular localization of YAP with 
respect to different degrees of confinement.

In this study we determined the CDR by counting cell division events and not by measuring cell cycle length. 
Early in development, mESC have a doubling time of 10–14 h 35,48. Since we investigated isolated single mESCs we 
expected a prolonged cell cycle length. To be on the safe side, we therefore monitored the cells 24 h after seeding. 
For example, on the largest 2D micro-islands in 80% of the cases cell division events have been observed within 
these 24 h. Of these, 70% have divided only once, whereas the remaining 30% have undergone two rounds of 
division. This roughly corresponds to a cell cycle length of 15 h under our experimental conditions.

In this context we want to mention that we did not distinguish between single mESCs that correspond to the 
early (naïve) state of development or the late (primed) state of development.

Pluripotency is not a fixed state of embryonic stem cells before they undergo differentiation but rather a 
spectrum ranging from naïve to primed  cells49,50. Naïve pluripotent cells have a larger developmental potential 
as primed cells. This becomes evident, e.g., during chimera formation, where only the naïve population contrib-
utes to chimeric embryos. Depending on the culture conditions different states of pluripotency are supported. 
In this study mESCs have been cultured in medium supplemented with LIF and serum. These cells represent a 
heterogeneous population ranging from the naïve pluripotent state to the primed pluripotent state. The mESCs 
thus exhibit a heterogeneous expression of different pluripotency  markers51,52. OCT4, used in this study, marks 
all pluripotent cells irrespective of their state but is lost upon full commitment of the cells. Therefore, we cannot 
distinguish between naïve and primed mESCs but accordingly we included the whole spectrum of pluripotency 
into our analysis.

By systematically varying size and shape of the 2D and 2.5D substrates we observed that the geometry of the 
growth environment affects the CDR: Whereas CDR increases with increasing adhesive area in 2D, CDR is high-
est in small 2.5D micro-wells and decreases with increasing well size. One interpretation for these results could 
be that the CDR is proportional to the cell/ECM contact area. This could especially explain the situation on 2D 
substrates, where the cells could form more contact sites and thus increase the amount of intracellular signaling 
cascades that regulate cell  division53. This contact is in general mediated by integrins that upon contact to ECM 
cluster and establish intracellular signaling complexes. Unfortunately, we have been unable to quantify cell/ECM 
contact area since the mESCs form mostly small and diffuse focal adhesions as monitored by Paxillin staining. 
This is not surprising since low focal adhesion signaling is a hallmark of mouse embryonic pluripotency 54. On 
the other hand, it has been shown for adult stem cells and progenitors that not only the amount of ECM but also 
the geometrical distribution can at least influence fate  decision43,44,55. We find that mESCs on larger 2D islands 

Figure 3.  Changes in cellular tension lead to YAP activation. (A,C) Images of Blebbistatin or ML-7 treated 
mESCs in FN–coated micro-wells (magenta) with 15 and 35 µm base area edge length, respectively. Actin 
staining (green) demonstrates a large spreading area. Insets show 3D reconstruction of the nuclei of inhibitor 
treated cells in small micro-wells. Scale bars: 10 µm. (B,D) CDR of inhibitor treated mESCs does not differ 
between small and large micro-wells. The no-treatment control is shown in Fig. 1F. (E) Images of mESCs 
in small and large micro-wells four hours after seeding. The outline of the cell was determined by the actin 
signal (yellow line). The nuclear outline was determined by DAPI staining (blue line). Scale bars: 10 µm. (F) 
Quantification of the nuclear to cytoplasmic (n/c) YAP ratio in control cells. (G and H) Quantification of the n/c 
YAP ratio in inhibitor treated mESCs. Graphs show mean ± one s.d. from N = 5, 4, 3, respectively, independent 
experiments. The number of analyzed cells is given in the individual bars; p value was determined by two-tailed 
student’s t-test.
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spread before division indicating that these cells have an increased intracellular tension that could be correlated 
to CDR. Concerning mESCs in 2.5D substrates, we find that CDR is highest in small micro-wells. Here, the high 
CDR cannot be explained solely by the magnified cell/ECM contact area since the mESCs have a raised position 
and do not contact the ECM-coated bottom of the well. When these cells were treated with inhibitors of myosin 
contractility they are no longer elevated, touch the bottom of the well and consequently increase their cell/ECM 
contact area, but decrease their CDR. In addition, we no longer detect a difference in CDR between small and 
large wells for inhibitor-treated mESCs.

When mESCs were cultured in small micro-wells they adopt a peculiar cross-shape morphology of their 
nucleus accompanied with four inwards bend actin arcs along the periphery of the cell. This can be taken as an 
indicator of a cell with a high membrane tension and a soft nucleus. This cell shape is not only accompanied with 
a high CDR but also with a high nuclear/cytoplasmic YAP ratio. When the intracellular tension is relieved by 
applying the inhibitors Blebbistatin or ML-7, the cell shape is not maintained and both CDR and n/c YAP ratio 
drop. This change in morphology is in line with other reports, where Blebbistatin treatment led to a loss of shape 
and flattening of  cells56. A similar situation was already described: Thorpe and coauthors suggested that in case of 
low nuclear stiffness and high actin contractility the nucleus becomes the major site of  mechanotransduction38. 
Indeed, it was also shown that a stretched nucleus favors open chromatin organization and thereby self-renewal 
of mESCs via altered gene expression, e.g., via  OCT457,58. Due to the clearly defined composition of our system 
it can be excluded that the type of ECM protein, substrate stiffness or the accumulation of soluble factors dif-
ferentially affects single mESC behavior. Taken together our findings suggest that mechanotransduction induced 
by the three-dimensional adhesion geometry can positively influence the cell division rate of mESCs.

In summary, our study presents proof-of-principle data on the context-dependent subcellular localization 
of the mechanotransducer YAP in single mESC. We demonstrate that the adhesion geometry is important in 
regulating cell cycle progression and n/c YAP ratio in mESCs through intracellular mechanical forces. Further 
parameters that affect cell fate decisions such as substrate stiffness, geometry or ligand presentation can now 
easily be monitored in single mESCs. The combination of 2.5D micro-scaffolds with adjustable geometries and 
a spatially defined bio-functionalization will help to understand the impact of biophysical factors on stem cell 
behavior.

Materials and methods
Microcontact printing. Micropatterned 2D substrates were produced as described  elsewhere59. In 
brief, the pattern was transferred from a silicone (Polydimethylsiloxane (PDMS), Sylgard 184, Dow Corning, 
#(400)000105989377) stamp onto a titanium-gold (Ti: 2 nm, Au: 20 nm thickness) sputtered cover slip. The pat-
tern consisted of octadecylmercaptan (ODM, 1.5 mM in ethanol, Aldrich Chemistry, #01858-25ML). Remain-
ing regions were passivated with HS-C11-(EG)6-OH (0.1 mM in ethanol, Prochimia, #TH-001-m11.n6-0.01). 
For protein coating, fibronectin (FN, Sigma-Aldrich #F2006) or laminin (LN, Invitrogen, #23017-015) was 
diluted in PBS and used in a final concentration of 10 µg/ml. Incubation occurred for 30 min at RT. As a control, 
scaffolds were coated with Poly-d-Lysine (PDL, Gibco, #A38904-01) in a concentration of 50 µg/ml diluted in 
 ddH2O for one hour at RT. The proteins adsorb to the ODM-covered regions but not to the HS-C11-(EG)6-OH-
covered regions, which allows patterning of the substrate.

Direct laser writing (DLW) and molding. Plasma cleaned and silanized (1 mM 3-(Trimethoxysilyl)pro-
pyl methacrylate, Sigma Aldrich #M6514-25ML in toluene, Carl Roth, #7115.1) cover slips were used for the 
micro-well fabrication. The master structure for the molding procedure as well as micro-wells with non-adhesive 
walls were produced via DLW as described  elsewhere37. In brief, the master structure was fabricated from IP-L 
(Nanoscribe) photoresist with the following parameters: 25 × objective dipped into the photoresist, 5 cm/s writ-
ing speed and 30 mW average laser power. The sample was developed in propylene glycol methyl ether acetate 
(mr-Dev 600, micro resist technology) for 20 min. and cleaned in isopropanol (Roth, #6752.2). Subsequently 
the structure was coated with a 100 nm thick layer of  Al2O3 via atomic layer  deposition60 and silanized with 
octadecyltrichlorosilane (Sigma, #8.22170). Next, a silicone stamp was produced from this master. After three 
days of curing at room temperature (RT) the silicone stamp was ready to use. The photoresist Ormocomp (micro 
resist technology GmbH) was applied onto the silicone stamp and a silanized cover slip was placed on top. Cur-
ing occurred for 1 min. under UV light. The structure was developed in methyl isobutyl ketone (Roth, #0338) 
and isopropanol in a volume ratio of 1:1, rinsed with isopropanol and dried with nitrogen. Before coating, the 
structures were washed with 0.1% Triton X-100 in PBS. Protein coating was performed as described for micro-
islands.

The micro-wells with non-adhesive walls were also fabricated by DLW but the photoresist trimethylolpropane 
ethoxylate triacrylate (TPE-TA, Sigma, #412171) mixed with 3% (w/w) of the photoinitiator Irgacure 369 (BASF) 
was used for the walls, with the following parameters: 100 × oil-immersion objective NA = 1.4, 50–200 µm/s writ-
ing speed, 10–20 mW laser power. The structures were developed as the molded structures. All five 2D conditions 
or all five 2.5D conditions, respectively, have been present on the same coverslip to assure equal treatment during 
all experimental steps, including scaffold fabrication, coating and seeding.

mESC culture. The mESC line OCT4-eGFP, expressing eGFP under the OCT4-promoter34, was kindly pro-
vided by Prof. Rolf Kemler (MPI, Freiburg). These experiments were performed according to European (Coun-
cil Directive 86/609/EEC) and German (Tierschutzgesetz) guidelines for the welfare of experimental animals. 
mESCs were cultivated at 37 °C, 5%  CO2 and 95% humidity. The cells were maintained on gelatin (from porcine 
skin, 0.1%, Sigma, #G6144-100G in PBS) coated flasks on top of a layer of mitotically inactivated mouse embry-
onic fibroblasts (MEFs). Passaging occurred every 2–3  days. The medium contained DMEM (PAN-Biotech, 
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#P04-03590), 15% Pansera ES (PAN-Biotech, #P30-2602), 1 × non-essential amino acids (Gibco, #M714S), 
0.1 mM β-mercaptoethanol (Roth, #4227.1) and penicillin/streptomycin (40 U/ml/40 µg/ml, Sigma, #P-0781). 
Additionally, cell culture supernatant containing Leukemia inhibitory factor (LIF) was applied in a dilution of 
1:50. The LIF secreting COS-7  cells61 were cultivated in α-MEM (Gibco, #12561-056) with 10% fetal calf serum 
(HyClone, #SH30541.03). Passaging occurred every 2–3 days. To separate mESCs from MEFs for experiments, a 
preplating was performed. The cells were detached and seeded in a plain cell culture flask. MEFs adhered faster 
than mESCs. After 30–45 min., the mESC containing supernatant was used for experiments with seeding densi-
ties between 5.000 and 20.000 cells/cm2. The seeding density was chosen to be this low because in this study, we 
investigated the behavior of single mESCs. Since mESCs were not directly placed on 2D micro-islands or into 
the 2.5D micro-wells by a micromanipulator, they were seeded as a suspension. The low seeding density reduces 
the number of cases with two or more cells on 2D-islands or in the 2.5D micro-wells. Inhibitor experiments were 
performed with 10 µM Blebbistatin (Sigma, #B0560) or 25 µM ML-7 (Sigma, #I2764), to decrease cytoskeletal 
tension.

Immunocytochemistry. Samples were fixed after 4 or 24  h with 4% (w/v) paraformaldehyde (Merck, 
#1040051000). A standard staining procedure was performed with the following antibodies and dyes (final 
concentration): Rabbit anti-FN (1.2 µg/ml, Sigma, #F3648), rabbit anti-LN (5 µg/ml, Sigma, #L9393), mouse 
anti-YAP (0.33 µg/ml, Santa Cruz, #sc-101199; applied at 4  °C over night), goat anti-mouse Cy3 (7.5 µg/ml, 
Jackson ImmunoResearch, #115-165-166), goat anti-rabbit AF568 (7.5 µg/ml, Jackson ImmunoResearch, #111-
165-144), goat anti-rabbit AlexaFluor (AF) 647 (7.5 µg/ml, Jackson ImmunoResearch, #111-606-045), DAPI 
(2–0.2  µg/ml, Roth, #6335.1), Phalloidin AF568 (1  U/ml, Invitrogen, #A12380), Phalloidin AF647 (2  U/ml, 
Invitrogen, #A22287).

Image acquisition. The following microscopes and objectives (Carl Zeiss) were used: Axiovert 200 M, EC 
Plan-Neofluar 10 × /0.3 Ph1, Camera: AxioCam MRm, 60-C 1″ 1.0 × 456,105 by Zeiss; AxioImager.Z1, Acroplan 
20 × 0.5w/Ph2, Camera: AxioCam MRm 60 N-C 1″ 1.0 × 426,114 by Zeiss, 10 × Motorized Reflector Changer (HE 
GFP, HE DsRed, DAPI, Cy5, 47 CFP, Yellow Apotome Calibration, Analy. DIC Trans.Light); LSM510 META, 
C-Apochromat 40 × /1.2 W Korr or LCI Plan-Neofluar 63 × /1.3 DIC ImmKorr Filters: Cy5/Alexa647 LP650, 
Cy3/Alexa568 BP575-615, Alexa488 BP505-550, DAPI 420–480, Lasers: 633  nm, 561  nm, 488  nm, 405  nm, 
Detector: Photomultiplier Tube (PMT); Leo 1530 scanning electron microscope. The software for image acquisi-
tion was ZEN (Carl Zeiss). 3D reconstructions were made from confocal image stacks with Imaris (7.7.1, Bit-
plane). The brightness and contrast of representative images was adjusted with  Fiji62. The figures were composed 
with CorelDRAW X7.

Determining cell division rate (CDR). To determine the cell division rate (CDR) of single mESCs we 
imaged the whole field of micro-islands or micro-wells of different sizes with a 10 × dip-in objective four hours 
after seeding. The positions of single, OCT4-positive mESCs were noted and the culturing was continued until 
24 h after seeding, when the experiment was stopped. Although the cell cycle length of mESCs is 10–14 h, we 
chose a time frame of 24 h, since our culture system, which only provides the basic cues for cell growth, does not 
represent the optimal growth conditions; the cell cycle might therefore be elongated. In addition, we did neither 
synchronize the cells nor distinguish between naïve and primed, accordingly the time frame of 24 h compensates 
for the heterogeneity within the mESC population. After 24 h the whole field of micro-islands or micro-wells of 
different sizes were imaged again. The positions noted after four hours were located and the number of nuclei 
on the respective micro-island or in the respective micro-well was counted to determine the number of cells. 
After 24 h all nuclei were counted, irrespective of their OCT4-expression. If there were two or more nuclei, this 
was counted as cell division, if there was still one nucleus this was counted as no cell division. For representative 
images the 40 × high NA objective was used to acquire z-stacks.

Relative YAP localization. Single mESCs were fixed, stained and imaged 4 h after seeding. To determine 
the YAP localization, three optical slices from the central part of a z-stack were analyzed. The outline of the cell 
was determined by an actin staining, the outline of the nucleus by a DAPI staining. Since mESCs have large 
nucleoli which neither exhibit DAPI nor YAP signals, these areas were excluded from the measurement. The 
mean fluorescence intensity was measured using Fiji and was normalized to the measured area to obtain the 
intensity I. The relative nuclear to cytoplasmic (n/c) YAP ratio was determined:

Statistical analysis. For all cases a two-tailed student’s t-test was performed. p values are indicated in the 
graphs. N represents the number of independent experiments whereas the total number of evaluated cells is 
indicated as white numbers in the bars. Error bars represent ± one standard deviation.

Data availability
All data supporting the finding of this study are included within the paper and its supplementary information 
files. The datasets generated during the current study are included in the supplementary information.

n

c
YAP =

Inucleus− Inucleoli

Icytoplasm
Icytoplasm = Icell− (Inucleus−Inucleoli)



10

Vol:.(1234567890)

Scientific Reports |         (2021) 11:9269  | https://doi.org/10.1038/s41598-021-88336-y

www.nature.com/scientificreports/

Received: 4 December 2019; Accepted: 1 April 2021

References
 1. Evans, M. J. & Kaufman, M. H. Establishment in culture of pluripotential cells from mouse embryos. Nature 292, 154–156. https:// 

doi. org/ 10. 1038/ 29215 4a0 (1981).
 2. Martin, G. R. Isolation of a pluripotent cell line from early mouse embryos cultured in medium conditioned by teratocarcinoma 

stem cells. Proc. Natl. Acad. Sci. USA 78, 7634–7638. https:// doi. org/ 10. 1073/ pnas. 78. 12. 7634 (1981).
 3. Koller, B. H. & Smithies, O. Inactivating the beta 2-microglobulin locus in mouse embryonic stem cells by homologous recombina-

tion. Proc. Natl. Acad. Sci. USA 86, 8932–8935. https:// doi. org/ 10. 1073/ pnas. 86. 22. 8932 (1989).
 4. Kuehn, M. R., Bradley, A., Robertson, E. J. & Evans, M. J. A potential animal model for Lesch-Nyhan syndrome through introduc-

tion of HPRT mutations into mice. Nature 326, 295–298. https:// doi. org/ 10. 1038/ 32629 5a0 (1987).
 5. Thomas, K. R. & Capecchi, M. R. Site-directed mutagenesis by gene targeting in mouse embryo-derived stem cells. Cell 51, 503–512. 

https:// doi. org/ 10. 1016/ 0092- 8674(87) 90646-5 (1987).
 6. Mammoto, A., Mammoto, T. & Ingber, D. E. Mechanosensitive mechanisms in transcriptional regulation. J. Cell Sci. 125, 3061–

3073. https:// doi. org/ 10. 1242/ jcs. 093005 (2012).
 7. Dupont, S. et al. Role of YAP/TAZ in mechanotransduction. Nature 474, 179–183. https:// doi. org/ 10. 1038/ natur e10137 (2011).
 8. Ramalho-Santos, M., Yoon, S., Matsuzaki, Y., Mulligan, R. C. & Melton, D. A. “Stemness”: Transcriptional profiling of embryonic 

and adult stem cells. Science (New York, N.Y.) 298, 597–600. https:// doi. org/ 10. 1126/ scien ce. 10725 30 (2002).
 9. Lian, I. et al. The role of YAP transcription coactivator in regulating stem cell self-renewal and differentiation. Genes Dev. 24, 

1106–1118. https:// doi. org/ 10. 1101/ gad. 19033 10 (2010).
 10. Moroishi, T. et al. A YAP/TAZ-induced feedback mechanism regulates Hippo pathway homeostasis. Genes Dev. 29, 1271–1284. 

https:// doi. org/ 10. 1101/ gad. 262816. 115 (2015).
 11. Zhao, B. et al. Inactivation of YAP oncoprotein by the Hippo pathway is involved in cell contact inhibition and tissue growth 

control. Genes Dev. 21, 2747–2761. https:// doi. org/ 10. 1101/ gad. 16029 07 (2007).
 12. Tamm, C., Böwer, N. & Annerén, C. Regulation of mouse embryonic stem cell self-renewal by a Yes-YAP-TEAD2 signaling pathway 

downstream of LIF. J. Cell Sci. 124, 1136–1144. https:// doi. org/ 10. 1242/ jcs. 075796 (2011).
 13. Varelas, X. The Hippo pathway effectors TAZ and YAP in development, homeostasis and disease. Development (Cambridge, Eng-

land) 141, 1614–1626. https:// doi. org/ 10. 1242/ dev. 102376 (2014).
 14. Zhu, C., Li, L. & Zhao, B. The regulation and function of YAP transcription co-activator. Acta Biochim. Biophys. Sin. 47, 16–28. 

https:// doi. org/ 10. 1093/ abbs/ gmu110 (2015).
 15. Nishioka, N. et al. The Hippo signaling pathway components Lats and Yap pattern Tead4 activity to distinguish mouse trophec-

toderm from inner cell mass. Dev. Cell 16, 398–410. https:// doi. org/ 10. 1016/j. devcel. 2009. 02. 003 (2009).
 16. Duval, K. et al. Modeling physiological events in 2D vs. 3D cell culture. Physiology (Bethesda) 32, 266–277. https:// doi. org/ 10. 

1152/ physi ol. 00036. 2016 (2017).
 17. Greiner, A. M., Richter, B. & Bastmeyer, M. Micro-engineered 3D scaffolds for cell culture studies. Macromol. Biosci. 12, 1301–1314. 

https:// doi. org/ 10. 1002/ mabi. 20120 0132 (2012).
 18. Riedl, A. et al. Comparison of cancer cells in 2D vs 3D culture reveals differences in AKT-mTOR-S6K signaling and drug responses. 

J. Cell Sci. 130, 203–218. https:// doi. org/ 10. 1242/ jcs. 188102 (2017).
 19. Chan, B. P. & Leong, K. W. Scaffolding in tissue engineering: General approaches and tissue-specific considerations. Eur. Spine J. 

17(Suppl 4), 467–479. https:// doi. org/ 10. 1007/ s00586- 008- 0745-3 (2008).
 20. Fang, Y. & Eglen, R. M. Three-dimensional cell cultures in drug discovery and development. SLAS Discov. Adv. Life Sci. R&D 22, 

456–472. https:// doi. org/ 10. 1177/ 10870 57117 696795 (2017).
 21. Storm, M. P., Orchard, C. B., Bone, H. K., Chaudhuri, J. B. & Welham, M. J. Three-dimensional culture systems for the expansion 

of pluripotent embryonic stem cells. Biotechnol. Bioeng. 107, 683–695. https:// doi. org/ 10. 1002/ bit. 22850 (2010).
 22. Alessandri, M. et al. Influence of biological matrix and artificial electrospun scaffolds on proliferation, differentiation and trophic 

factor synthesis of rat embryonic stem cells. Matrix Biol. 33, 68–76. https:// doi. org/ 10. 1016/j. matbio. 2013. 08. 001 (2014).
 23. Caiazzo, M. et al. Defined three-dimensional microenvironments boost induction of pluripotency. Nat. Mater. 15, 344–352. https:// 

doi. org/ 10. 1038/ nmat4 536 (2016).
 24. Liu, L. et al. Chemically-defined scaffolds created with electrospun synthetic nanofibers to maintain mouse embryonic stem cell 

culture under feeder-free conditions. Biotechnol. Lett. 34, 1951–1957. https:// doi. org/ 10. 1007/ s10529- 012- 0973-9 (2012).
 25. Nava, M. M. et al. Two-photon polymerized “nichoid” substrates maintain function of pluripotent stem cells when expanded under 

feeder-free conditions. Stem Cell Res. Ther. 7, 132. https:// doi. org/ 10. 1186/ s13287- 016- 0387-z (2016).
 26. Goetzke, R., Sechi, A., De Laporte, L., Neuss, S. & Wagner, W. Why the impact of mechanical stimuli on stem cells remains a chal-

lenge. Cell. Mol. Life Sci. 75, 3297–3312. https:// doi. org/ 10. 1007/ s00018- 018- 2830-z (2018).
 27. Greaves, R. B., Dietmann, S., Smith, A., Stepney, S. & Halley, J. D. A conceptual and computational framework for modelling and 

understanding the non-equilibrium gene regulatory networks of mouse embryonic stem cells. PLoS Comput. Biol. 13, e1005713. 
https:// doi. org/ 10. 1371/ journ al. pcbi. 10057 13 (2017).

 28. Alexanian, M. et al. A transcribed enhancer dictates mesendoderm specification in pluripotency. Nat. Commun. 8, 1806. https:// 
doi. org/ 10. 1038/ s41467- 017- 01804-w (2017).

 29. Kalkan, T. & Smith, A. Mapping the route from naive pluripotency to lineage specification. Philos. Trans. R. Soc. Lond. Ser. B Biol. 
Sci. 369, 20130540. https:// doi. org/ 10. 1098/ rstb. 2013. 0540 (2014).

 30. Li, Q. V., Rosen, B. P. & Huangfu, D. Decoding pluripotency: Genetic screens to interrogate the acquisition, maintenance, and exit 
of pluripotency. Wiley Interdiscip. Rev. Syst. Biol. Med. 12, e1464. https:// doi. org/ 10. 1002/ wsbm. 1464 (2020).

 31. Savić, N. et al. lncRNA maturation to initiate heterochromatin formation in the nucleolus is required for exit from pluripotency 
in ESCs. Cell Stem Cell 15, 720–734. https:// doi. org/ 10. 1016/j. stem. 2014. 10. 005 (2014).

 32. Dalton, S. Linking the cell cycle to cell fate decisions. Trends Cell Biol. 25, 592–600. https:// doi. org/ 10. 1016/j. tcb. 2015. 07. 007 (2015).
 33. Liu, L. et al. G1 cyclins link proliferation, pluripotency and differentiation of embryonic stem cells. Nat. Cell Biol. 19, 177–188. 

https:// doi. org/ 10. 1038/ ncb34 74 (2017).
 34. Kirchhof, N. et al. Expression pattern of Oct-4 in preimplantation embryos of different species. Biol. Reprod. 63, 1698–1705. https:// 

doi. org/ 10. 1095/ biolr eprod 63.6. 1698 (2000).
 35. Hindley, C. & Philpott, A. The cell cycle and pluripotency. Biochem. J. 451, 135–143. https:// doi. org/ 10. 1042/ bj201 21627 (2013).
 36. Cooper, A. R. & MacQueen, H. A. Subunits of laminin are differentially synthesized in mouse eggs and early embryos. Dev. Biol. 

96, 467–471. https:// doi. org/ 10. 1016/ 0012- 1606(83) 90183-5 (1983).
 37. Richter, B. et al. Guiding cell attachment in 3D microscaffolds selectively functionalized with two distinct adhesion proteins. Adv. 

Mater. (Deerfield Beach, Fla.) 29, 1604342. https:// doi. org/ 10. 1002/ adma. 20160 4342 (2017).
 38. Thorpe, S. D. & Lee, D. A. Dynamic regulation of nuclear architecture and mechanics—A rheostatic role for the nucleus in tailoring 

cellular mechanosensitivity. Nucleus (Austin, Tex.) 8, 287–300. https:// doi. org/ 10. 1080/ 19491 034. 2017. 12859 88 (2017).
 39. Scalfani, V. F. & Bailey, T. S. Access to nanostructured hydrogel networks through photocured body-centered cubic block copolymer 

melts. Macromolecules 44, 6557–6567. https:// doi. org/ 10. 1021/ ma201 170y (2011).

https://doi.org/10.1038/292154a0
https://doi.org/10.1038/292154a0
https://doi.org/10.1073/pnas.78.12.7634
https://doi.org/10.1073/pnas.86.22.8932
https://doi.org/10.1038/326295a0
https://doi.org/10.1016/0092-8674(87)90646-5
https://doi.org/10.1242/jcs.093005
https://doi.org/10.1038/nature10137
https://doi.org/10.1126/science.1072530
https://doi.org/10.1101/gad.1903310
https://doi.org/10.1101/gad.262816.115
https://doi.org/10.1101/gad.1602907
https://doi.org/10.1242/jcs.075796
https://doi.org/10.1242/dev.102376
https://doi.org/10.1093/abbs/gmu110
https://doi.org/10.1016/j.devcel.2009.02.003
https://doi.org/10.1152/physiol.00036.2016
https://doi.org/10.1152/physiol.00036.2016
https://doi.org/10.1002/mabi.201200132
https://doi.org/10.1242/jcs.188102
https://doi.org/10.1007/s00586-008-0745-3
https://doi.org/10.1177/1087057117696795
https://doi.org/10.1002/bit.22850
https://doi.org/10.1016/j.matbio.2013.08.001
https://doi.org/10.1038/nmat4536
https://doi.org/10.1038/nmat4536
https://doi.org/10.1007/s10529-012-0973-9
https://doi.org/10.1186/s13287-016-0387-z
https://doi.org/10.1007/s00018-018-2830-z
https://doi.org/10.1371/journal.pcbi.1005713
https://doi.org/10.1038/s41467-017-01804-w
https://doi.org/10.1038/s41467-017-01804-w
https://doi.org/10.1098/rstb.2013.0540
https://doi.org/10.1002/wsbm.1464
https://doi.org/10.1016/j.stem.2014.10.005
https://doi.org/10.1016/j.tcb.2015.07.007
https://doi.org/10.1038/ncb3474
https://doi.org/10.1095/biolreprod63.6.1698
https://doi.org/10.1095/biolreprod63.6.1698
https://doi.org/10.1042/bj20121627
https://doi.org/10.1016/0012-1606(83)90183-5
https://doi.org/10.1002/adma.201604342
https://doi.org/10.1080/19491034.2017.1285988
https://doi.org/10.1021/ma201170y


11

Vol.:(0123456789)

Scientific Reports |         (2021) 11:9269  | https://doi.org/10.1038/s41598-021-88336-y

www.nature.com/scientificreports/

 40. Tsou, Y. H., Khoneisser, J., Huang, P. C. & Xu, X. Hydrogel as a bioactive material to regulate stem cell fate. Bioact. Mater. 1, 39–55. 
https:// doi. org/ 10. 1016/j. bioac tmat. 2016. 05. 001 (2016).

 41. Roether, J., Bertels, S., Oelschlaeger, C., Bastmeyer, M. & Willenbacher, N. Microstructure, local viscoelasticity and cell culture 
suitability of 3D hybrid HA/collagen scaffolds. PLoS ONE 13, e0207397. https:// doi. org/ 10. 1371/ journ al. pone. 02073 97 (2018).

 42. Lee, C. H., Crosby, A. J., Emrick, T. & Hayward, R. C. Characterization of heterogeneous polyacrylamide hydrogels by tracking of 
single quantum dots. Macromolecules 47, 741–749. https:// doi. org/ 10. 1021/ ma402 373s (2014).

 43. McBeath, R., Pirone, D. M., Nelson, C. M., Bhadriraju, K. & Chen, C. S. Cell shape, cytoskeletal tension, and RhoA regulate stem 
cell lineage commitment. Dev. Cell 6, 483–495. https:// doi. org/ 10. 1016/ s1534- 5807(04) 00075-9 (2004).

 44. Kilian, K. A., Bugarija, B., Lahn, B. T. & Mrksich, M. Geometric cues for directing the differentiation of mesenchymal stem cells. 
Proc. Natl. Acad. Sci. USA 107, 4872–4877. https:// doi. org/ 10. 1073/ pnas. 09032 69107 (2010).

 45. Bischofs, I. B., Schmidt, S. S. & Schwarz, U. S. Effect of adhesion geometry and rigidity on cellular force distributions. Phys. Rev. 
Lett. 103, 048101. https:// doi. org/ 10. 1103/ PhysR evLett. 103. 048101 (2009).

 46. Brand, C. A. et al. Tension and elasticity contribute to fibroblast cell shape in three dimensions. Biophys. J. 113, 770–774. https:// 
doi. org/ 10. 1016/j. bpj. 2017. 06. 058 (2017).

 47. Maitre, J. L. et al. Asymmetric division of contractile domains couples cell positioning and fate specification. Nature 536, 344–348. 
https:// doi. org/ 10. 1038/ natur e18958 (2016).

 48. Pauklin, S., Pedersen, R. A. & Vallier, L. Mouse pluripotent stem cells at a glance. J. Cell Sci. 124, 3727–3732. https:// doi. org/ 10. 
1242/ jcs. 074120 (2011).

 49. Nichols, J. & Smith, A. Naive and primed pluripotent states. Cell Stem Cell 4, 487–492. https:// doi. org/ 10. 1016/j. stem. 2009. 05. 015 
(2009).

 50. Weinberger, L., Ayyash, M., Novershtern, N. & Hanna, J. H. Dynamic stem cell states: Naive to primed pluripotency in rodents 
and humans. Nat. Rev. Mol. Cell Biol. 17, 155–169. https:// doi. org/ 10. 1038/ nrm. 2015. 28 (2016).

 51. Hayashi, K., de SousaLopes, S. M. C., Tang, F., Lao, K. & Surani, M. A. Dynamic equilibrium and heterogeneity of mouse pluri-
potent stem cells with distinct functional and epigenetic states. Cell Stem Cell 3, 391–401. https:// doi. org/ 10. 1016/j. stem. 2008. 07. 
027 (2008).

 52. Toyooka, Y., Shimosato, D., Murakami, K., Takahashi, K. & Niwa, H. Identification and characterization of subpopulations in 
undifferentiated ES cell culture. Development (Cambridge, England) 135, 909–918. https:// doi. org/ 10. 1242/ dev. 017400 (2008).

 53. Gérard, C. & Goldbeter, A. The balance between cell cycle arrest and cell proliferation: Control by the extracellular matrix and by 
contact inhibition. Interface Focus 4, 20130075–20130075. https:// doi. org/ 10. 1098/ rsfs. 2013. 0075 (2014).

 54. Taleahmad, S. et al. Low focal adhesion signaling promotes ground state pluripotency of mouse embryonic stem cells. J. Proteome 
Res. 16, 3585–3595. https:// doi. org/ 10. 1021/ acs. jprot eome. 7b003 22 (2017).

 55. Silbernagel, N. et al. Shaping the heart: Structural and functional maturation of iPSC-cardiomyocytes in 3D-micro-scaffolds. 
Biomaterials 227, 119551. https:// doi. org/ 10. 1016/j. bioma teria ls. 2019. 119551 (2020).

 56. Cai, Y. et al. Cytoskeletal coherence requires myosin-IIA contractility. J. Cell Sci. 123, 413–423. https:// doi. org/ 10. 1242/ jcs. 058297 
(2010).

 57. Gaspar-Maia, A. et al. Chd1 regulates open chromatin and pluripotency of embryonic stem cells. Nature 460, 863–868. https:// 
doi. org/ 10. 1038/ natur e08212 (2009).

 58. Gaspar-Maia, A., Alajem, A., Meshorer, E. & Ramalho-Santos, M. Open chromatin in pluripotency and reprogramming. Nat. Rev. 
Mol. Cell Biol. 12, 36–47. https:// doi. org/ 10. 1038/ nrm30 36 (2011).

 59. Lehnert, D. et al. Cell behaviour on micropatterned substrata: Limits of extracellular matrix geometry for spreading and adhesion. 
J. Cell Sci. 117, 41–52. https:// doi. org/ 10. 1242/ jcs. 00836 (2004).

 60. Wickberg, A. et al. Second-harmonic generation from ZnO/Al2O3 nanolaminate optical metamaterials grown by atomic-layer 
deposition. Adv. Opt. Mater. 4, 1203–1208. https:// doi. org/ 10. 1002/ adom. 20160 0200 (2016).

 61. Smith, A. G. et al. Inhibition of pluripotential embryonic stem cell differentiation by purified polypeptides. Nature 336, 688–690. 
https:// doi. org/ 10. 1038/ 33668 8a0 (1988).

 62. Schindelin, J. et al. Fiji: An open-source platform for biological-image analysis. Nat. Methods 9, 676–682. https:// doi. org/ 10. 1038/ 
nmeth. 2019 (2012).

Acknowledgements
The authors acknowledge support by the Helmholtz Association via the programs “Science and Technology of 
Nanosystems” (STN) and “BioInterfaces in Technology and Medicine” (BIFTM); the KIT Nanostructure Service 
Laboratory (NSL); the Deutsche Forschungsgemeinschaft (DFG, German Research Foundation) under Germany’s 
Excellence Strategy—2082/1—390761711, Cluster of Excellence “3D Matter Made to Order” (3DMM2O); the 
Karlsruhe School of Optics and Photonics (KSOP); and by the Carl Zeiss Foundation. We also thank Prof. R. 
Kemler for providing the OCT4-eGFP mESC line and Prof. D. Wedlich for protocols on mESC cultivation.

Author contributions
S.B.: conceptualization, data curation, investigation, methodology, validation, visualization, writing—original 
draft. M.J.: conceptualization, data curation, investigation, methodology, validation, visualization, writing—
review and editing. B.R.: methodology, writing—review and editing. S.K.: data curation, validation, visuali-
zation—review and editing. K.W.: investigation, methodology. E.G.: data curation, visualization—review and 
editing. A.C.F.: methodology, writing—review and editing. M.T.: methodology, writing—review and editing. 
M.W.: funding acquisition, project administration, writing—review and editing. A.M.G.: conceptualization, pro-
ject administration, supervision, writing—review and editing. T.J.A.: conceptualization, project administration, 
supervision, writing—review and editing. M.B.: conceptualization, funding acquisition, project administration, 
resources, supervision, writing—original draft.

Funding
Open Access funding enabled and organized by Projekt DEAL.

Competing interests 
The authors declare no competing interests.

https://doi.org/10.1016/j.bioactmat.2016.05.001
https://doi.org/10.1371/journal.pone.0207397
https://doi.org/10.1021/ma402373s
https://doi.org/10.1016/s1534-5807(04)00075-9
https://doi.org/10.1073/pnas.0903269107
https://doi.org/10.1103/PhysRevLett.103.048101
https://doi.org/10.1016/j.bpj.2017.06.058
https://doi.org/10.1016/j.bpj.2017.06.058
https://doi.org/10.1038/nature18958
https://doi.org/10.1242/jcs.074120
https://doi.org/10.1242/jcs.074120
https://doi.org/10.1016/j.stem.2009.05.015
https://doi.org/10.1038/nrm.2015.28
https://doi.org/10.1016/j.stem.2008.07.027
https://doi.org/10.1016/j.stem.2008.07.027
https://doi.org/10.1242/dev.017400
https://doi.org/10.1098/rsfs.2013.0075
https://doi.org/10.1021/acs.jproteome.7b00322
https://doi.org/10.1016/j.biomaterials.2019.119551
https://doi.org/10.1242/jcs.058297
https://doi.org/10.1038/nature08212
https://doi.org/10.1038/nature08212
https://doi.org/10.1038/nrm3036
https://doi.org/10.1242/jcs.00836
https://doi.org/10.1002/adom.201600200
https://doi.org/10.1038/336688a0
https://doi.org/10.1038/nmeth.2019
https://doi.org/10.1038/nmeth.2019


12

Vol:.(1234567890)

Scientific Reports |         (2021) 11:9269  | https://doi.org/10.1038/s41598-021-88336-y

www.nature.com/scientificreports/

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 021- 88336-y.

Correspondence and requests for materials should be addressed to M.B.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2021

https://doi.org/10.1038/s41598-021-88336-y
https://doi.org/10.1038/s41598-021-88336-y
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Geometrically defined environments direct cell division rate and subcellular YAP localization in single mouse embryonic stem cells
	Results
	2D and 2.5D confinement differentially affects mESC division rate. 
	Strong 2.5D confinement provokes unique cellular and nuclear shape and maintains a high CDR. 
	Relative YAP localization in single confined mESCs correlates with cellular tension. 

	Discussion
	Materials and methods
	Microcontact printing. 
	Direct laser writing (DLW) and molding. 
	mESC culture. 
	Immunocytochemistry. 
	Image acquisition. 
	Determining cell division rate (CDR). 
	Relative YAP localization. 
	Statistical analysis. 

	References
	Acknowledgements


