








DISCUSSION
Mechanical forces are becoming increasingly recognized as
important factors driving cell and tissue morphogenesis
(Mammoto and Ingber, 2010; Heisenberg and Bellaïche, 2013;
Davidson, 2017). To further understand the contributions of forces
during development, detailed studies on the biomechanical aspects
of cell fate commitment and identity changes are indispensable.
Here, we characterized, on a population level, how the mechanical
properties of cells are changing during the process of acquiring new
identity in an in vitro setting. In particular, we examined with the
microfluidics-based RT-DC technique the transition from fNPCs to
iPSCs in the reprogramming process, and found that this conversion
is accompanied by cell stiffening. We could also show that, in the

converse process of neural differentiation, iPSCs become more
compliant and retrieve the fNPC phenotype. The trend of fNPCs
being more compliant than iPSCs was confirmed by AFM
measurements on rounded as well as adherent cells. Remarkably,
by comparing multiple cell types of different pluripotency levels –
from the least potent fNPCs through EpiSCs and F-class cells to the
most pluripotent iPSCs and ESCs – we identified that the more
pluripotent the cell identity, the stiffer the cells appear.

Contrary to our results, murine ESCs have previously been
reported to be more compliant than their differentiated progeny
(Chowdhury et al., 2010; Pillarisetti et al., 2011; Gossett et al.,
2012). In each of those studies, different culture conditions,
resulting in the derivation of diverse lineages, were used. In the

Fig. 4. iPSCs become more compliant while
differentiated towards the neural lineage.
(A) Timeline of iPSC differentiation towards
dNPCs, and phase-contrast images presenting
cell morphology along the differentiation process.
Scale bar: 200 µm. (B) Immunofluorescence
staining for Nanog, Sox2 and Pax6 at the
beginning (iPSC) and end (dNPC) of the
differentiation. Ph, Phalloidin. Scale bars: 50 µm.
(C) Color-coded 95%-density (solid lines) and
50%-density (dashed lines) contour plots of cells
on days 2, 3, 5, 7, 11 and 13 of the differentiation.
(D) Deformation-cell area scatter plots showing
populations of n cells on days 2, 8 and 12 of the
differentiation (from right to left). Color map
indicates event density. (E) Apparent Young’s
modulus E derived from the RT-DC data for the
terminal stages of reprogramming and
differentiation. (F) Apparent Young’s modulus E
derived from the RT-DC data for cells
representing different developmental stages from
NPCs to ESCs. In E and F, each data point
represents the median of an individual RT-DC
measurement. Boxes extend from the 25th to
75th percentiles, with a line at the median.
Whiskers indicate s.d. ***P<0.001. Statistical
analysis was performed using a linear mixed
effects model.
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case of Pillarisetti et al. (2011), mesodermal differentiation was
induced, whereas Chowdhury et al. (2010) and Gossett et al. (2012)
investigated heterogeneous populations of differentiated progeny,
consisting, most likely, of cells from all three germ layers. None of
the differentiation methods used corresponds to the procedure used
in our study, which directs the cells exclusively towards neural
lineage. Furthermore, the discrepancies in the results obtained can
be attributed to different stiffness-probing strategies. Chowdhury
et al. (2010) have used optical magnetic twisting cytometry to probe
cell stiffness. This method relies on twisting magnetic beads
anchored to the cytoskeleton via focal adhesions, which first
corresponds to probing the local attachment sites rather than global
cell mechanics, and second, might reflect on other properties of
cells, such as their ability to form focal adhesions. Pillarisetti et al.
(2011) have used AFM to probe mechanical changes in
differentiated cells in adherent cell exclusively. Gossett et al.
(2012) have employed deformability cytometry (DC), which,
similar to RT-DC, relies on measuring single cells in suspension.
However, the probing timescales and applied forces vary
substantially between these two methods. That leads to sensitivity
to different intracellular features. In DC, cells are deformed within a
few microseconds by forces >1 µN (Gossett et al., 2012), a
condition believed to cause filament fluidization. Such fluidization
is reflected by low sensitivity of DC to drugs disrupting the
cytoskeletal elements (Gossett et al., 2012). Thus, DC seems to be
primarily sensitive to nuclear mechanics and cytoplasmic
contribution to cell stiffness. The observation of cell stiffening
during differentiation in DC could, therefore, be attributed to the
previously described phenomenon of increased nuclear stiffness in
differentiated cells (Pajerowski et al., 2007). RT-DC, in turn,
deforms cells within a few milliseconds with sub-µN forces, and
was recently shown to be primarily sensitive to cytoskeletal
perturbations, in particular to those related to the actin
cytoskeleton (Golfier et al., 2017).
Future work will be necessary to identify molecular and structural

features underlying the mechanical differences between iPSCs and
fNPCs reported in this study. Features such as organization of the
cytoskeleton, specifically the F-actin cytoskeleton, its anchorage to
the membrane and the nucleus, its contractile activity, nuclear-to-
cytoplasmic ratio and mass density of the cytoplasm, are examples
of potential factors that could be tested. Furthermore, it would be
interesting to evaluate whether the changes in cell stiffness during
reprograming are reflected by activity of the transcriptional co-
regulators YAP (YAP1) and TAZ. YAP and TAZ are prominent
players in mechanotransduction cascades and change their
localization from cytoplasmic to nuclear upon mechanical
stimulation (Panciera et al., 2017). Interestingly, YAP has been
shown to play a role in rigidity-dependent differentiation of human
iPSCs towards the neural lineage (Musah et al., 2014; Sun et al.,
2014), and in cell fate specification in the preimplantation stage
mouse embryo (Nishioka et al., 2009; Maître et al., 2016).
Additionally, transient expression of YAP/TAZ was recently
shown to turn differentiated cells into tissue-specific stem/
progenitor cells, which highlights the importance of
mechanosensing for cell stemness (Panciera et al., 2016).
Cell stiffness is an intrinsic property of individual cells and

therefore holds the promise of serving as a label-free marker of cell
state with great translational potential (Di Carlo, 2012). In
combination with other biophysical markers, cell stiffness was
shown to be predictive of mesenchymal stromal cell multipotency in
vivo as well as after in vitro expansion (Lee et al., 2014b). According
to our results, cell stiffness is associated with pluripotency in mice

and could be used to identify and enrich pluripotent cells in mixed
populations. From a clinical point of view, it is essential that, at the
end of reprogramming to pluripotency, a homogenous cell
population of fully reprogrammed bona fide iPSCs is obtained.
Even though there is a multitude of known biochemical markers
associated with pluripotency in mice (Brambrink et al., 2008) and
human (Adewumi et al., 2007; Ohnuki et al., 2009), most of them
require either sacrification of cells (e.g. alkaline phosphatase
staining) or introduction of a labeling agent (antibodies against
surface markers such as SSEA1 in mice or SSEA3 and SSEA4 in
human). As demonstrated by the stiffening of cells during
reprogramming and the presence of various mechanical
populations at the intermediate stages of reprogramming, cell
stiffness could be a valuable label-free marker for selecting fully
reprogrammed, pluripotent cells from heterogeneous populations
without jeopardizing their viability (Otto et al., 2015). Because in
RT-DC deformation is evaluated in real time, the method is highly
compatible with online sorting. There are several microfluidics-
based passive and active sorting mechanisms (Zhu and Trung
Nguyen, 2010) that could be implemented downstream to the
analysis in an RT-DC setup. This would open up opportunities for
not only enriching cells of selected stiffness for translational
purposes, but also for investigating the molecular basis of
mechanical differences in cell subpopulations.

Cell mechanics, apart from being an indicator of cell fate
transitions, also plays an active role in guiding development
(Wozniak and Chen, 2009). For example, it has recently been shown
that cell contractility drives the first lineage decision in the
developing mouse embryo (Maître et al., 2016). Additionally, the
stiffness of individual cells contributes to the biomechanical
surroundings perceived by neighboring cells. Mechanical cues
can, in turn, influence the fate of cells (Guilak et al., 2009; Yim and
Sheetz, 2012). The environment stiffness has been shown to
determine the fate of human mesenchymal stem cells (Engler et al.,
2006) or orchestrate Wnt protein-dependent mesodermal
differentiation of human ESCs (Przybyla et al., 2016). Efforts
invested in mechanical characterization of individual cells at
different developmental stages will contribute to better
understanding of local mechanical setting in the embryo. In the
future, with the aid of noninvasive techniques for measurement of
cell and tissue mechanics such as Brillouin microscopy (Scarcelli
et al., 2015), these cell-level findings could be verified by
mechanical in situ measurements in the context of the developing
organism.

The stiffness of tissues and individual cells reflect their function.
Load-bearing tissues, such as bone, cartilage or skeletal muscle,
exhibit a high elastic modulus, other tissues that are not load
bearing, such as breast or brain, are characterized by low elastic
moduli (Handorf et al., 2015). Similarly, at the level of single cells,
osteocytes have been reported to be much stiffer than chondrocytes
or adipocytes (Darling et al., 2008; Yu et al., 2010), and glial and
neuron cells have been reported to be much more compliant than
other cells (Lu et al., 2006). In the light of this knowledge, the
transition from a stiffer to a more compliant phenotype in the case of
neural differentiation is justified from a functional point of view.
While cells in the early embryo should exhibit resistance to
mechanical forces and remain robust, the differentiating cells at
gastrulation stage have to be able to reorganize and migrate to new
locations. The migratory, invasive phenotype is often related to a
compliant phenotype, as for example in cancer metastasis (Guck
et al., 2005; Xu et al., 2012). Upon further differentiation towards
the neural lineage, cells should acquire the mechanical phenotype
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corresponding to that of the target tissue, which, as discussed above,
is reported to be compliant.
Taken together, our findings establish a defined mechanical

phenotype associated with the state of pluripotency that is shared by
ESCs and iPSCs. In relation to the neural lineage specification, this
phenotype appears stiff. Further studies analyzing the differentiation
towards mesodermal and endodermal lineages will be necessary for
creating a complete mechanical landscape of murine stem cell
specification, and will contribute to understanding the role of cell
mechanics in cell fate commitment.

MATERIALS AND METHODS
Cell culture
fNPCs were isolated from the telencephalon of embryonic day (E) 15.5
mouse embryos (strain C57BL/6J) as described elsewhere (K. Neumann,
PhD thesis, Technische Universität Dresden, 2014) and cultured in NPC
medium [Euromed-N (Biozol), 1× N2 supplement (Gibco), 0.5× B27
supplement (Gibco), 2 mM L-glutamine, 10 ng/ml EGF (Peprotech),
10 ng/ml recombinant FGF2 (MPI-CBG)] on dishes coated with laminin
(2 μg/ml, Sigma-Aldrich). Passaging was performed using accutase
(Sigma-Aldrich).

ESCs were established from E3.5 blastocysts (strain C57BL/6J) as
previously reported (K. Neumann, PhD thesis, Technische Universität
Dresden, 2014) and cultured on 0.1% gelatin-coated dishes in FCS/LIF
medium [DMEM+Glutamax (Gibco), 15% fetal calf serum (Pansera ES,
PAN-Biotech), 100 µM β-mercaptoethanol (PAN-Biotech), 2 mM L-
glutamine (Gibco), 1 mM sodium pyruvate (Gibco), 1× nonessential amino
acids (Gibco), 15 ng/ml recombinant LIF (MPI-CBG)] with or without a
mixture of MEK inhibitor PD0325901 (1 µM) and GSK3 inhibitor CH99021
(3 µM) known as 2i. Cells were passaged using 0.1% trypsin solution.

EpiSCs were derived from ESCs as described previously (Guo et al.,
2009), and cultured in N2B27 medium [50% DMEM/F12, 50% Neurobasal
medium (Gibco), 0.5× B27 supplement (Gibco), 0.5× N2 supplement
(Gibco), 2 mM L-glutamine (Gibco), 100 μM β-mercaptoethanol (PAN-
Biotech)] supplemented with 12 ng/ml recombinant FGF2 (MPI-CBG) and
30 ng/ml Activin A (MPI-CBG) on dishes coated with fibronectin (10 µg/
ml, Millipore). Passaging was performed using accutase (Sigma-Aldrich).

Reprogramming of fNPCs into iPSCs
The Tet-On system for dox-inducible expression of OSKM factors in fNPCs
was established as previously described (K. Neumann, PhD thesis,
Technische Universität Dresden, 2014). In brief, fNPCs were first
nucleofected with CAG-rtTA-IRES-neo plasmid according to the
manufacturer’s instructions (Lonza, VPG-1004) and selected with 200 µg/
ml G418. Then, functionally selected clones were nucleofected with circular
PB-tetCMV-OSKM-puro and CMV-PBase-neo and selected with 1.0 µg/ml
puromycin.

For reprogramming, the irtTA-neo PB-tetCMV-OSKM fNPCs were
seeded on dishes coated with laminin at a density of 35-70×105 per cm2 in
NPC medium with 1 µg/ml of doxycycline (Sigma-Aldrich). After 2 days,
the NPC medium was replaced with FCS/LIF medium. The medium was
refreshed daily. For obtaining iPSCs, a mixture of MEK inhibitor
PD0325901 (1 µM) and the GSK3 inhibitor CH99021 (3 µM) known as
2i was supplemented to the medium on day 14, and on day 17, dox was
removed from the medium. For derivation of F class, neither 2i addition nor
dox withdrawal was performed. The iPSCs were further cultured on gelatin-
coated dishes.

Neural differentiation of iPSCs
For neural differentiation, iPSCs were seeded on 0.1% gelatin-coated
dishes at a density of 5-10×105 per cm2 in FCS/LIF medium without 2i.
After overnight incubation, the medium was changed to N2B27. The
medium was exchanged daily and on day 7 supplemented with 10 ng/ml
EGF (Peprotech) and 10 ng/ml recombinant FGF2 (MPI- CBG). On
day 10 or 11, cells were detached using accutase and cultured over a few
more passages in EGF/FGF2-supplemented N2B27 medium on gelatin-
coated dishes.

RT-DC
A PDMS microfluidic chip was placed on a microscope (Axiovert200 M,
Zeiss) and filled with MC-PBS [high-viscosity (15 mPa s) PBS solution
containing 0.5% (w/v) methylcellulose (Alfa Aesar)] with the aid of a
syringe pump (NemeSys, Cetoni). Prior to an RT-DC experiment, cells were
detached from culture plates, centrifuged and resuspended in MC-PBS at a
concentration of 0.5-4×106 cells per ml. The cell suspension was then
aspirated into a polymer (PEEK) tubing attached to a syringe and introduced
into the microfluidic chip. Cells were flown into the narrow channel
constriction (20×20 µm square cross-section, 300 µm length) under a
constant flow rate of 0.04 µl/s. Data acquisition was performed at room
temperature (∼23°C) in a 85×27 µm region of interest at the end of the flow
channel with a high-speed CMOS camera (MC1362, Mikrotron) operating
at 2000 fps. For stroboscopic illumination, an LED-based light source
synchronized to the camera (Accellerator L1, Zellmechanik Dresden) was
used. The imaging was performed through an EC Plan-Neofluar 40×/0.75
NA objective (Zeiss). The cell deformation and cell area were determined in
real time by an image-processing algorithm implemented in a combination
of C++ (Microsoft) and LabVIEW (National Instruments), as previously
described (Otto et al., 2015). Typically 2000-4000 cells were analyzed in
one experiment. For plotting and further analysis, data were filtered for 50-
500 µm2 cell area and 1.00-1.05 area ratio. Area ratio is defined as the ratio
between the area enclosed by the convex hull of the contour and the area
enclosed by the contour. Area-deformation scatter plots and contour plots
were generated using the analysis software ShapeOut version 0.7.3 (available
at https://github.com/ZELLMECHANIK-DRESDEN/ShapeOut).

The apparent Young’s modulus, E, was determined in a postprocessing step
using a data grid obtained from numerical simulations for an elastic solid
(Mokbel et al., 2017) with the aid of ShapeOut 0.7.3. We describe the
determined Young’s modulus as apparent, owing to the fact that some of the
assumptions required for the theoretical modeling (e.g. cells being homogenous
elastic objects) are not fully satisfied.

For combined assessment of surface marker expression and deformation,
anRT-FDC setupwith integrated fluorescence detectionwas used (Rosendahl
et al., 2017). Prior to the measurements, cells were stained for 10 min with
Anti-SSEA-1-APC (1:10, REA321, Miltenyi Biotec) and CD24-FITC (1:10,
M1/69, Miltenyi Biotec) antibodies in a 0.3% BSA solution in PBS.
Fluorescence excitation was performed using 488 nm and 640 nm laser lines
(OBIS, Coherent Deutschland). Collected emission was spectrally separated
into two detection channels using band-pass filters (525/50 nm and 700/
75 nm) and individually registered with avalanche photodiode detectors
(MiniSM10035, SensL Corporate). For marker expression analysis peak
maxima were used as a parameter describing fluorescence intensity.

AFM
AFM-enabled nanoindentation experiments were performed using the
Nanowizard 1 and 4 setups (JPK Instruments AG). A 5 µm polystyrene bead
(microParticles) was glued to the end of each tip-less silicone cantilever with
a force constant in the range 0.35-0.45 N/m (Arrow TL1, Nanoworld) and
used as the indenter. Cantilever calibration was performed with the thermal
noise method. Measurements were performed in a CO2-independent
medium (Gibco) at a constant temperature of 37°C. For experiments on
rounded cells, cells were detached using 0.1% trypsin solution, placed onto a
glass-bottomed petri dish (FD35100, World Precision Instruments) and
allowed to settle onto the surface for ∼10 min before starting the
measurements. For experiments on adherent and spread cells, cells were
plated on glass-bottom petri dishes and allowed to adhere overnight. The
indenter was placed roughly at the center of each cell (Fig. S2E,F).
Indentation onto the cell surface was performed with the extension speed of
5 µm/s to a maximum force of 2 nN. Recorded force-distance curves were
converted into force-indentation curves and analyzed with JPK data
processing software (JPK Instruments AG) using Sneddon’s modification of
the Hertz model for a spherical indenter (Sneddon, 1965). The force-
indentation curves were fitted to a maximal indentation of 1.5 µm. A
Poisson ratio of 0.5 was assumed. The obtained apparent Young’s modulus
values, E, were corrected with (i) an effective probe radius for the case of
contact between two spherical objects, and (ii) a simplified double contact
model (Glaubitz et al., 2014), accounting for compression arising from
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contact with the substrate at the bottom part of the cell. We refer to the
obtained Young’s modulus values as apparent because some of the
theoretical assumptions used for the implemented models are not fully
satisfied in our setup; for example, we cannot assume that measured cells are
fully homogenous and purely elastic.

qRT-PCR
Total RNA was isolated using an Aurum Total RNA Mini Kit (Bio-Rad),
including a DNase treatment directly on the column. For each reaction, 1 µg of
RNA was reverse transcribed using a High-Capacity cDNA Reverse
Transcription Kit (ThermoFisher Scientific), utilizing MuLV reverse
transcriptase and random primers. SYBR Green-based quantitative PCRs
were runwith theAbsolute qPCRMix (ThermoFisher Scientific) on anMx3000
qRT-PCR system (Stratagene). Measured transcript levels were normalized to
Tbp. Samples were run in duplicate. For each condition, three samples from
different cell passages were collected. The sequences of primers used and the
lengths of obtained products are summarized in Table S1. The fold change in
expression levels was calculated as log2 of the ratio of the expression levels in
iPSCs to the expression levels in the reference stage (fNPCs).

Immunofluorescence staining
For immunofluorescence, 50,000 cells per well were seeded in ibiTreat
eight-well µ-slides (ibidi), cultured for 1-2 days and fixed for 10 min with
4% paraformaldehyde. Permeabilization and blocking were performed for
30 min in PBS containing 0.3% Triton-X and 10% fetal calf serum. Next,
staining with primary antibodies [anti-Nanog (1:200, RCAB002P-F,
Reprocell), anti-Sox2 (1:100, AB5603, Merck Millipore) and anti-Pax6
(1:10, DSHB)] was performed overnight at 4°C in staining solution (0.3%
Triton-X in PBS). In the second staining step, the samplewas incubated with
the staining solution containing Cy2-conjugated donkey secondary
antibodies (1:500, Jackson ImmunoResearch), DAPI (1:5000, D1306,
Molecular Probes), and Phalloidin-TRITC (1:500, P1951, Sigma-Aldrich)
for 30 min at room temperature. Imaging was performed on an inverted
confocal laser scanning microscope (LSM700, Zeiss) using a Plan-
Apochromat 20×/0.8 NA air objective (Zeiss).

Statistical analysis
To perform statistical analysis on multiple sets of experiments, linear mixed
effects models were implemented using the lme4-package in R (RCore Team,
2017; www.R-project.org/.). The model included two fixed effects and one
random effect. The fixed effects were attributed to the cell type and the
experiment series; the random effect was attributed to the measurement day.
Adjustments of both the slope and intercept were allowed for the random
effect.P-values were obtained by performing a likelihood ratio test comparing
the model with a null model lacking the fixed effect attributed to the cell type.

In the case of a single data set, statistical analysis was performed using the
Mann–Whitney test, implemented in Origin 2015 software (OriginLab,
www.originlab.com/).
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