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Human induced mesenchymal stem 
cells display increased sensitivity 
to matrix stiffness
Kirstene A. Gultian1, Roshni Gandhi1, Khushi Sarin1, Martina Sladkova‑Faure2, 
Matthew Zimmer2, Giuseppe Maria de Peppo2 & Sebastián L. Vega1*

The clinical translation of mesenchymal stem cells (MSCs) is limited by population heterogeneity 
and inconsistent responses to engineered signals. Specifically, the extent in which MSCs respond 
to mechanical cues varies significantly across MSC lines. Although induced pluripotent stem cells 
(iPSCs) have recently emerged as a novel cell source for creating highly homogeneous MSC (iMSC) 
lines, cellular mechanosensing of iMSCs on engineered materials with defined mechanics is not well 
understood. Here, we tested the mechanosensing properties of three human iMSC lines derived 
from iPSCs generated using a fully automated platform. Stiffness-driven changes in morphology 
were comparable between MSCs and iMSCs cultured atop hydrogels of different stiffness. However, 
contrary to tissue derived MSCs, no significant changes in iMSC morphology were observed between 
iMSC lines atop different stiffness hydrogels, demonstrating a consistent response to mechanical 
signals. Further, stiffness-driven changes in mechanosensitive biomarkers were more pronounced in 
iMSCs than MSCs, which shows that iMSCs are more adaptive and responsive to mechanical cues than 
MSCs. This study reports that iMSCs are a promising stem cell source for basic and applied research 
due to their homogeneity and high sensitivity to engineered mechanical signals.

Mesenchymal stem cells (MSCs) are non-hematopoietic cells capable of differentiating into cells that produce 
various mesodermal tissues, including osteoblasts, adipocytes, and chondrocytes1. MSCs are present in numer-
ous stem cell niches including bone marrow and adipose tissue and can be expanded in vitro by plating onto 
tissue culture polystyrene (TCPS), which causes them to adhere, adopt a spindle-like shape, and proliferate into 
fibroblastic colony-forming units2. Owing to their unique properties and ease of expansion, MSCs have been 
extensively studied and used in numerous clinical trials for the treatment of various medical disorders3,4.

In vivo, the multifunctional phenotype of MSCs is regulated by chemical and physical cues of the tissue 
microenvironment5, which influence numerous functions including migration, differentiation, and paracrine 
signaling6. To regulate stem cell behavior outside of the body, biomaterials are used to recapitulate specific proper-
ties of tissue microenvironments. For example, ECM elasticity and tissue-level stiffness are strong drivers of cel-
lular mechanosensing and phenotypic commitment in vitro7. Engler et al. showed that MSCs atop soft hydrogels 
that mimic the stiffness of brain tissue express neuronal biomarkers, whereas MSCs on rigid substrates produce 
osteocalcin, a bone tissue-specific protein secreted by osteoblasts7. On a molecular level, MSC mechanosensing 
is led by several mechano-transducer proteins that collectively induce changes in focal adhesion maturation8,9, 
cytoskeletal contractility/alignment10,11, and nuclear Yes-associated protein (YAP) localization12.

Although engineered mechanical cues can regulate MSC mechanosensing in vitro, MSC populations are 
heterogeneous13, and donor variability between MSC lines derived from adult tissues is significant, resulting 
in inconsistent responses to engineered signals14. These challenges limit the possibility of manufacturing high 
quality, homogeneous MSC lines in large numbers needed for basic research and stem cell-based therapies15. 
When successfully reprogrammed, induced pluripotent stem cells (iPSCs) reset any possible mechanical memory 
that could bias their response to engineered materials by erasing historical epigenetic, transcriptional, and 
non-genetic information16,17. Indeed, iPSCs have recently been differentiated into functional MSCs (iMSCs), 
displaying phenotypic similarities with tissue derived MSCs18,19. However, there are only a limited number of 
studies that have explored the use of iMSCs20, and the effects of mechanical signals on iMSC mechanosensing 
is not well understood. In this study we sought to test two hypotheses: (1) iMSCs “feel” mechanical proper-
ties resulting in changes in morphology and intracellular mechanosensitive protein organization (focal adhe-
sion maturation, actin alignment, YAP localization) comparable to MSCs, and (2) iMSC mechanosensitivity to 
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substrate stiffness is more reproducible within iMSC populations and across iMSC lines as a consequence of the 
reprogramming process, which erases mechanical memories acquired during development and in response to 
engineered biophysical cues.

To test our hypotheses, we evaluated cell-material interactions of three human iMSC lines derived from 
iPSCs generated using a robotic, fully automated platform, which results in the production of highly reproduc-
ible iMSC lines21. We report that iMSCs are more responsive to matrix stiffness than human MSCs derived 
from adult tissues, and that stiffness-mediated changes in cellular mechanosensing are more consistent across 
different iMSC lines.

Results and discussion
Automated manufacturing of iPSC lines enables consistent production of iMSCs.  Manual pro-
duction of human iPSC lines is time consuming and can result in significant line-to-line variability. To enable 
consistent production of high-quality and highly reproducible iMSC lines, fibroblasts from human skin biopsies 
were reprogrammed into stem cells using the NYSCF Global Stem Cell Array®, a modular, robotic platform 
for high-throughput production, maintenance, and differentiation of iPSCs (Fig.  1a). Three iPSC lines were 
manufactured and validated by their positive OCT4 and TRA-1-60 expression (Supplementary Fig. S1), visual 

Figure 1.   Derivation and characterization of human iMSC lines. (a) Schematic of automated reprogramming of 
human fibroblasts into iPSC lines using a NYSCF Global Stem Cell Array®. (b) Representative brightfield image 
of iPSC colony generated using automated platform. Scale bar, 100 µm. (c) Representative brightfield images of 
iMSC lines derived from three different donors at passage 5. Inset shows commercially available bone marrow 
derived MSCs at passage 5. Scale bar, 50 µm. (d) Representative confocal image of iMSCs stained for actin 
(green) and nuclei (blue). Scale bar, 20 µm. (e) Plots of cell growth and average cell length for 3 iMSC lines over 
10 passages. (f) Hierarchical clustering of surface marker screening data for 3 iMSC lines at passage 2, 5, and 10 
and MSCs at passage 5. (g) Representative brightfield images of iMSCs (line 1) differentiated towards osteogenic 
(von Kossa), adipogenic (Oil Red O), and chondrogenic (Alcian blue) tissues. Insets represent negative controls 
and full-size cartilage spheroids. Scale bar, 20 µm.
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confirmation of colonies on TCPS (Fig. 1b), and additional quality control metrics including sterility, karyotyp-
ing, genotyping, pluripotency expression profile, and differentiation capacity21.

Manufactured iMSC lines adhere to TCPS, feature a spindle-like morphology (Fig. 1c), and exhibit pro-
nounced actin fibers (Fig. 1d). These morphological traits are comparable to human MSCs isolated from adult 
tissues and cultured atop TCPS substrates. The in vitro expansion rate (Fig. 1e, left) was consistent across all iMSC 
lines and iMSCs divided faster than adult MSCs in accordance with previously published data22,23. Interestingly, 
in vitro expansion over ten passages also results in a reproducible and progressive increase in average cellular 
length, which is a phenomenon also observed in tissue derived MSCs (Fig. 1e, right).

All iMSC lines are negative for the pluripotency markers OCT4 and TRA-1-60, confirming that they do 
not dedifferentiate into iPSCs or iPSC-like cells after at least ten passages on TCPS (Supplementary Fig. S2). A 
cell surface marker screening panel also confirmed that iMSCs are negative for other typical pluripotency and 
hematopoietic markers (Fig. 1f, blue circles). Importantly, iMSCs express mesenchymal markers including CD44, 
CD73, CD90, CD105, and CD166 similarly to MSCs isolated from adult tissues (Fig. 1f, red circles and Sup-
plementary Table S1)24. iMSCs also express SSEA-4 at early passages, as seen in multipotent subpopulations of 
human MSCs isolated from bone marrow and other tissues25. The cell surface marker screening panel also shows 
that the iMSC lines express lower levels of human leukocyte antigens (HLA) class II, which suggests iMSCs are 
more immunoprivileged than adult MSCs20,26. Notably, iMSCs express more integrin alpha 2 (CD49b), integrin 
alpha 3 (CD49c), and integrin alpha 4 (CD49d) than adult MSCs (Table S1), and studies have shown that these 
integrins play a central role in mechanotransduction27,28. Thus, the higher expression of these integrins could 
enhance sensitivity to matrix stiffness.

In addition to these phenotypic features, the ability to differentiate towards osteogenic, adipogenic, and 
chondrogenic lineages in vitro is a hallmark trait of MSCs1. By exposing iMSCs to soluble differentiation factors, 
we demonstrate that iMSCs give rise to osteogenic, adipogenic, and chondrogenic lineages as evidenced by von 
Kossa, Oil Red O, and Alcian blue staining, respectively (Fig. 1g and Supplementary Fig. S3). Taken together, 
these findings confirm that iMSCs are phenotypically similar and possess the differentiation capacity of human 
MSCs.

Stiffness‑driven changes in iMSC morphology are consistent across multiple iMSC lines.  While 
there are many macromers that can be used to synthesize hydrogels, hyaluronic acid (HA) hydrogels are highly 
biocompatible and amenable to extensive biochemical and biophysical modifications29. Additionally, HA is a 
commonly used macromer to form hydrogels that regulate MSC shape and mechanosensing30,31. To investi-
gate the effects of stiffness on iMSC morphology, we were interested in culturing iMSCs on HA hydrogels that 
spanned a physiologic range in mechanics7,12,30,31. Though changes in MSC shape are seen across hydrogels as 
soft as 0.1 kPa and stiff as 40 kPa12, Cosgrove et al. found large changes on MSC morphology, nuclear YAP locali-
zation, actin anisotropy, and focal adhesion maturation between MSCs on soft (5 kPa), intermediate (10 kPa), 
and stiff (20 kPa) HA hydrogels30. Thus, we sought to synthesize HA hydrogels with a stiffness range of 5–20 kPa 
to study the effects of mechanics on iMSC shape and mechanotransduction.

Hydrogels were formed by photocrosslinking norbornene groups in hyaluronic acid (HA) macromers with 
thiols in DTT crosslinkers as previously reported32. The amount of macromer (3 wt%) was kept constant and 
Low (5.19 ± 1.04 kPa), Med (9.58 ± 0.98 kPa), and High (19.27 ± 2.41 kPa) matrix stiffness hydrogels were formed 
by varying the amount of crosslinker added (Supplementary Fig. S4). It is important to maintain the amount of 
HA constant since MSCs interact with HA via surface receptors including CD44 and CD16833. To promote cell 
adhesion, thiolated RGD peptides were coupled to the macromer backbone using a procedure described in the 
supplemental methods section (Supplementary Fig. S4), and 1H NMR was used to confirm HA modifications 
(Supplementary Fig. S5).

To evaluate the effects of stiffness on iMSC morphology, three different iMSC lines were cultured atop Low, 
Med, and High stiffness hydrogels. After three days in culture, all iMSC lines displayed comparable stiffness-
mediated changes in morphology. Cell area for iMSCs on Low, Med, and High stiffness hydrogels was 530 ± 141, 
900 ± 360, and 1400 ± 250 µm2, respectively (Fig. 2a). Although average cell area values were consistent with data 
of MSCs cultured on hydrogels of comparable stiffness, there were significant differences in area across different 
MSC lines (Supplementary Fig. S6). In contrast, low heterogeneity was observed within and across iMSC lines for 
iMSCs cultured on Low, Med, and High stiffness hydrogels (Fig. 2a). Next, we evaluated circularity since MSC 
roundness decreases with increasing stiffness on 2D substrates31. Analogous to MSCs, iMSC circularity decreased 
with increasing stiffness, with circularity values ranging from 0.81 ± 0.14 for iMSCs on Low to 0.24 ± 0.12 for 
iMSCs on High stiffness hydrogels (Fig. 2b).

Aspect ratio indicates cellular elongation, and iMSC aspect ratio increased with increasing stiffness, with 
aspect ratio values ranging from 1.32 ± 0.51 for iMSCs on Low to 4.31 ± 0.81 on High stiffness hydrogels (Fig. 2c). 
Although iMSC and MSC stiffness-mediated circularity and aspect ratio trends are consistent, there is signifi-
cant variability in MSC circularity (Supplementary Fig. S7) and aspect ratio (Supplementary Fig. S8) values. 
Representative images of single-cell silhouettes show observable differences in morphology in different stiff-
ness groups but show no discernable differences across iMSC lines cultured on Low, Med, and High stiffness 
hydrogels (Fig. 2d). Taken together, these results support our hypotheses that stiffness-driven changes in iMSC 
morphology follow the same trend as MSCs and that iMSC morphology is highly consistent across iMSC lines.

Mechanosensitive biomarkers of iMSCs are significantly impacted by matrix mechanics.  After 
demonstrating that iMSC morphology is highly consistent across donors and matrix stiffness groups, we evalu-
ated stiffness-driven changes in iMSC mechanosensing. YAP acts as a nuclear relay of mechanical signals exerted 
by matrix stiffness and cell shape12,31,34. In MSCs, YAP is predominantly cytoplasmic in small and round cells 
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and is nuclear in spread cells. After three days in culture, all iMSC lines displayed increasing nuclear YAP with 
increasing stiffness, with nuclear YAP values ranging from 1.22 ± 0.44 on Low to 2.76 ± 0.58 on High stiffness 
hydrogels (Fig. 3a). Although the stiffness-mediated trend in average nuclear YAP values is consistent with data 
of MSCs cultured on hydrogels of comparable stiffness31, the range in nuclear YAP values across stiffness groups 
is much larger for iMSCs than for MSCs (Supplementary Fig. S9).

Besides nuclear YAP localization, focal adhesion maturation and actin anisotropy give an insight to MSC 
mechanosensing11,35. Phosphorylated focal adhesion kinase (pFAK) is known to initialize at least two signaling 
pathways of MSC mechanosensing and plays an important role in controlling several cellular processes including 
cell spreading, migration, and focal adhesion maturation36,37. After three days in culture, all iMSC lines displayed 
an increase in focal adhesion maturation with increasing matrix stiffness. pFAK length for iMSCs on Low, Med, 
and High stiffness hydrogels was 3.94 ± 0.56, 5.98 ± 0.62, and 7.18 ± 0.56 µm, respectively (Fig. 3b). Number of 
adhesions per cell also increased with increasing stiffness, with an average of 6 ± 1 focal adhesions per cell on 
Low and 25 ± 3 on High stiffness hydrogels (Fig. 3c). Actin anisotropy is a measure of actin stress fiber alignment, 
and MSCs on stiff matrices (≥ 20 kPa) exhibit high cytoskeletal tension, resulting in anisotropic actin fibers38. 
Actin anisotropy of iMSCs also increased with increasing stiffness, and actin anisotropy values were consistent 
across all iMSC lines (Fig. 3d).

Average iMSC pFAK length values show low standard deviations within stiffness groups and a large range in 
pFAK lengths of iMSCs atop Low, Med, and High stiffness hydrogels. The average iMSC pFAK length is ~ 2 µm 
longer than for MSCs on the same stiffness conditions, and the standard deviations are lower for iMSCs on every 
stiffness group (Supplementary Fig. S10). Similarly, iMSC lines exhibit more adhesions per cell (~ 10 more adhe-
sions) than MSCs for every stiffness group (Supplementary Fig. S11). The increase in actin anisotropy for iMSCs 

Figure 2.   Effects of matrix stiffness on iMSC morphology. Single-cell image analysis was performed to attain 
iMSC (a) cell area, (b) circularity, and (c) aspect ratio for three iMSC lines cultured on Low, Med, and High 
stiffness hydrogels. (d) Representative single-cell silhouettes of iMSCs cultured atop Low, Med, and High 
hydrogels shown. Scale bar, 50 µm. Bar graphs represent the mean and error bars represent standard deviation; 
n > 50 cells per group, n.s. not significant.
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across the stiffness groups is consistent and highly significant, whereas for MSCs the increase between the Low to 
Med stiffness is greater than from Med to High stiffness (Supplementary Fig. S12). Representative quantifications 
of low (1.14) and high (3.26) nuclear YAP values (Fig. 3e) show brighter nuclear fluorescence for higher nuclear 
YAP values. The representative quantification of high (0.32) actin anisotropy (Fig. 3f) show actin fibers with 
prevailing directionality. Representative quantifications of low (Fig. 3g) and high (Fig. 3h) pFAK length feature 
the observable differences in focal adhesion maturation and number of adhesions in each cell. These findings 
show that iMSCs are highly homogeneous and mechanoresponsive to matrix stiffness.

iMSCs are more homogeneous and mechanosensitive than MSCs.  Based on the findings above, 
we performed a direct comparison between iMSC and MSC morphology and cellular mechanosensing. On 
Med (~ 10  kPa) stiffness substrates, representative cell silhouettes of iMSCs (Fig.  4a, top) qualitatively show 

Figure 3.   Mechanosensitivity of iMSC lines. Single-cell image analysis of (a) nuclear YAP localization, (b) 
pFAK length, (c) number of adhesions per cell, and (d) actin fiber anisotropy of iMSCs cultured atop Low, Med, 
and High stiffness hydrogels. (e) Representative quantifications of high and low nuclear YAP ratios (YAP, green; 
nucleus, white dashed oval). Scale bar, 50 µm. (f) Representative image and quantification of iMSC cultured atop 
Med stiffness hydrogel (red, actin; blue, nucleus). Scale bar, 50 µm. Representative image and quantification of 
iMSC cultured atop a (g) Low and (h) High stiffness hydrogel (green, pFAK; red, actin; blue, nucleus). Scale bar, 
50 µm. Bar graphs represent the mean and error bars represent standard deviation. Box plots show 25/50/75th 
percentiles, whiskers show minimum/maximum; n > 50 cells per group, ***p < 0.001.
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little variation in cell morphology across iMSC lines, whereas cell silhouettes of MSCs (Fig. 4a, bottom) show 
increased elongation and more variability in morphology across MSC lines. Cell area for iMSCs ranged from 
904 ± 355 µm2 to 983 ± 348 µm2, which is a smaller range than for MSCs (758 ± 364 µm2 to 1039 ± 561 µm2) on 
Med stiffness hydrogels. Differences between iMSC and MSC morphology were not as pronounced on Low or 
High stiffness hydrogels (Supplementary Fig. S13).

Histograms of cell area show a homogeneous distribution for iMSCs (Fig. 4b, top). In contrast, although 
MSC lines 2 and 3 had a homogeneous cell area distribution, there was significant heterogeneity observed in 
MSC line 1 (Fig. 4b, bottom). Histograms of nuclear YAP show that iMSC lines peak at a nuclear YAP ratio of ~ 2 
(Fig. 4c, top), whereas there is significant heterogeneity observed in nuclear YAP values across MSC lines (Fig. 4c, 
bottom). In the Low and High stiffness groups there was consistent homogeneity (iMSCs) and heterogeneity 
(MSCs) observed for cell area (Supplementary Fig. S14), circularity (Supplementary Fig. S15), aspect ratio (Sup-
plementary Fig. S16), and nuclear YAP localization (Supplementary Fig. S17).

Next, we examined scatter plots of nuclear YAP versus area of iMSC (Fig. 4d, top) and MSC (Fig. 4d, bot-
tom) lines cultured on Med stiffness hydrogels. Although there is a range in area for iMSC lines, the range in 
nuclear YAP values is lower for iMSCs than for MSCs. This observation was also seen between iMSC and MSC 
lines on Low and High stiffness groups (Supplementary Fig. S18). An iMSC versus MSC comparison between 
pFAK length on Med stiffness hydrogels shows no significant difference in pFAK length (~ 6 µm) for iMSC 

Figure 4.   Morphological and cellular mechanosensing comparison between iMSCs and MSCs on Med stiffness 
hydrogels. (a) Representative cell silhouettes of 3 iMSC (top) and MSC (bottom) cell lines. Histograms of (b) 
cell area and (c) nuclear YAP of 3 iMSC (top) and MSC (bottom) cell lines. (d) Nuclear YAP versus area scatter 
plot of 3 iMSC (top) and MSC (bottom) cell lines. Whisker plots of (e) pFAK length and (f) actin anisotropy 
of iMSC (3 left whisker plots) and MSC (right whisker plots) cell lines. (g) Scatter plots of pFAK length versus 
actin anisotropy of 3 iMSC (top) and MSC (bottom) cell lines. Scale bars: 50 µm. Box plots show 25/50/75th 
percentiles, whiskers show minimum/maximum; n > 50 cells per group, *p < 0.05, **p < 0.01, ***p < 0.001, n.s. not 
significant.
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lines, which contrasts the heterogeneity observed across MSC lines, with values ranging from 2.47 ± 0.82 µm to 
4.27 ± 0.83 µm (Fig. 4e).

Actin anisotropy values for iMSCs were also consistent across different lines while for MSCs actin anisotropy 
was significantly different across cell lines (Fig. 4f). These findings were consistent for pFAK length (Supplemen-
tary Fig. S19) and actin anisotropy (Supplementary Fig. S20) between iMSCs and MSCs cultured on Low and 
High stiffness hydrogels. Single cell scatter plots of pFAK length as a function of actin anisotropy for iMSCs and 
MSCs on Med stiffness hydrogels reveal tight clustering of data points for iMSC lines (Fig. 4g, top), whereas data 
points for MSCs were more scattered (Fig. 4g, bottom). This was also observed for iMSCs and MSCs cultured 
on Low and High stiffness hydrogels (Supplementary Fig. S21). Taken together, a direct comparison between 
MSCs and iMSCs atop hydrogels of varying stiffness shows that iMSC morphology and mechanosensitivity is 
significantly more consistent than for MSCs.

Conclusions
In this study, we derive iMSCs from iPSCs and demonstrate that iMSCs are more homogeneous and mechano-
sensitive than MSCs isolated from adult tissues. This finding resulted from evaluating iMSC morphology and 
matrix mechanosensing on mechanically defined 2D hydrogels and motivates future studies that investigate 
iMSC-material interactions in more complex and physiologically relevant environments. To this end, the thiol-
norbornene chemistry used here can be easily adapted to form hydrogels that support 3D cell culture and spatial 
patterning of biophysical and biochemical signals39. Due to their remarkable sensitivity and homogeneity, iMSCs 
could be a viable source for large scale manufacturing of human stem cells for both autogenic and allogeneic 
cell therapies. As we continue to increase our understanding of iMSC-material interactions, we also believe that 
iMSCs will emerge as a new class of cells for regenerative medicine and tissue engineering applications.

Methods
Derivation and characterization of human iMSC lines.  Fibroblasts from skin biopsies were pro-
grammed into iPSCs using the Global Stem Cell Array® as previously reported21. All methods were carried 
out in accordance with relevant guidelines and regulations. All experimental protocols were approved by The 
New York Stem Cell Foundation Research Institute. Skin biopsies were shared as deidentified following written 
informed consent. Generated iPSC lines were characterized via confirmation of pluripotency markers OCT4 
and TRA-1-60 using immunostaining and fluorescence imaging. Additional characterization was performed 
via global surface marker profiling using a BD Lyoplate Human Cell Surface Marker Screening Panel (BD Bio-
sciences) per manufacturer’s instructions. Using chemically defined differentiation medium, iPSC lines were 
differentiated towards osteoblasts, chondrocytes, or adipocytes and evaluated using von Kossa (calcium deposi-
tion), Alcian blue (glycosaminoglycans, GAGs), or Oil red O (intracellular triglycerides), respectively.

Macromer synthesis.  Sodium hyaluronate (NaHA) was first converted to its tetrabutylammonium salt 
(HA-TBA). To synthesize HANor, the carboxylic acid residues of HA-TBA were modified with 5-norbornene-
2-methylamine (~ 50% of repeat units were functionalized with Nor-). To synthesize HANorMe, the hydroxyl 
residues of HANor were modified with methacrylic anhydride (~ 75% of repeat units were functionalized with 
Me-). To biofunctionalize HANorMe with RGD, a Michael addition reaction between thiolated RGD (cRGD) 
peptide and methacrylates was performed (2 mM final cRGD concentration). Representative 1H NMR spectra 
used to calculate percent of HA repeat units functionalized with Nor- and Me- is in Supplementary Fig. S5.

Hydrogel synthesis and mechanical testing.  HANor was dissolved in phosphate buffer saline (PBS) 
at 3 wt% with varying amounts of DTT and 0.05 wt% I2959. The prepolymer solution (80 µL) was pipetted into 
a silicone mold (11 mm Ø, 0.5 mm h) and irradiated with UV light (10 min, 10 mW/cm2). Individual hydrogels 
were removed from the molds and placed in 1 mL of PBS to swell overnight at 37 °C before mechanical testing. 
Compressive moduli were determined using a Shimadzu EZ-SX Mechanical Tester running at a constant strain 
rate of 10%/min. The modulus was calculated from the slope of the stress–strain curve between 10 and 20% 
strain (n ≥ 3).

Human MSC and iPSC cell culture.  Stem cell lines from the New York Stem Cell Foundation Research 
Institute expanded to passage 4 in growth media [α-MEM supplemented with 10% (v/v) FBS (Gibco), 1% 
(v/v) penicillin–streptomycin (Invitrogen)] were used in all experiments. Human mesenchymal stem cell lines 
(Lonza) were expanded to passage 4 using the culture media described above. Cells were then cultured on top of 
Low, Medium, or High stiffness hydrogels (3000 cells/cm2).

Immunofluorescence staining, imaging, and image analysis.  After 3  days in culture, stem cell-
laden hydrogels were fixed, permeabilized, and stained with appropriate antibodies (YAP, pFAK), phalloidin 
(actin), and/or Hoescht (nuclei). Samples were then imaged using a Nikon A1 confocal microscope and ImageJ 
software was used to calculate morphology (area, circularity, aspect ratio) and cellular mechanosensing (pFAK 
morphology, actin anisotropy, nuclear YAP) parameters.

Statistical analysis.  All data are from three independent biological experiments. At least 50 cells per treat-
ment and biological experiment were quantified. For three group comparisons, one way ANOVA between groups 
(α = 0.05) was performed using GraphPad Prism. If the results of the ANOVA were found to be significant, post 
hoc analysis was performed using the Tukey multiple comparisons test to compare results among groups. Hier-
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archical clustering of surface marker data was generated using the analysis software Morpheus (Broad Institute) 
based on Euclidean distance.

Received: 26 November 2021; Accepted: 22 April 2022

References
	 1.	 Pittenger, M. F. et al. Multilineage potential of adult human mesenchymal stem cells. Science 284, 143–147 (1999).
	 2.	 Friedenstein, Aj., Gorskaja, Jf., & Kulagina, Nn. Fibroblast precursors in normal and irradiated mouse hematopoietic organs. Exp. 

Hematol. 4, 267–274 (1976).
	 3.	 Halim, A., Ariyanti, A. D., Luo, Q. & Song, G. Recent progress in engineering mesenchymal stem cell differentiation. Stem Cell 

Rev. Rep. 16, 661–674 (2020).
	 4.	 Loebel, C. & Burdick, J. A. Engineering stem and stromal cell therapies for musculoskeletal tissue repair. Cell Stem Cell 22, 325–339 

(2018).
	 5.	 Kolf, C. M., Cho, E. & Tuan, R. S. Mesenchymal stromal cells: Biology of adult mesenchymal stem cells: Regulation of niche, self-

renewal and differentiation. Arthritis Res. Ther. 2007(9), 1–10 (2007).
	 6.	 Wong, S. W., Lenzini, S., Cooper, M. H., Mooney, D. J. & Shin, J.-W. Soft extracellular matrix enhances inflammatory activation 

of mesenchymal stromal cells to induce monocyte production and trafficking. Sci. Adv. 6, eaaw0158 (2020).
	 7.	 Engler, A. J., Sen, S., Sweeney, H. L. & Discher, D. E. Matrix elasticity directs stem cell lineage specification. Cell 126, 677–689 

(2006).
	 8.	 Pasapera, A. M. et al. Rac1-dependent phosphorylation and focal adhesion recruitment of myosin IIA regulates migration and 

mechanosensing. Curr. Biol. 25, 175–186 (2015).
	 9.	 Wang, Y.-K. & Chen, C. S. Cell adhesion and mechanical stimulation in the regulation of mesenchymal stem cell differentiation. 

J. Cell. Mol. Med. 17, 823–832 (2013).
	10.	 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. (2004).
	11.	 Yim, E. K. F., Darling, E. M., Kulangara, K., Guilak, F. & Leong, K. W. Nanotopography-induced changes in focal adhesions, 

cytoskeletal organization, and mechanical properties of human mesenchymal stem cells. Biomaterials 31, 1299–1306 (2010).
	12.	 Dupont, S. et al. Role of YAP/TAZ in mechanotransduction. Nature 474, 179–183 (2011).
	13.	 Colter, D. C., Sekiya, I. & Prockop, D. J. Identification of a subpopulation of rapidly self-renewing and multipotential adult stem 

cells in colonies of human marrow stromal cells. Proc. Natl. Acad. Sci. U.S.A. 98, 7841–7845 (2001).
	14.	 Siddappa, R., Licht, R., van Blitterswijk, C. & de Boer, J. Donor variation and loss of multipotency during in vitro expansion of 

human mesenchymal stem cells for bone tissue engineering. J. Orthop. Res. 25, 1029–1041 (2007).
	15.	 Ozeki, N. et al. Not single but periodic injections of synovial mesenchymal stem cells maintain viable cells in knees and inhibit 

osteoarthritis progression in rats. Osteoarthr. Cartil. 24, 1061–1070. (2015).
	16.	 Heo, S.-J. et al. Biophysical regulation of chromatin architecture instills a mechanical memory in mesenchymal stem cells OPEN. 

Nat. Publ. Gr. 5, 16895 (2015).
	17.	 Yang, C., Tibbitt, M. W., Basta, L. & Anseth, K. S. Mechanical memory and dosing influence stem cell fate. Nat. Mater. 13, 645–652 

(2014).
	18.	 de Peppo, G. M. et al. Engineering bone tissue substitutes from human induced pluripotent stem cells. Proc. Natl. Acad. Sci. 110, 

8680–8685 (2013).
	19.	 McGrath, M. et al. GMP-compatible and xeno-free cultivation of mesenchymal progenitors derived from human-induced pluri-

potent stem cells. Stem Cell Res. Ther. 2019(10), 1–13 (2019).
	20.	 Jiang, B. et al. Concise review: Mesenchymal stem cells derived from human pluripotent cells, an unlimited and quality-controllable 

source for therapeutic applications. Stem Cells 37, 572–581 (2019).
	21.	 Paull, D. et al. Automated, high-throughput derivation, characterization and differentiation of induced pluripotent stem cells. Nat. 

Methods 2015(12), 885–892 (2015).
	22.	 Jiang, B. et al. Mesenchymal stem cells derived from human pluripotent cells, an unlimited and quality-controllable source, for 

therapeutic applications. Stem Cells 37(5), 572–581  https://​doi.​org/​10.​1002/​stem.​2964 (2018).
	23.	 Sladkova, M. et al. Engineering human bone grafts with new macroporous calcium phosphate cement scaffolds. J. Tissue Eng. 

Regen. Med. 12, 715–726. (2018).
	24.	 Lv, F.-J., Tuan, R. S., Cheung, K. M. C. & Leung, V. Y. L. Concise review: The surface markers and identity of human mesenchymal 

stem cells. Stem Cells 32, 1408–1419 (2014).
	25.	 Riekstina, U. et al. Embryonic stem cell marker expression pattern in human mesenchymal stem cells derived from bone marrow, 

adipose tissue, heart and dermis. Stem Cell Rev. Rep. 5, 378–386 (2009).
	26.	 De Peppo, G. M. et al. Human embryonic mesodermal progenitors highly resemble human mesenchymal stem cells and display 

high potential for tissue engineering applications. Tissue Eng. Part A 16, 2161–2182 (2010).
	27.	 Sun, Z., Guo, S. S. & Fässler, R. Integrin-mediated mechanotransduction. J. Cell Biol. 215, 445–456 (2016).
	28.	 Elosegui-Artola, A. et al. Rigidity sensing and adaptation through regulation of integrin types. Nat. Mater. 13, 631–637 (2014).
	29.	 Highley, C. B., Prestwich, G. D. & Burdick, J. A. Recent advances in hyaluronic acid hydrogels for biomedical applications. Curr. 

Opin. Biotechnol. 40, 35–40 (2016).
	30.	 Cosgrove, B. D. et al. N-cadherin adhesive interactions modulate matrix mechanosensing and fate commitment of mesenchymal 

stem cells. Nat. Mater. 15, 1297–1306 (2016).
	31.	 Caliari, S. R., Vega, S. L., Kwon, M., Soulas, E. M. & Burdick, J. A. Dimensionality and spreading influence MSC YAP/TAZ signaling 

in hydrogel environments. Biomaterials 103, 314–323 (2016).
	32.	 Gramlich, W. M., Kim, I. L. & Burdick, J. A. Synthesis and orthogonal photopatterning of hyaluronic acid hydrogels with thiol-

norbornene chemistry. Biomaterials 34, 9803–9811 (2013).
	33.	 Bian, L., Guvendiren, M., Mauck, R. L. & Burdick, J. A. Hydrogels that mimic developmentally relevant matrix and N-cadherin 

interactions enhance MSC chondrogenesis. Proc. Natl. Acad. Sci. U.S.A. 110, 2021 (2013).
	34.	 Halder, G., Dupont, S. & Piccolo, S. Transduction of mechanical and cytoskeletal cues by YAP and TAZ. Nat. Rev. Mol. Cell Biol. 

13, 591–600 (2012).
	35.	 Islam, A., Mbimba, T., Younesi, M. & Akkus, O. Effects of substrate stiffness on the tenoinduction of human mesenchymal stem 

cells. Acta Biomater. 58, 244–253 (2017).
	36.	 Provenzano, P. P. & Keely, P. J. Mechanical signaling through the cytoskeleton regulates cell proliferation by coordinated focal 

adhesion and Rho GTPase signaling. J. Cell Sci. 124, 1195–1205 (2011).
	37.	 Lee, F.-Y. et al. The mTOR-FAK mechanotransduction signaling axis for focal adhesion maturation and cell proliferation. Am. J. 

Transl. Res. 9, 1603–1617. (2017).

https://doi.org/10.1002/stem.2964


9

Vol.:(0123456789)

Scientific Reports |         (2022) 12:8483  | https://doi.org/10.1038/s41598-022-12143-2

www.nature.com/scientificreports/

	38.	 Tay, C. Y. et al. Bio-inspired micropatterned hydrogel to direct and deconstruct hierarchical processing of geometry-force signals 
by human mesenchymal stem cells during smooth muscle cell differentiation. NPG Asia Mater. 7, e199–e211 (2015).

	39.	 Vega, S. L. et al. Combinatorial hydrogels with biochemical gradients for screening 3D cellular microenvironments. Nat. Commun. 
9, 614 (2018).

Acknowledgements
We thank the Global Stem Cell Array® team at NYSCF for providing the human iPSC lines, Dr. Harshad Joshi 
for assistance with hierarchical clustering, and Dr. Rick Monsma, Dr. Raeka Aiyar, and Corvis Richardson for 
proofreading the manuscript. Funding was provided by The New York Stem Cell Foundation Research Institute 
(G.M.d.P.), The Ralph and Ricky Lauren Family Foundation (G.M.d.P.), and the National Science Foundation 
(DMR-2037055) (S.L.V.).

Author contributions
K.A.G., G.M.d.P., and S.L.V. planned and designed experiments. M.S., M.Z., and G.M.d.P. prepared and char-
acterized iMSC lines. K.A.G., R.G., and K.S. performed and analyzed experiments. K.A.G., G.M.d.P., and S.L.V. 
wrote the manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://​doi.​org/​
10.​1038/​s41598-​022-​12143-2.

Correspondence and requests for materials should be addressed to S.L.V.

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) 2022

https://doi.org/10.1038/s41598-022-12143-2
https://doi.org/10.1038/s41598-022-12143-2
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Human induced mesenchymal stem cells display increased sensitivity to matrix stiffness
	Results and discussion
	Automated manufacturing of iPSC lines enables consistent production of iMSCs. 
	Stiffness-driven changes in iMSC morphology are consistent across multiple iMSC lines. 
	Mechanosensitive biomarkers of iMSCs are significantly impacted by matrix mechanics. 
	iMSCs are more homogeneous and mechanosensitive than MSCs. 

	Conclusions
	Methods
	Derivation and characterization of human iMSC lines. 
	Macromer synthesis. 
	Hydrogel synthesis and mechanical testing. 
	Human MSC and iPSC cell culture. 
	Immunofluorescence staining, imaging, and image analysis. 
	Statistical analysis. 

	References
	Acknowledgements


