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Abstract 
There is tremendous interest in developing hydrogels as tunable in vitro cell culture platforms to 
study cell response to mechanical cues in a controlled manner. However, little is known about how 
common cell culture techniques, such as serial expansion on tissue culture plastic, affect 
subsequent cell behavior when cultured on hydrogels. In this work we leverage a methacrylated 
hyaluronic acid hydrogel platform to study stromal cell mechanotransduction. Hydrogels are first 
formed through thiol-Michael addition to model normal soft tissue (e.g., lung) stiffness (E ~ 1 
kPa). Secondary crosslinking via radical photopolymerization of unconsumed methacrylates 
allows matching of early- (E ~ 6 kPa) and late-stage fibrotic tissue (E ~ 50 kPa). Early passage 
(P1) human bone marrow mesenchymal stromal cells (hMSCs) display increased spreading, 
myocardin-related transcription factor-A (MRTF-A) nuclear localization, and focal adhesion size 
with increasing hydrogel stiffness. However, late passage (P5) hMSCs show reduced sensitivity 
to substrate mechanics with lower MRTF-A nuclear translocation and smaller focal adhesions on 
stiffer hydrogels compared to early passage hMSCs. Similar trends are observed in an 
immortalized human lung fibroblast line. Overall, this work highlights the implications of standard 
cell culture practices on investigating cell response to mechanical signals using in vitro hydrogel 
models. 
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Introduction 
Mechanotransduction, or the process by which cells sense and interpret biomechanical cues from 
their environment1, is a major regulator of tissue development, homeostasis, wound healing, and 
pathological disorders2. Understanding mechanotransduction in the context of how stromal cells 
like fibroblasts and mesenchymal stromal cells (MSCs) interact with their microenvironment is 
central to a range of biomedical applications from cell manufacturing to combatting fibrotic 
diseases. Fibrosis, a gradual stiffening process characterized by excessive scarring that results in 
decreased organ compliance and eventual failure3, affects many organs including the heart, liver, 
and lungs4 and occurs in part due to positive feedback loops in the injury response cascade. 
Activated cells (myofibroblasts) deposit excessive extracellular matrix (ECM) and lead to gradual 
tissue stiffening, which serves as a mechanical stimulus to perpetuate myofibroblast activation5. 
Studies have shown that elevated substrate stiffness alone drives activation of quiescent cells, such 
as fibroblasts or MSCs, into pro-fibrotic myofibroblasts in both fibrosis6-11 and cancer12,13.  
 
Improved understanding of stromal cell mechanotransduction is also of importance in cell 
manufacturing involving MSCs, including for cell-based therapies for fibrotic diseases14,15. MSCs, 
which are a popular source of stem cells under consideration for a range of cell-based therapies, 
are difficult to expand cells ex vivo while also maintaining their therapeutic behavior16-18. 



Expansion of MSCs often occurs on supraphysiologically stiff surfaces like tissue culture plastic 
(TCP), but this is problematic considering that MSCs are highly mechanosensitive19. For example, 
MSCs lineage specification is highly dependent on the stiffness of the underlying culture 
substrate20. Additionally, serial expansion on TCP was found to direct MSCs toward an osteogenic 
fate and induce senescence21-23.  
 
While studying cell behaviors like mechanotransduction is quite difficult in vivo, hydrogels have 
emerged as a popular class of biomaterials for in vitro cell culture applications since they can be 
designed to mimic relevant aspects of the native ECM, including mechanical properties such as 
Young’s modulus or stiffness in the range of kilopascals (kPa)20, as opposed to traditional tissue 
culture plastic that is supraphysiologically stiff24. Hydrogels can be engineered to match 
physiologic ranges of tissue mechanics by tuning parameters including the polymer concentration, 
crosslinking density, and crosslinking type (e.g., physical and/or covalent). Hydrogel systems 
incorporating mechanical cues have been used in evaluating cell spreading and cytoskeletal 
organization25,26, stem cell differentiation27-29, and myofibroblast behavior in heart30, lung31,32, and 
liver33 disease. Stiffer substrate mechanics have been shown to support focal adhesion (FA) 
formation, which includes proteins like paxillin, and assist in regulating changes in cell behavior 
such as spreading and differentiation34-38. As FAs mature and grow from < 0.25 m to 1-5 m39-

41, they facilitate cytoskeletal polymerization of actin stress fibers40,42 following the nuclear 
localization of myocardin-related transcription factor-A (MRTF-A)43, which is involved in pro-
fibrotic gene expression44-48.  
 
Understanding cell response to mechanical cues is especially important given recent evidence 
suggesting that cells maintain a ‘memory’ of their surrounding mechanical environment, resulting 

in changes in cell sensitivity to matrices with different mechanical cues49-56. Seminal reports on 
mechanical memory showed that fibroblasts cultured extensively on stiffer silicone-based 
biomaterials maintained an activated myofibroblast phenotype, even when moved to a softer 
substrate50. Conversely, fibroblasts primed on softer substrates showed blunted activation when 
moved to stiffer substrates50. Subsequent work showed that mechanical memory was regulated in 
part by MRTF-A, a transcriptional regulator implicated in the upregulation of profibrotic genes 
such as Acta254. 
 
Collectively, these studies suggest that mechanical cues play a key role in mechanotransduction 
signaling and cell phenotype. However, it is not well understood how standard culture techniques, 
such as serial passaging on TCP, influence resultant cell behavior in hydrogel cell culture models. 
In this study, we compared the response of both hMSCs, which can play a role in multiple fibrotic 
pathologies, as well as immortalized human lung fibroblasts to engineered hydrogels that matched 
the stiffness of either normal or diseased soft tissue to determine how mechanosensitivity changed 
with respect to initial culture and expansion on TCP. Overall, these results describe how the 
mechanical sensitivity of hMSCs and fibroblasts in experimental hydrogel models of fibrosis 
changes with prior expansion on TCP.  

Materials and Methods 

MeHA synthesis 
Hyaluronic acid (HA) was methacrylated as previously described33. Sodium hyaluronate (Lifecore, 
60 kDa) was dissolved at 2 wt% in deionized water prior to reacting with methacrylic anhydride 



(Sigma Aldrich, 4.83 mL per g HA) at pH 8.5-9 for 6 h on ice. After all of the methacrylic 
anhydride was reacted, the solution was allowed to stir at room temperature overnight. The mixture 
was dialyzed against deionized water (SpectraPor, 6-8 kDa molecular weight cutoff) at room 
temperature for 5 days, then frozen and lyophilized until dry. The degree of modification as 
determined by 1H NMR (500 MHz Varian Inova 500) was ~ 100%.  

Hydrogel fabrication 
MeHA in 0.2 M triethanolamine (TEOA, Sigma Aldrich) buffer at pH 9 was functionalized with 
a thiolated cell-adhesive RGD peptide (GenScript, GCGYGRGDSPG) via a Michael-type addition 
reaction. The solution was incubated at room temperature for at least 1 h and afforded a final RGD 
concentration of 1 mM. 1 kPa MeHA hydrogels were also formed through Michael-type addition. 
4 wt% RGD-modified MeHA was crosslinked with dithiothreitol (DTT, Sigma Aldrich) at pH 9. 
The hydrogel precursor solution (50 L) was placed between untreated and thiolated glass 
coverslips (18 x 18 mm) and allowed to crosslink for 1 h at 37 C.  Both the RGD functionalization 
and hydrogel crosslinking for the 1 kPa formulation only consumed ~ 15% of the available 
methacrylate groups, leaving the remaining available for secondary crosslinking.  

Secondary hydrogel stiffening  
1 kPa MeHA hydrogels were stiffened prior to cell culture to generate moderate and high stiffness 
hydrogels. For mechanical testing, 1 kPa hydrogels were incubated in PBS containing 2.2 mM 
lithium acylphosphinate (LAP) photoinitiator at 37 C for 30 min, then exposed to blue (400-500 
nm, 5 mW cm-2) light for various amounts of time using an OmniCure S2000 curing light. 
Following light exposure, hydrogels were rinsed three times with PBS to remove LAP and replaced 
either with fresh PBS for mechanical testing or media for cell culture. 

Mechanical characterization 
Initial network formation was tracked through rheology on an Anton Paar MCR 302 rheometer 
with a cone-plate geometry (25 mm diameter, 0.5 , 25 m gap) set to 37 C. Hydrogel mechanical 
properties were assessed at least 24 h after swelling using a displacement-controlled nanoindenter 
(Optics 11 Piuma). A spherical borosilicate glass probe with a radius of 50 m and a cantilever 
stiffness of 0.5 N/m was indented onto the surface of MeHA hydrogels submerged in PBS. The 
Young’s modulus was determined through the loading portion of the generated force versus 

distance indentation curve using the Hertzian contact mechanics model and assuming a Poisson’s 

ratio of 0.5. Each sample was indented 25 times with three replicates per group. Hydrogel 
topography was mapped using matrix indentations of 5 x 5 grids.  

Cell culture 
Human bone marrow aspirates (Lonza) were purchased to isolate hMSCs. hMSCs were used at 
passage 1 (P1) or 5 (P5) for experiments. Briefly, bone marrow from a single non-smoking donor 
was vortexed with ammonium chloride (Stem Cell Technologies) at 200 rcf for 5 min, then placed 
on ice for 10 min to lyse red blood cells. Cells were washed twice with growth media containing 
minimum essential medium α (MEM-α, Gibco) supplemented with 16.7 v/v% fetal bovine serum, 
mesenchymal stem cell-qualified (Gibco), 1 v/v% L-glutamine (Gibco), and 1 v/v% 
streptomycin/amphotericin B/penicillin at 10,000 g mL-1, 25 g mL-1, and 10,000 units mL-1, 
respectively (Gibco). Human lung fibroblasts (abm hTERT T1015) were used at passage 1 (P1) or 
10 (P10) for experiments. Cell culture media contained Dulbecco’s modified Eagle’s medium 

(DMEM) supplemented with 10 v/v% fetal bovine serum (Gibco) and 1 v/v% 



streptomycin/amphotericin B/penicillin at 10,000 g mL-1, 25 g mL-1, and 10,000 units mL-1, 
respectively (Gibco). Both cell types were cultured to ~ 80% confluency prior to passaging. 
Passaging occurred every 4 days for hMSCs, and every 2 days for fibroblasts. When confluent, 
cells were incubated with 0.5% trypsin-EDTA (Gibco) for 6-8 min. Serum-containing media was 
added to inactivate trypsin, and the cell solution was centrifuged at 200 rcf for 5 min. The 
supernatant was removed, and the cell pellet was resuspended with warmed media to ensure a final 
concentration of 250,000 cells/plate. For cell culture on hydrogels, swollen hydrogels (18 x 18 
mm), or glass microscope slides (Fisher Scientific) were placed in non-tissue culture treated 6-
well plates and sterilized under germicidal UV light for 2 h, then incubated in culture media for at 
least 30 min before cell seeding. Cells were trypsinized from culture plates and placed on hydrogels 
at a density of 2 x 103 cells per hydrogel. For all experiments, culture media was replaced every 2 
days.  

Cell staining, fluorescence imaging, and quantification 
For immunostaining, cells on hydrogels were rinsed with PBS, fixed in 10% buffered formalin for 
15 min, permeabilized in 0.1% Triton X-100 for 10 min, then blocked in 3% bovine serum albumin 
in PBS at room temperature for at least 1 h. For visualizing focal adhesions, cells were fixed using 
a microtubule stabilization buffer57 for 10 min at 37 C prior to blocking. Hydrogels were then 
incubated with primary antibodies at 4 C overnight. Primary antibodies included MRTF-A (mouse 
monoclonal anti-Mk11 Abcam ab219981, 1:200) or paxillin (mouse monoclonal anti-paxillin B-
2, Santa Crux Biotechnology, sc365379, 1:500) to visualize focal adhesions. The following day, 
hydrogels were washed with PBS three times, then incubated at room temperature in the dark for 
2 h with secondary antibodies (AlexaFluor 488 goat anti-mouse IgG 1:400 or 1:600) or rhodamine 
phalloidin (Invitrogen, R415, 1:600) to visualize F-actin. The hydrogels were rinsed with PBS 
three more times before incubating with a DAPI nuclear stain (Invitrogen D1306, 1:10,000) for 1 
min. The hydrogels were rinsed twice more with PBS and stored in the dark at 4 C prior to 
imaging. For cell shape and focal adhesion imaging, images were obtained using a Zeiss 
AxioObserver 7 inverted microscope at 40x oil objective (numerical aperture: 1.3). For 
quantification of cell spread area, cell shape index (CSI) and MRTF-A nuclear/cytosolic ratio, a 
CellProfiler (Broad Institute, Harvard/MIT) pipeline was used. CSI quantifies the circularity of the 
cell, where a line and a circle is characterized by values of 0 and 1 respectively, and was calculated 
using the formula: 

𝐶𝑆𝐼 =
4𝜋𝐴

𝑃2
 

where 𝐴 is the cell area and 𝑃 is the cell perimeter. For focal adhesion analysis, adhesion count 
and length were quantified using the Focal Adhesion Analysis Server (FAAS)58 image processing 
pipeline with a threshold of 4.5 and a minimum pixel size of 25. At least 20 images were taken of 
each hydrogel (60 total images per experimental group) and at least 60 single cells were analyzed 
for cell shape, MRTF-A, and focal adhesion analyses. At least 600 adhesions were analyzed per 
group, with approximately 15-25 adhesions per cell.  

Statistical analysis  
For mechanical characterization, at least three hydrogel replicates (n = 3) were used with the data 
presented as the mean  standard deviation for hydrogel mechanics, cell shape, and focal adhesion 
results, and mean  standard error of mean for CSI and MRTF-A nuclear/cytosol ratio data. One- 
or two-way analysis of variance (ANOVA) followed by Tukey’s post-hoc tests were performed 



for all quantitative tests. All cell experiments included at least three replicate hydrogels per group 
(n = 3). Box plots of single cell data include mean and median indicators and contain error bars 
that are the lower result of 1.5 * interquartile range or the maximum/minimum value. Data points 
between the 1.5 * interquartile range and the maximum/minimum are indicated with circles. Error 
is reported in single cell figures as the standard error of the mean unless otherwise noted. 
Significance was indicated by *, **, ***, or **** corresponding to P < 0.05, 0.01, 0.001, or 0.0001, 
respectively.  

Results 
Combined Michael-type addition and light-mediated crosslinking chemistries enable the 
formation of hydrogels matching normal and fibrotic tissue stiffness. Methacrylates were 
functionalized to the carboxylic acid site on hyaluronic acid to produce hydrogels with sequential 
crosslinking capabilities (Fig. S1)27,33. Hydrogels were initially produced through a base-catalyzed 
Michael-type addition reaction in the presence of dithiothreitol (DTT) to form dithiol crosslinks. 
This reaction was allowed to proceed for 1 h at 37 C, at which point the storage modulus reached 
a plateau (Fig. S2A). Importantly, during this crosslinking reaction < 15% of the available 
methacrylates were consumed, leaving the remaining available for secondary crosslinking. The 
unreacted methacrylates underwent visible light-mediated radical polymerization in the presence 
of 2.2 mM lithium acylphosphinate (LAP) photoinitiator using blue light (400-500 nm, 5 mW cm-

2) exposure, creating kinetic chains between the methacrylates (Fig. 1A). Adjusting the length of 
light exposure produced hydrogels with increasing Young’s moduli, as measured by 

nanoindentation (Fig. 1B, S2B). Using these coupled chemistries, hydrogels of 1, 6, and 50 kPa 
were formed which correlate with the typical Young’s moduli of normal and increasingly fibrotic 
lung tissue59. Hydrogel surface topography and mechanics were relatively homogeneous as shown 
by spatial mapping obtained via nanoindentation (Fig. S2C). 
 

 
Figure 1. A) Schematic of initial Michael-type addition crosslinking of methacrylates with dithiols to yield 
a compliant (E ~ 1 kPa) hydrogel, followed by light-mediated radical crosslinking of unconsumed 
methacrylates to stiffen the substrate. Consuming < 15% of the available methacrylate groups during the 
initial Michael-type addition allowed for the remaining methacrylates to crosslink upon light exposure. B) 
Nanoindentation of hydrogels following initial hydrogel formation (1 kPa) and light exposure doses of 25 
or 300 sec, yielding hydrogels with Young’s moduli of 6 and 50 kPa respectively. **** P < 0.0001, ** P 
< 0.01. Data are from n = 3 hydrogel replicates containing at least 75 indentations per group. Data are 



reported as the mean ± s.d. with the three scatter points on each bar indicating the averages for each hydrogel 
replicate. 

 
Early passage stromal cells show distinct morphologies as a function of hydrogel stiffness. 
After characterizing our hydrogel platform, we next seeded early passage stromal cells (either 
human mesenchymal stromal cells (hMSCs) or immortalized human lung fibroblasts) that were 
grown to confluency on TCP only once (P1) onto MeHA hydrogels of either 1, 6, or 50 kPa. We 
also seeded cells on glass coverslips (~ GPa) as a control accounting for conventional culture 
conditions. All cultures were carried out for 4 days. Visual inspection of cells indicated 
morphological differences across each substrate group, with increased spreading and the formation 
of organized F-actin stress fibers observed on the 50 kPa and glass matrices (Fig. 2A, S3A). 
Quantification of shape metrics showed significant differences in cell spread area as well as cell 
shape index (CSI), a measure of cell circularity, for the different substrate groups. hMSCs on the 
1 and 6 kPa hydrogels displayed similar spreading, while cells on the 50 kPa hydrogel and glass 
showed no distinct differences in spread area between each other; however, hMSCs on the two 
softer hydrogel groups showed significantly reduced spread area compared to the two stiffer 
groups (Fig. 2B). Similar trends were observed for fibroblasts (Fig. S3B). hMSCs on the 1 kPa 
hydrogel were significantly rounder (higher CSI) than hMSCs on other substrates (Fig. 2C) while 
fibroblasts were significantly rounder on both 1 and 6 kPa hydrogels compared to stiffer substrates 
(Fig. S3C). The MRTF-A nuclear localization trends were not as distinct for the different groups, 
with cells displaying significantly higher nuclear translocation on the 50 kPa hydrogel (hMSCs, 
Fig. 2D) or glass substrates (fibroblasts, Fig. S3D). The results indicate that these hMSCs sense 
and respond to the mechanical properties of the underlying substrate through changes in 
morphology and transcription factor nuclear translocation.  
 



 
Figure 2. A) Representative images of passage 1 (P1) hMSCs cultured on glass and 1, 6, and 50 kPa 
hydrogels for 4 days. Scale bars: 50 µm. Following 4 days of culture, quantification of B) cell spread area 
(µm2), C) cell shape index, a measure of cell circularity, and D) MRTF-A nuclear-to-cytosol intensity ratio 
was performed. n = 3 hydrogels with 90-144 total individual cells per group. ** P < 0.01, * P < 0.05. 

 
Early passage stromal cells display reduced focal adhesion size on 1 kPa hydrogels. 
Focal adhesion organization in early passage stromal cells was visualized through paxillin staining, 
with diffuse staining observed for both hMSCs and fibroblasts seeded on 1 kPa hydrogels, 
compared to punctate development on all other experimental groups (Fig. 3A, S4A). Stromal cells 
cultured on 1 kPa hydrogels displayed significantly fewer focal adhesions greater than 1.5 μm 
compared to all other substrate groups (Fig. 3B, S4B). Most of the focal adhesions measured ~ 1.3 
μm in length for hMSCs  and ~ 1.2 μm for lung fibroblasts on 1 kPa hydrogels, while the remaining 
substrate groups showed a wider range of adhesion lengths with ~ 35-40% of focal adhesions 
exceeding 1.5 μm (Fig. 3C, S4C). As with hMSC morphology, this experiment highlighted that 
the mechanical properties of the underlying substrate influenced the formation and maturation of 
cellular focal adhesions. 



 
Figure 3. A) P1 hMSCs were stained for paxillin to visualize focal adhesions, with quantification of B) 
focal adhesion lengths larger than 1.5 μm, a metric for mature adhesions, and C) ridgeline plots of the 
adhesion length distribution. n = 3 hydrogels with 628-4165 individual focal adhesions per group. ** P < 
0.01, * P < 0.05. 

 
Late passage hMSCs show similar trends in spreading and roundness compared to early 
passage hMSCs.  
Next, to investigate whether serial passaging affected resultant cellular behavior during hydrogel 
experiments, hMSCs were cultured to P5 prior to seeding on hydrogel substrates. Late passage 
hMSCs largely exhibited similar trends in spreading and roundness as a function of substrate 
stiffness (Fig. 4A) compared to early passage hMSCs. Late passage hMSCs cultured on 1 kPa 
hydrogels were significantly less spread with lower MRTF-A nuclear localization compared to 
hMSCs on stiffer substrates (Fig. 4B, 4D). Furthermore, late passage hMSCs on compliant 
hydrogels (1, 6 kPa) were significantly rounder than hMSCs on stiffer surfaces (Fig. 4C). 
Immortalized lung fibroblasts serially passaged to P10 showed more blunted sensitivity to 
substrate mechanics with significantly lower spreading on 1 kPa hydrogels but similar cell 
roundness and MRTF-A nuclear localization across all substrate stiffnesses (Fig. S5). 



 
Figure 4. A) Representative images of passage 5 (P5) hMSCs cultured on glass and 1, 6, and 50 kPa 
hydrogels for 4 days. Scale bars: 50 μm. Following 4 days of culture, quantification of B) cell spread area 
(μm2), C) cell shape index, a measure of cell circularity, and D) MRTF-A nuclear-to-cytosol ratio was 
performed. n = 3 hydrogels with 62-98 total individual cells per group. *** P < 0.001, ** P < 0.01, * P < 
0.05. 

 
Late passage hMSCs show lower MRTF-A nuclear localization and smaller focal adhesions 
on stiffer hydrogels compared to early passage hMSCs. 
Late passage stromal cells showed limited differences in focal adhesion organization as a function 
of substrate stiffness (Fig. 5, S6). Punctate adhesions are observed for all groups, including some 
cells on the most compliant 1 kPa hydrogel (Fig. 5A, S6A). Similar percentages of mature 
adhesions above 1.5 μm (~ 30%) were measured for both late passage hMSCs and lung fibroblasts 
(Fig. 5B, S6B). 
 
When directly comparing cell spreading, roundness, MRTF-A nuclear localization, and focal 
adhesion size between early and late passage stromal cells by combining the quantitative results 
of Figs. 2-5, several important trends emerge (Fig. 6, S7). The first is that there are minimal 
differences in cell spread area and shape index (roundness) observed, although late passage lung 
fibroblasts are generally less round on compliant hydrogels (Fig. S7B). However, MRTF-A 
nuclear localization is generally lower for late passage hMSCs, with significant reductions for late 



passage hMSCs on hydrogels of 1 and 50 kPa compared to early passage hMSCs on the same 
stiffness substrates (Fig. 6C). Further, the number of mature (> 1.5 μm) focal adhesions was 
reduced for late passage hMSCs on stiffer hydrogels (Fig. 6D). Together, these results suggest a 
blunted response in later passage stromal cells to varying substrate stiffness. 
 

 
Figure 5. A) P5 hMSCs stained for paxillin to visualize focal adhesions, with quantification of B) focal 
adhesion lengths greater than 1.5 μm, a metric for mature adhesions, and C) ridgeline plots of the adhesion 
length distribution. Scale bar: 50 µm. n = 3 hydrogels with 1039-3641 individual focal adhesions quantified 
per group. No statistically significant differences were observed. 

Discussion 
While many studies have shown that cell behavior is influenced by environmental mechanical 
cues25-29, there is comparatively little information on how initial expansion on supraphys-
iologically stiff tissue culture plastic influences subsequent cell culture studies. Previous work on 
understanding mechanical memory highlighted the effects of serial passaging fibroblasts on top of 
silicone substrates, ranging from normal to fibrotic stiffnesses48,49, with sustained cell activation 
observed after mechanical priming on stiff substrates for 3 weeks49. Another study evaluated the 
effects of relatively short-term plastic priming (up to 10 days) on hMSC mechanosensitivity but 
did not evaluate the effects of serial passaging and TCP expansion50. Since many current research 
efforts are still performed using either primary-derived or immortalized cells cultured extensively 
on TCP prior to in vitro hydrogel culture, it was of interest to investigate the influence of this 
approach on cell mechanosensitivity. 
 



 
Figure 6. Comparison between P1 (solid bars) and P5 (striped bars) hMSCs with respect to A) cell spread 
area, B) cell shape index, C) MRTF-A nuclear-to-cytosol ratio, and D) focal adhesion lengths larger than 
1.5 μm following 4 days of hydrogel culture. Data are reported as the mean  S.E.M. n = 3 hydrogels per 
group. *** P <0.001, ** P < 0.01, * P < 0.05. 

 
In the present study, the effect of hydrogel mechanical properties on the behavior of stromal cells 
that underwent variable levels of serial passaging was assessed. Cells were plated on either glass 
or hydrogels with stiffnesses of 1, 6, or 50 kPa mimicking normal or pathologic tissue stiffnesses. 
Both early and late passage hMSCs exhibited sensitivity to the mechanics of the underlying 
substrate during in vitro experiments as shown by distinct changes in spread area and formation of 
focal adhesions, as well as the nuclear localization of MRTF-A (Fig. 2-5). Similar observations 
have previously been made where increased stiffness drives greater cell spreading27,60,61, including 
for lung fibroblasts49, and increased focal adhesion maturation62. The correlation between 
increased spreading and increased MRTF-A nuclear localization has also been previously 
observed46,63. In comparing the behaviors of early versus late passage hMSCs, the late passage 
hMSCs exhibited a more blunted response to substrate stiffness as measured by these metrics, 
notably showing reduced MRTF-A nuclear localization and focal adhesion maturation (Fig. 6). 
Similar trends were observed when these same metrics were investigated using a fibroblast cell 
line immortalized by transfection with the catalytic subunit of human telomerase (hTERT) gene 
(Fig. S3-S7). Immortalized cell lines are manufactured to retain characteristic behaviors and can 



typically be passaged on TCP for much longer compared to their primary-derived counterparts, 
although phenotypic changes due to serial passaging are also known to occur. These findings 
highlight the implications of extended TCP expansion time on subsequent in vitro experiments to 
investigate both primary-derived and immortalized cell behavior.  
  
The effects of prolonged passaging on TCP has been evaluated for a variety of cell types, like 
primate brain microvessel endothelial cells, which displayed altered protein expression profiles 
and enzymatic activity51. In another study, primary porcine coronary arterial endothelial cells 
showed reduced proliferation, increased apoptosis, and p53 signaling activation, which facilitates 
tumor metastasis52,53. Furthermore, another study using human umbilical vein endothelial cells 
reported differences in cell spreading, shape, and migration with increased passaging54. In addition 
to primary cell cultures, these effects have also been observed for immortalized cell lines. For 
example, one study showed significant reductions in the expression of typical gene markers of 
uveal melanoma as a function of serial passaging64. This study also showed that serial passaging 
increased the tumorigenic potential of the cell line following subcutaneous injection into athymic 
mice64. Another report indicated that immortalized human colorectal adenocarcinoma cells showed 
variable morphological features with increased passaging as well as reduced growth kinetics and 
enzyme activity65. While those studies proved useful for understanding the roles that serial 
passaging can play on cell behavior, we wanted to specifically investigate changes in cellular 
mechanosensitivity. Many studies investigating the mechanosensitivity of single cell lines have 
evaluated the influence of mechanical cues using physiologically relevant hydrogel 
platforms48,50,66-68, with one of these studies showing that extended culture on stiff hydrogel 
substrates led to persistent chromatin decondensation66, potentially providing insight to explain 
our results. Another study showed that extended TCP culture led to reduced MSC 
mechanosensitivity as measured by Yes-associated protein (YAP) nuclear localization69. And, 
while our results may provide a level of understanding as to how prolonged TCP exposure affects 
subsequent cell behaviors, these effects will likely vary for different cell types, sources, and 
donors; indeed, the use of only two types of cells from single donors on hydrogel technical 
replicates is a clear limitation of our work. Furthermore, many studies have shifted toward 
culturing cells onto compliant substrates, rather than TCP, for a prolonged period to create 
conditions more closely resembling in vivo milieus49,55,56. One recent study showed that adaptation 
to TCP prior to the culture of a breast cancer cell line on polyacrylamide substrates resulted in 
reduced differences in morphology, including spread area, between cells on soft (1 kPa) or stiff 
(103 kPa) hydrogels55. In fact, a recent study showed that expanding cells on compliant surfaces 
could help erase this mechanical memory48 as a function of adaptation to the initially stiff 
environment of TCP, representing a potential future avenue of investigation.  
 
Overall, this study evaluated how culture time influences subsequent stromal cell behavior in the 
context of TCP expansion prior to in vitro hydrogel culture. While our results underscore how 
initial passage length plays a role in cell response to physiologically relevant hydrogel models of 
disease with early passage stromal cells showing increased mechanosensitivity as measured by 
spreading, MRTF-A localization, focal adhesion organization, there remains much to be 
understood about the underlying mechanisms driving these results. For example, evaluating 
changes in integrin expression may elucidate why there are reduced differences in MRTF-A 
nuclear translocation as a function of substrate stiffness after serial passaging. Future experiments 
could consider extended culture times, repeat experiments (i.e., biological replicates), different cell 



types/sources/donors, and how more complex mechanical cues, like viscoelasticity or dynamic 
stiffening, influence the observed cell behaviors in this work. 
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