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Extracellular matrix (ECM) stiffness is fundamental in cell division,
movement and differentiation. The stiffness that cells sense is determined
not only by the elastic modulus of the ECM material but also by
ECM geometry and cell density. We hypothesized that these factors
would influence cell traction-induced matrix deformations and cellular
differentiation in bone marrow stromal cells (BMSCs). To achieve this,
we cultivated BMSCs on polyacrylamide hydrogels that varied in elastic
modulus and geometry and measured cell spreading, cell-imparted matrix
deformations and differentiation. At low cell density BMSCs spread to a
greater extent on stiff compared with soft hydrogels, or on thin compared
with thick hydrogels. Cell-imparted matrix deformations were greater on
soft compared with stiff hydrogels or thick compared with thin hydrogels.
There were no significant differences in osteogenic differentiation relative
to hydrogel elastic modulus and thickness. However, increased cell density
and/or prolonged culture significantly reduced matrix deformations on soft
hydrogels to levels similar to those on stiff substrates. This suggests that at
high cell densities cell traction-induced matrix displacements are reduced
by both neighbouring cells and the constraint imposed by an underlying
stiff support. This may explain observations of the lack of difference in
osteogenic differentiation as a function of stiffness.

1. Introduction
The ability of cells to sense and respond to mechanical information from
the extracellular matrix (ECM) is important for many biological processes
[1]. ECM stiffness directs stem cell spreading, differentiation, migration and
proliferation [2–4] and is now one of the most studied ECM mechanical
properties. ECM stiffness has been shown to be of fundamental importance in
specifying stem cell differentiation [5,6], and so the mechanical properties of
tissues probably play a fundamental role in tissue development and regenera-
tion.

Adherent cells sense the stiffness of their growth substratum by apply-
ing traction forces at their points of attachment and by sensing their
dynamic displacement as a function of the applied force [7,8]. Generally,
on stiff materials, the resistance to this applied force results in assembly
of focal adhesions, F-actin and the generation of intracellular tension. This
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subsequently results in cell spreading. On soft materials, however, cells are unable to generate internal tension and as a result
spread to a lesser degree [2]. Downstream signalling then regulates gene expression and directs cell migration, proliferation and
differentiation in a process known as mechanotransduction [9].

It is important to note that the ECM stiffness that an adherent cell senses is not only dependent on the elastic modulus of the
material. It may also be dependent on the dimensions of the material, the magnitude of the applied load and dynamic changes
in material structure that may occur on time scales similar to those of cell-induced displacements. For small cells on large
material structures, this is often negligible. However, it becomes important when, for example, the thickness of a soft material
adherent to a stiff underlying support is reduced. Many studies of cell mechanobiology use ECM-modified polyacrylamide
(PAAm) hydrogel as a cell culture substrate. PAAm is a material with linear elastic properties, often chosen as its stiffness
can be controlled independently of other variables, and because deformations can be tracked using encapsulated fiduciary
markers, rather than it reflecting the anisotropic and often viscoelastic materials in native ECM. For cell studies, this material is
polymerized in situ and bound to a glass or plastic support for ease of handling. Several studies have shown that for a hydrogel
with a defined, low elastic modulus, the cell begins to behave as if it is on a much stiffer material as the thickness (or depth)
of the material decreases [7,10,11]. This is due to the constraint to cell-induced lateral hydrogel deformation imposed by the
underlying stiff support—effectively the cell must induce a greater strain in a thin material than in a thick material for an
identical lateral surface displacement [8]. This also becomes important on thicker materials when cells begin to act collectively.
Trepat et al. noted that large colonies of Madin–Darby canine kidney (MDCK) cells were insensitive to substrate stiffness [12],
and subsequently we found that this scaled with colony size [13], reflecting earlier work that demonstrated that groups of
cells contract materials to a much greater degree than individual cells [14–16]. In effect, colonies exert much larger lateral
tractions than individual cells, and thus ‘feel more deeply’ into materials. In addition, cells are able to sense and respond to
the dynamic disturbances neighbouring cells impart on a common ECM, and cells can become mechanically coupled through
the ECM material in the absence of any cell contact—cells can ‘feel each other’ through the material [17]. As groups of cells
exert more strain on their materials than individual cells, these collective groups can feel each other at greater distances than
isolated, individual cells. Taken together these data indicate that collective behaviour of cells and material dimensions must be
considered when interpreting mechanobiological observations.

The effect of ECM stiffness on bone-derived stem cells has been widely studied due to its importance in skeletal repair
and in tissue interactions with orthopaedic biomaterials. Increasing stiffness is generally correlated with increased osteogenic
differentiation in cell populations containing putative skeletal stem cells in the published literature (e.g. bone marrow stromal
cells (BMSCs) or mesenchymal stem cells (MSCs); reviewed in El-Rashidy et al. [18]). However, many of these studies examine
differentiation at low cell density [5,19,20], and some studies conclude that matrix stiffness may not correlate with osteogenic
differentiation, with some cell populations remaining insensitive [21–26]. Recently, Venugopal et al. showed the importance of
cell density in differentiating human MSCs [27]. At lower cell densities, MSCs spread and divided significantly less on soft
compared with stiff substrates. However, as cell density increased, cell spreading and division were increased on soft materials,
and become similar regardless of the substrate stiffness. This indicates the likelihood that individual MSCs are able to sense
the dynamic mechanical strains imparted on materials by neighbouring cells, which they interpret as an increase in stiffness. It
remains unknown, however, how the ability of monolayers of cells to sense substrate stiffness may be impacted by changes in
hydrogel dimensions.

In this study, we tested the hypothesis that reduced substrate thickness limits the ability of BMSCs to deform PAAm
substrates and reduces their ability to mechanosense soft materials and differentiate accordingly, as measured by cell spreading
and osteogenic activity. To achieve this we modulated hydrogel thickness, elastic modulus and cell density and compared cell
differentiation and cell-induced hydrogel displacements.

2. Methods
2.1. Fabrication of polyacrylamide hydrogels
PAAm hydrogels were prepared according to the method of Pelham & Wang [2]. Glass coverslips (13 or 25 mm diameter;
VWR International, Leicestershire, UK) were used as rigid support for the hydrogels, and were cleaned with tissue paper and
functionalized with 0.1 M NaOH (Sigma-Aldrich, Gillingham, UK) on a plate heater at 80°C for 20 min. Next, coverslips were
washed with distilled water, dried before covering the surface with 3-aminopropyltriethoxysilane (APES) at room temperature
for 5 min (Sigma-Aldrich) and rinsed with distilled water. Dried coverslips were immersed for 30 min in 0.5% (v/v) glutaralde-
hyde (Sigma-Aldrich) in phosphate-buffered saline (PBS) (Sigma-Aldrich), washed and dried again. Hydrogels with different
elastic moduli were prepared by varying the concentration of acrylamide–bisacrylamide. 12.5% (v/v) acrylamide, 1.5% (v/v)
bisacrylamide and 85% (v/v) PBS for soft hydrogels and 20% (v/v) acrylamide, 24% (v/v) bisacrylamide and 55% (v/v) PBS for
stiff hydrogels. The mixture was degassed for 15 min under a vacuum. Then 0.1% (v/v) of N, N, N′, N′-tetramethylethane-1,2-
diamine (TEMED) and 1% (v/v) of solution of 10% (w/v) ammonium persulfate (APS) (Sigma-Aldrich) were added to the
mixture and vortexed to initiate the polymerization. Specific mixture volumes were situated between a pre-treated coverslip
and glass. Once the hydrogels polymerized, they were immersed in PBS for 10 min, carefully separated from the glass slide,
placed on well plates with PBS and washed overnight at 4°C. Hydrogels were washed three times with new PBS, covered with
sulfosuccinimidyl 6(4-azido-2-nitrophenyl-amino) hexanoate (sulfo-SANPAH) (ThermoFisher Scientific, Loughborough, UK) 0.5
mg ml−1 in 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) and exposed to UV light (Chromato-vue TM−20, UVP
transilluminator, 240 V) for 25 min. Later, the hydrogels were washed three times with HEPES 50 mM pH 8.5, and 0.1 mg ml−1
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collagen solution type I (Sigma-Aldrich) was added to cover the hydrogels before incubating overnight at 4°C. For hydrogels
containing fiduciary markers, fluorospheres at a concentration of 1% (v/v) (ThermoFisher Scientific) of 0.5 µm diameter were
included in the PAAm mixture before polymerization and sonicated before use. For measurements of hydrogel thickness,
allylamine (Sigma-Aldrich) was added at 0.196% v/v to the acrylamide-bis-acrylamide mixture before polymerization [13]. Once
the PAAm hydrogels polymerized, hydrogels were incubated in Alexa Fluor 568 (Thermo Fisher Scientific) 1 mg ml−1 (1 : 50) at
room temperature for 3 h before washing three times with PBS 1×.

2.2. Measurements of hydrogel thickness
Hydrogel thickness was measured by confocal microscopy (Leica TCS SP5, Leica, Cambridge, UK). Soft and stiff PAAm
hydrogels of different thicknesses (three samples per condition) on 13 mm glass coverslips were placed upside-down on a thin
glass slide and immersed in 1× PBS. Hydrogels were imaged at 20× magnification and 2 or 10 µm z-stacks from top to bottom.
The fluorescent intensity profiles were obtained and analysed using the Leica Software (LAS X Core Offline) to calculate the
thickness (z-value). The images were used to quantify manually the number of wrinkles on the hydrogel surface.

2.3. Measurements of hydrogel elastic modulus
Soft and stiff PAAm hydrogels with different thicknesses were fabricated as previously described, and stiffness was measured
using a nanoindenter (NanoTest Vantage system; MicroMaterials Ltd, Wrexham) as described in Xu et al. [28]. In brief, the
samples immersed in PBS solution were tested using a spherical diamond tip (500 µm). Nanoindentation was carried out
in load control to various maximum loads (10–850 µN, minimum load step: 2 µN) to obtain the corrected elastic modulus,
which is independent of substrate thickness and accounts for poroelastic effects, as described in Xu et al. [28]. The indentation
depth/hydrogel thickness ratios (δ/h) varied between 0.01 and 0.5, with the indents spaced apart by 250 µm. The maximum load
was applied for 120 s at rates of 1 µN s−1 for loading and 5 µN s−1 for unloading at 20 ± 1°C.

2.4. Cell culture
BMSCs were previously isolated from human bone marrow samples obtained from the Spire Southampton Hospital and the
Southampton General Hospital under local ethical approval. As previously described [29], Stro-1+BMSCs (passage 1–5) were
grown in α-MEM media with 10% v/v fetal bovine serum (FBS) and 100 µg ml−1 penicillin/streptomycin on tissue culture
polystyrene flasks and incubated at 37°C. The medium was changed every 2–3 days. BMSCs obtained in this manner have
been characterized previously for proliferation and trilineage potential [30]. For experiments, cells were subcultured from
subconfluent proliferative cells.

2.5. Actin, nuclei and vinculin staining
Vinculin was stained to identify focal adhesions in Stro-1+BMSCs by immunocytochemistry. Cells were fixed in 4% (w/v)
paraformaldehyde (PFA) for 20 min at room temperature, rinsed with PBS 1× and permeabilized with 0.5% (v/v) Triton, X-100
in PBS for 30 min at the same temperature. After washing three times with PBS 1×, cells were incubated in 0.1% (w/v) bovine
serum albumin (BSA) in PBS at 4°C for 2 h. Next, cells were incubated with the primary vinculin rabbit anti-human, mouse,
polyclonal antibody (ThermoFisher Scientific) at 2 µg ml−1 (final concentration) in 0.1% (w/v) BSA in PBS overnight at room
temperature. Cells were washed with 0.1% (w/v) BSA in PBS three times and incubated with the goat anti-rabbit IgG (H + L)
highly cross-adsorbed secondary antibody, Alexa Fluor Plus 594 at 10 µg ml−1 (final concentration) for 1 h at room temperature.
FITC-conjugated phalloidin (ThermoFisher Scientific) (1 : 1000) was added to stain actin fibres and incubated for 30 min at room
temperature (foil covered) and finally rinsed three times with PBS 1×. Thirdly, cells were stained with DAPI for 5 min at room
temperature to stain nuclei and finally rinsed with PBS twice. Cells were imaged using a Nikon Ti inverted microscope and
Leica confocal microscope with filters for DAPI (em ʎ = 350 ± 50 nm; ex ʎ = 460 ± 50 nm); eGFP (em ʎ = 470 ± 40 nm; ex ʎ = 525
± 50 nm); Cy3 (em ʎ = 545 ± 25 nm; ex ʎ = 605 ± 70 nm) and Cy5 (em ʎ = 620 ± 60 nm; ex ʎ = 700 ± 75 nm) and merged using
ImageJ/FIJI v. 2.9.0 free software.

2.6. Cell spreading area quantification
BMSCs were plated on PAAm hydrogels and tissue culture polystyrene, incubated for 24 h at 37°C and placed under a Nikon
Ti inverted microscope. Five microscopic fields of each soft and stiff hydrogel of different thicknesses (n = 3) and phase contrast
images were imaged at 10× magnification. The pictures were analysed using the FIJI software by drawing around the cell
periphery using the wand (tracing) tool and by using the analysis menu for quantification. The cell area was measured using the
analysis menu. The number of cells varied depending on the hydrogel elastic modulus and thickness.

2.7. Time-lapse imaging and digital image correlation
Time-lapse imaging was used for displacement microscopy studies to determine how cells perceive the rigidity of materials
in different conditions, as described previously [13]. Briefly, cells plated on soft and stiff PAAm hydrogels with different
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thicknesses were photographed every 5 min for 24 h starting at different time points (days 1, 7, 10, 14, week 7, if applied) using
a Nikon Eclipse Ti inverted microscope. The fluorescent images were acquired using the Cy3 channel (em ʎ = 545 ± 25 nm; ex
ʎ = 605 ± 70 nm) and were saved as an ND2 file (Nikon, UK). The images were extracted from the ND2 file and uploaded into
a MATLAB algorithm developed by Zarkoob et al. [14] using digital image correlation to track displacements. Firstly, a grid (10
× 8) was drawn to yield 99 nodes for the analysis. The tracking parameters were kernel size = 31; subpixel size = 9; smoothness
= 5; maxMove = 6; smoothGrid = 25. MATLAB (The Math Works R2017a, Natick, MA, USA) was then used to quantify the total
cumulative displacements from the first image taken at 5 min (image 1) to the following taken every hour (image 2, 3, ... , 24,
etc.) in each node, by registering and adding up the changes in displacements between images taken 1 h apart. The cumulative
displacement data from the 99 nodes in three hydrogel triplicates were used to calculate the 90th percentiles and standard
deviation at each hourly time point. The data were plotted in GraphPad Prism v. 10 as XY graphs, and the average of the 90th
percentile from approximately 8 to 24 h as grouped graphs.

2.8. Computational model
A simple computational model was used to predict how the stiffness experienced by cells during contraction would depend on
hydrogel thickness and lateral constraints (refer to electronic supplementary material, data 1).

2.9. Osteogenic differentiation, alkaline phosphatase activity and alizarin red S quantification
Cells were plated at 5000 cells cm−2 on tissue culture plastic (TCP) and PAAm hydrogels. One day post-seeding ascorbate-2-
phosphate, beta glycerophosphate and dexamethasone were added to basal medium final concentrations of 280 µM, 5 mM and
10 nM, respectively. Medium was changed every 2 or 3 days for 7 or 14 days, before alkaline phosphatase (ALP) or alizarin
red S biochemical quantification. A basal medium was used as a negative control. For ALP staining, medium was removed
from the cells on TCP or PAAm hydrogels on day 7 or 14 and washed twice with PBS. Ethanol (95% v/v) was added to each
well and incubated for 10 min at 4°C. Ethanol was aspirated, and the plate was washed twice with PBS before drying at room
temperature. Fast violet (Sigma-Aldrich) (0.24 M) was dissolved in α-naftol solution in dH2O (4% v/v), added to the cells and
incubated for 1 h at 37°C before removing the solution. The wells were rinsed with 1 ml Milli-Q water and imaged using a
Zeiss microscope with a colour camera included (Axiovision software). For ALP quantification, medium was removed from
the wells before adding 500 µl cell Lytic (Sigma-Aldrich) and incubated for 15 min. Later, the suspension was recovered and
centrifuged at 4°C at 80g for 15 min. Finally, the cell suspension was recovered and transferred to new tubes, frozen at −80°C
until their use. For the ALP quantification, the assay buffer for the standards and the ALP substrate solution (0.04 g phosphatase
substrate (Sigma-Aldrich) in 10 ml alkaline buffer solution (1.5 M) (Sigma-Aldrich)). Later, p-nitrophenol standards at different
concentrations were prepared. For the assay, 100 µl standards, 20 µl of cell lysate and 80 µl substrate were added in triplicates
to a 96 transparent well plate. Additionally, 100 µl NaOH 1 M was added to each background control. After that, the well plate
was incubated at 37°C for 60 min or until samples acquired a yellow colour, and the reaction was finished with 100 µl NaOH.
The absorbance was quantified in a Glomax reader at 405 nm. Similarly, for alizarin red staining, medium was removed from
the cells on TCP or PAAm hydrogels on day 14 and washed twice with PBS. The cells were then fixed with PFA (4% w/v) at
room temperature for 15 min. Subsequently, PFA was aspirated and the cells were washed three times with deionized water.
Later, 1 ml of filtered alizarin red staining solution (40 mM pH 4.5) (Sigma-Aldrich) was added to each well and left to incubate
on the shaker at 180 r.p.m. for 1 h at room temperature. Finally, the solution was discarded, and the cells were rinsed with
deionized water until no more stain was released. For alizarin red staining quantification, images were taken using a Zeiss
microscope equipped with a colour camera (Axiovision software), and mean intensity was measured using CellProfiler.

3. Results
3.1. Control of polyacrylamide geometry and stiffness
To test the effect of hydrogel elastic modulus and thickness on the morphology, differentiation and cell-generated matrix
displacements of BMSCs, we first prepared PAAm hydrogel substrates suitable for cell culture. The bulk modulus and thickness
of substrates were controlled by varying the cross-linker and monomer concentration and volume solution, respectively, to
produce ‘soft’ and ‘stiff’ hydrogels (of predicted elastic modulus 1 and 40 kPa, respectively) [2,13]. The thickness of both ‘soft’
and ‘stiff’ hydrogels increased as a function of the volume of polymer reaction solution used to form the gels, from 54.5 ± 5.7 to
597 ± 15 µm for soft hydrogel and from 27.4 ± 1.6 to 277 ± 25 µm for stiff hydrogels (figure 1a). The thickness of soft hydrogels
was significantly greater than that of stiff hydrogels when made at a polymerization solution volume of 50 or
100 µl but not at any other volume. However, there was a general trend for stiff hydrogels to be thinner than soft hydrogels.
Close examination of hydrogels by confocal sectioning revealed the presence of surface wrinkles on soft hydrogels, which were
absent on stiff hydrogels (figure 1b). Wrinkles on thin materials were more tortuous and shorter than on thicker materials; in the
latter, continuous wrinkles often extended over significant parts of the hydrogel surface. Reflecting this, the number of discrete
wrinkles declined due to increasing thickness (figure 1c). In parallel, we used nanoindentation to measure substrate stiffness
including a correction for hydrogel thickness [28] (electronic supplementary material, figure S1c,d). For ‘soft’ hydrogels formed
from polymerization volumes greater than or equal to 25 µl corresponding to thicknesses greater than 200 µm, there were no
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significant differences in corrected elastic modulus, with mean values of 5.50 ± 2.0, 5.27 ± 1.5 and 5.51 ± 0.17 kPa for hydrogels
formed from 25, 50 and 100 µl, respectively. However, for thin hydrogels made from 5 µl (approx. 50 µm), the corrected elastic
modulus was slightly but significantly higher than for any other at 6.95 ± 0.15 kPa (p < 0.001). As expected, the corrected elastic
modulus values for ‘stiff’ hydrogels were much greater than those for ‘soft’ hydrogels but with no significant difference
between any group with values of 55.7 ± 0.89, 56.2 ± 0.42, 53.69 ± 1.41 and 59.77 ± 0.74 kPa for gels made from 5, 25, 50 and 100 µl
gel solution, respectively. In subsequent experiments, PAAm hydrogels formed from 5 µl (‘thin’) or 25 µl (‘thick’) were used for
all comparisons.
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3.2. Hydrogel elastic modulus and thickness modify the spreading cell area of bone marrow stromal cells
In previous work by ourselves [13] and others [5], increasing stiffness leads to cell morphology and spreading changes. To
confirm this, we plated primary BMSCs on the fabricated substrates and quantified cell morphology by microscopy. Cells
stained with labelled phalloidin and immunostained for vinculin on stiff substrates approximately 200 µm in thickness
appeared larger in area than those on soft materials, with more prominent pseudopodia (figure 2a). This was confirmed by
quantifying cell area. Cells on stiff substrates had larger spreading areas (3230 ± 160 µm2) compared with cells on soft (1780
± 1260 µm2) hydrogels (figure 2b, p < 0.05). Previous studies by Buxboim et al. [7] and Tusan et al. [13] found that substrate
thickness dictates the apparent stiffness sensed by cells. To test this, we compared cell morphology and spreading on ‘soft’
hydrogels of thickness approximately 50 µm compared with approximately 200 µm. Cells on thin materials exhibited greater
cell spreading area observed by microscopy (figure 2c), an observation confirmed by quantification of cell area, where cells on
thin hydrogels spread to a greater degree (4840 ± 3040 µm2) compared with cells on thick hydrogels (1780 ± 1260 µm2; figure
2d). In addition, vinculin staining appeared qualitatively stronger and more extensive. Although cells on stiff materials or soft,
thin substrates had significantly larger areas, the data tended to group into two populations, reflecting heterogeneity in cell
response.

These data show that MSCs respond to increased detected substrate stiffness by increased spreading, either because of
intrinsic bulk substrate elastic modulus or reduced substrate thickness.

3.3. Reduced substrate thickness restricts cell-induced substrate displacements
Increased cell spreading as a function of decreasing substrate thickness is probably due to the underlying glass surface’s
constraint of cell-imparted hydrogel displacements. The cell interprets this as an increased material stiffness, despite the bulk
modulus of the soft hydrogels remaining unchanged [8]. To test this hypothesis, we compared cell-induced displacements at
the hydrogel surface of thin and thick, soft and stiff hydrogels by time-lapse displacement microscopy (note that this is an
equivalent method to traction force microscopy, but in this study, we did not compute traction forces).

To achieve this, it was first necessary to include fluorescent particles in the hydrogels as fiduciary markers for digital image
correlation analysis of time-lapse images (electronic supplementary material, figure S1a). Including these particles did not alter
the thickness of the PAAm hydrogels, except for a volume of 50 µl hydrogel solution (electronic supplementary material, figure
S1b). Fluorescent particles appeared to accumulate in areas of gel wrinkles and were observable as defined lines in fluorescent
images of the gels. The addition of fluorescent particles caused minor changes in gel stiffness relative to controls, but did not
affect the relative stiffness of ‘soft’ compared with ‘stiff’ hydrogels (electronic supplementary material, figure S1c,d).

Next, we plated BMSCs on thin (5 µl, approx. 50 µm) or thick (25 µl, approx. 200 µm) soft hydrogels and quantified
cell-induced displacements over 24 h. Five minutes after cell seeding, BMSC morphology was similar regardless of the
hydrogel’s elastic modulus or thickness (figure 3a and phase contrast videos in electronic supplementary material, video
S1). However, it was evident from video microscopy of the fluorescence particle-labelled hydrogels that cells induced much
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larger displacements on thick substrates than those on thin substrates (electronic supplementary material, video S1). Note
that aggregations of fluorescent particles were evident in areas where cells were not present, as well as in areas where they
were, the former reflecting pre-cell seeding hydrogel swelling and the latter reflecting cell-induced gel contraction occurring
before the start of video microscopy. To test the hypothesis that cells induce larger displacements on thick compared with thin
substrates quantitatively, we measured hydrogel displacements and compared them between substrates. Hydrogel displace-
ments increased over time in all cases, rising more quickly and to higher values on soft versus stiff materials and thick versus
thin materials (figure 3b). When comparing cumulative displacements over the 24-time period, displacements were significantly
greater for soft, thick substrates than soft, thin substrates (figure 3c). Despite the very low observable deformations, this trend
was also apparent for stiff substrates (images and videos for stiff materials are available in electronic supplementary materials,
figure S3 and video S2).

These data confirm that the surface displacements induced in soft hydrogels by BMSCs are reduced by decreasing hydrogel
thickness due to constraints imposed by the proximity of the underlying glass surface to which the hydrogel is attached.

This is supported by the results of the computational model (electronic supplementary material, data 1), showing that
stiffness increases sharply as hydrogel thickness is reduced, which would imply lower displacements for the same traction
forces.

3.4. The osteogenic differentiation of bone marrow stromal cells does not depend on material elasticity and thickness
BMSCs are known to differentiate into functionally distinct lineages due to changes in substrate elastic modulus, with increased
differentiation into osteoblastic lineage cells on stiffer compared with softer materials [5]. To test whether BMSCs would
perceive a reduction in the thickness of a material with a low elastic modulus as an increase in stiffness, we plated BMSCs
on thick or thin substrates of high and low elastic modulus and measured osteogenic differentiation. As expected, osteogenic
supplements induced the differentiation of primary BMSCs to the osteogenic lineage, as measured by alkaline phosphatase
activity (figure 4a) or alizarin red S (electronic supplementary material, figure S2). However, in contrast to our hypothesis, we
found no significant differences in differentiation because of increased bulk elastic modulus or because of decreased substrate
thickness for alkaline phosphatase (figure 4c,d) or alizarin red S (figure 4e,f).

3.5. Cell-induced displacements decrease with respect to cell density
One explanation for the lack of differentiation in marrow stromal cells as a function of stiffness or thickness may be constraints
imposed by neighbouring cells at high density. As reported in a previous study [27], this effect has been hypothesized to reduce
the ability of cells to mechanosense soft materials due to competing tractions from neighbouring cells [17]. In addition, large
cumulative tractions induced on substrates by monolayers of cells may result in insensitivity to substrate elastic modulus due
to whole-scale contraction of the hydrogel by collective cell action [13]. To directly test this, we plated BMSCs at increasing
densities on soft, thick materials (283 ± 50 µm) and quantified hydrogel displacements at 20 h. As predicted by Venugopal et al.
[27], displacements declined as a function of cell density (figure 5a,b and electronic supplementary material, video S3). Cells at
1000 cells cm2 created greater hydrogel displacements (21.8 ± 1.1 µm) compared with the displacements generated by cells at 20
000 cells cm2 (6.3 ± 0.4 µm).

3.6. Cell-induced displacements decrease with respect to time of culture
As osteogenic differentiation intrinsically relies on cell–cell contact and extended culture, we hypothesized that cell crowding
during prolonged cell culture might abrogate cell mechanosensing by collective cell behaviour. To test this, we plated BMSCs
at 5000 cells/cm2 on thin and thick soft substrates in basal medium and tracked displacements every 5 min at 24 h, 10 days
and 7 weeks post-seeding. At early time points (24 h), hydrogel deformations were greater for cells on thick PAAm hydrogels
than thin hydrogels (figure 6a,b; also observed in electronic supplementary material, video S4). As expected, cell density on all
hydrogels increased after 10 days or 7 weeks compared with day 1, as observed in the representative pictures in figure 6a. At
10 days, there were still significantly greater displacements measured on thick compared with thin gels; however, by 7 weeks,
there was no significant difference (p < 0.05). In parallel, there was a significant decrease in mean displacements for cells on thick
hydrogels concerning time between day 10 and week 7 (figure 6b; 19.8 ± 0.9 µm on day 1 compared with 5.2 ± 0.1 µm on week 7
(thick hydrogels); 8.9 ± 0.8 µm on day 1 compared with 4.7 ± 0.3 µm on week 7 (thin hydrogels); p < 0.0001).

We also compared time-dependent cell-induced displacements concerning time in basal and osteogenic medium. For low
and moderate cell densities, there were significant increases in cell contractility in cells plated in the osteogenic medium
after only 24 h (figure 7a,b and electronic supplementary material, video S5). As in other experiments, cell displacements’
magnitude declined over time, with a greater decline in cells plated at higher density. This effect was more pronounced in cells
in osteogenic conditions, where displacements were significantly reduced compared with basal (3.6 ± 0.5 µm versus 7.1 ± 0.6
µm).

These data indicate a time-dependent decrease in cell-induced hydrogel displacements for cells on thick materials, which is
associated with an increase in cell density and the addition of osteogenic medium.
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4. Discussion
The elastic modulus of ECM and biomaterials is known to be a factor in directing the differentiation of BMSCs, with materials
of higher modulus promoting osteogenic differentiation. However, material geometry affects the true stiffness that individual
and groups of cells ‘feel’. In this study, we found that matrix deformations exerted by BMSCs are constrained by both material
thickness and cell density, which may provide a mechanism for why in some circumstances BMSCs become insensitive to
substrate stiffness during differentiation to the osteoblastic lineage.
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We first observed that soft hydrogels made from equivalent concentrations of monomer and cross-linker were thicker than
their stiff counterparts. This is probably due to swelling. Softer hydrogels have been shown to have larger pores than stiff
hydrogels, and hold more water molecules. Subramani et al. and Protick et al. [31,32] showed that the swelling ratio decreased
on stiffer hydrogels, approximately 900% for soft hydrogels and approximately 350% for stiff hydrogels. Although there was
a general trend in this effect for hydrogels, the effect was most pronounced at 50 µl, where the gel is less constrained by
the underlying hydrogel, enabling it to swell to a greater extent. In parallel with swelling, we also found that soft hydrogels
exhibited wrinkles on their surfaces. This agrees with a previous report showing that during soft hydrogel fabrication, wrinkles
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appear due to the differences in osmotic pressure in buffer or media solutions, causing water ingress and thus swelling [33]. We
noticed that the number of wrinkles decreased and that their length increased as a function of increasing hydrogel thickness.
As gels are covalently coupled to the underlying glass support, the hydrogel can only swell in a direction apical to the glass
surface, resulting in a compressive stress in the hydrogel layer which may then induce buckling at the surface of the hydrogel.
Regardless of these differences, we found previously that these hydrogels differ considerably in their stiffness [28], and exhibit
large, flat areas easily distinguishable from wrinkled areas, making them suitable for quantitative cell culture studies, although
we recognize that wrinkles may be a confounding factor in studies of differentiation where effects are averaged across a culture
well.

The observation that BMSCs respond to materials of different elastic modulus by modulating the degree of spreading
and actin fibre generation is well understood [34,35]. Cells on materials of a low elastic modulus are unable to generate
cytoskeletal tension and generally appear smaller. In contrast, cells on materials with higher moduli generate higher forces
that promote the formation of rigid, stiff and contractile stress fibres, which promote cell spreading [2,36]. In addition, our
data showing that cells spread to a greater extent on thick, soft materials compared with thin ones also reflects extensive
literature supporting the ability of cells to detect boundaries [7,10,37]. It has previously been assumed that this is probably
due to constraint to cell-induced lateral hydrogel deformation imposed by an underlying stiff support [10]. Our data showing
reduced displacements on materials of identical composition but different thicknesses indicate that this unexplored hypothesis
is probably correct and reflect our earlier data showing that groups of osteosarcoma cells impose smaller displacements on thin
compared with thick hydrogels [13].

Numerous previous studies reported that changes in ECM stiffness influence the differentiation potential of BMSCs (also
sometimes known as MSCs) [5,38]. ECM stiffness is know to affect stem cell differentiation to the specific cell type that matches
the tissue stiffness: 0.1–1 kPa hydrogels are neurogenic, 8–17 kPa are myogenic and 25–40 kPa are osteogenic [5]. We evaluated
the osteogenic differentiation potential of BMSCs by quantifying ALP activity, a marker for BMSC osteogenic differentiation.
Despite other data reporting that stiff hydrogels promote an increase in cell proliferation and osteogenic differentiation, we
found no significant difference in ALP activity between soft and stiff hydrogels with different thicknesses. Previous reports
indicate that high seeding density may abrogate the ability of cells to detect soft materials [27].

These results led us to quantify hydrogel displacements to test whether cell-induced hydrogel displacements were inhibited
with respect to cell density. We observed that cells created greater deformations on soft, thick hydrogel deformations at low
seeding density compared with high seeding density in both basal and osteogenic medium. This probably reflects inhibition of
cell contractility due to a ‘tug-of-war’ between neighbouring cells [12], with cells mechanically coupled both by direct contact
or through the underlying material [17]. We suspect that in subconfluent monolayers cells BMSCs may in fact be mechanically
‘coupled’ across the entirety of the hydrogel with the underlying glass support, detecting a higher stiffness than the independ-
ently measured modulus of the material might suggest. Computational modelling (electronic supplementary material, data 1)
supports the notion that cells subject to lateral constraints as imposed by neighbouring cells experience increased stiffness,
but that this may only emerge at relatively high density. Further experiments that may include measurements of whole-gel
contraction, or control of the lateral dimensions of BMSCs layers, would be required to test this hypothesis formally. In
addition, it is very challenging to test the effect of cell density-dependent, dynamic matrix displacements as a causative factor in
differentiation due to confounding variables such as direct cell–cell contact or changes in paracrine signalling. In future work, it
may be possible to control this by, for example, inducing mechanical tension in the gel periodically or continuously to mimic the
gel displacements proximal cells might induce.

In most experimental protocols, terminal osteogenic differentiation of BMSCs usually requires prolonged cell culture (two
to three weeks or more) and cell–cell contact. The observation that displacements also declined with respect to culture time
(which is positively correlated with cell density) also supports this hypothesis. However, it is challenging here to rule out
any effect of ECM deposition on the surface of the PAAm. It may be the case that at later time points, cells have secreted
ECM which provides a stiffer growth substratum for the cells and which prevents direct mechanical coupling between cells
and the underlying (fiduciary marker labelled) PAAm [39]. Studies over prolonged periods of time may also lead to some
hydrolysis of PAAm gels, although this has not been found to lead to any material degradation [40]. Future studies may address
directly the impact of cell culture conditions on PAAm gels with respect to time. We chose PAAm due to its linear elasticity,
isotropy, ease of handling and compatibility with displacement tracking microscopy. While this makes it a useful material for
studying fundamental principles in mechanobiology research, we recognize it does not reflect the complex nonlinear properties
of native ECM and tissues. Fibrous matrices like collagen are viscoelastic, and cell-induced deformations induce anisotropic
reorganization of its constituent fibres. This may result in strain-dependent changes in the stiffness that cells detect, a situation
that becomes more complex for large strains imposed by groups of cells. It is clear from both modelling [41] and experimental
work [42] that gels on or inside collagen gels are sensitive to material thickness, but that the anisotropy of the collagen material
modifies the range at which stiffness sensing occurs. This underscores that the effects we observe in the current study are likely
to hold true for other materials, but with different relationships between cell number and material thickness, for example.

Further to these data, we found that BMSCs exerted significantly greater surface displacements when plated in medium
containing osteogenic supplements than in basal medium. We consider that this is probably due to the glucocorticoid, dexame-
thasone, which has been shown to increase cell contractility in a range of cells, including MSCs [43] and alveolar epithelial
cells [44], possibly through a role in modulating the formation and stability of F-actin [45]. In addition, it was also evident
that displacements were either unchanged or significantly lower for cells cultured in osteogenic medium compared with basal
medium at later time points. It is likely that this was due to increased proliferation in osteogenic conditions [46], leading to
higher cell density and reduced measured displacements, by the mechanism we propose above.
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In summary, cell mechanosensing is a complex process involving different variables such as ECM modulus and thickness,
cell density and shape and the presence of supplements, determining cell-induced hydrogel displacements and cell differentia-
tion.
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