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Abstract

The mechanical properties of the microenvironment and direct contact-mediated cell-cell 

interactions are two variables known to be important in the determination of stem cell 

differentiation fate, but little is known about the interplay of these cues. Here, we use a 

micropatterning approach on polyacrylamide gels of tunable stiffnesses to study how homotypic 

cell-cell contacts and mechanical stiffness affect different stages of osteogenesis of mesenchymal 

stem cells (MSCs). Nuclear localization of transcription factors associated with osteogenesis 

depended on substrate stiffness and was independent of the degree of cell-cell contact. However, 

expression of alkaline phosphatase, an early protein marker for osteogenesis, increased only in 

cells with both direct contact with neighboring cells and adhesion to stiffer substrates. Finally, 

mature osteogenesis, as assessed by calcium deposition, was low in micropatterned cells, even on 

stiff substrates and in multicellular clusters. These results indicate that substrate stiffness and the 

presence of neighboring cells regulate osteogenesis in MSCs.
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Introduction

Mesenchymal stem cells (MSCs) are a promising adult stem cell source with regenerative 

and immunomodulatory properties [1]. Understanding the factors influencing their 

differentiation in vitro is of major therapeutic interest. Cell-cell contact and mechanical 

properties of the substrate have been shown to be two important factors affecting MSC 
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differentiation, but their interplay has received little attention [2]. In a cytoskeleton and 

integrin-mediated mechanism, mesenchymal stem cells (MSCs) will respond to substrate 

stiffnesses by differentiating down specific lineages [3–6]. For example, stiff substrates abet 

osteogenesis, while softer substrates enhance adipogenesis and lead to the expression of 

genes associated with transdifferentiation into neurons. Stiffness also influences other 

biological activity, such as proliferation, as MSCs on soft substrates show decreased 

proliferative activity compared to cells grown on stiffer surfaces [7]. Recent studies have 

shown that mechanical cues can impact differentiation state even after weeks of culture, by 

which time differentiation programs have already been executed [8].

Separate studies have shown the importance of cell-cell contact on MSC behavior. Direct co-

culture with osteoblasts increases osteogenesis in MSCs but via pathways different from 

indirect co-culture conditions, in which cell-cell contact is precluded [9]. Direct contact with 

cells from a different lineage, such as endothelial cells, can also influence MSC phenotype 

[10]. Homotypic cell-cell contact is also important, as limiting the degree of cell-cell 

contacts between MSCs inhibits the adipogenic, osteogenic, and chondrogenic arms of 

differentiation, and vice versa [11–13]. MSC seeding density has been shown to affect 

response to mechanical cues, with cells seeded at high densities upregulating osteogenic 

genes regardless of substrate stiffness [14].

We hypothesized that both direct cell-cell contact and appropriate substrate mechanical 

properties would be required for MSC osteogenic differentiation. To test this hypothesis, we 

utilized a micropatterning approach, as previous studies have exploited micropatterning 

platforms to stringently control cell spreading and cell-cell contact, among other behaviors 

[15]. Specifically, we patterned circular 20 and 30 micrometer-diameter islands of 

fibronectin, an adhesion molecule, at a uniform spacing onto polyacrylamide (PA) gels of 

varying Young’s moduli. Uniform spacing between patterned islands normalizes cell 

exposure to paracrine molecules, and pattern dimension controls cell shape and the degree of 

cell-cell contact, all factors that have been shown to impact differentiation [11,12], [17–23]. 

Because the number of cells adhering to a single micropatterned fibronectin island falls in a 

distribution [24], we were able to study both isolated single cells as well as small groups of 

cells that were in contact with each other on a single fibronectin island.

Synthetic hydrogels, such as PA gels, can be fabricated to convey specific mechanical cues 

to adherent cells [25]. By varying monomer and crosslinker ratios in the PA gel, we could 

precisely tune the substrates’ Young’s moduli without changing adhesion ligand density, 

which has been shown to affect MSC differentiation [26]. We chose three stiffnesses to 

reflect the range over which MSCs respond to the mechanical cues of their environment. In 

three dimensions, matrices with an elastic modulus of 20 kPa were found to most effective at 

inducing osteogenesis, whereas elastic moduli of 2 kPa and lower result in far less 

osteogenesis [5]. We chose the clonally-derived murine MSC D1 line to culture on 

micropatterned islands [27–29], as clonal populations provide greater cell-to-cell 

homogeneity [5] compared to primary cells. To assess their differentiation, MSCs were fixed 

at different times points and stained for a variety of osteogenic markers, including 

transcription factors Yes-associated protein (YAP), Runt-related transcription factor 2, and 

osterix; the early osteogenic protein marker alkaline phosphatase (ALP); and Alizarin Red 
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for calcium deposition. Concurrently, the numbers of D1 cells per island of fibronectin was 

quantified to correlate osteogenesis with direct cell-cell contact.

Materials and Methods

Substrate preparation and stiffness measurement

PA gels were fabricated on glass cover slips and functionalized with hydrazine [30]. 18-mm 

glass coverslips were cleaned by sonicating in 70% ethanol and then functionalized with 3-

aminopropyltrimethoxysilane, followed by 1% gluteraldehyde. Various mixtures of 

acrylamide and bis-acrylamide were cast between a Sigmacote(R)-treated glass slide and 

functionalized coverslips to form PA gels. Ammonium persulfate and N,N,N′,N′-

tetramethylethylenediamine were used to polymerize polyacrylamide. The PA gel surface 

was then functionalized with 100% hydrazine for 20 hours, quenched with 5% acetic acid in 

deionized water, washed with deionized water, and air dried before micropatterning. The 

Young’s modulus of bulk PA gels were measured by casting gels into a 10-mm diameter 

mold and compressing without confinement using an Instron 3342 mechanical apparatus at 1 

mm min−1. To perform atomic force microscopy (AFM) measurements, a MFP-3D system 

(Asylum Research) was used with silicon nitride cantilevers (MLCT, Bruker AFM Probes). 

The stiffness was calibrated by determining a spring constant of the cantilever from the 

thermal fluctuations at room temperature, ranging from 20~50 mN/m. The cantilever was 

moved towards the stage at a rate of 1 μm s−1 for indentations.

Micropatterning

Standard soft lithography techniques were used to create PDMS stamps. In short, negative 

photoresist SU-8 2025 (MicroChem, Newton, MA) was spun onto clean silicon wafers to a 

thickness of 25 um, and patterned by exposure of UV light through a transparency 

photomask (CAD/Art Services, Bandon, OR). After the photoresist was developed, 

poly(dimethylsiloxane) (PDMS) mixed with crosslinker at a 10:1 ratio was poured on, 

crosslinked at 65 °C, and cut into stamps. Stamps were cleaned by sonication in 70% 

ethanol. After drying, 20 ug/mL of human fibronectin in deionized water was incubated on 

stamp surfaces for an hour. After the fibronectin was aspirated, the stamp was air-dried and 

stamped gently onto the PA gel for two minutes. The stamp was removed, and both the PA 

gel and the tissue culture well harboring the gel were treated with 1% Pluronic-F127 for five 

minutes and washed three times with Dulbecco’s phosphate buffered saline before culture. 

Transfer of fibronectin was assessed using immunofluorescence. Substrates were blocked 

with 1% bovine serum albumin. Primary antibody labeling was performed in 1% BSA with 

rabbit anti-fibronectin (Sigma, St. Louis, MO), and secondary antibody labeling was 

performed using the same procedure with DyLight 488 conjugated anti-rabbit goat IgG 

(Rockland, Limerick, PA). A uniform intensity threshold was used to identify 

immunostained fibronectin micropatterns on all substrates, and area-average intensities were 

compared. Fluorescence images for fibronectin immunofluorescence were acquired using an 

Olympus IX81 inverted microscope (BD Biosciences, San Jose, CA) and a Coolsnap HQ2 

camera (Prior Scientific, Rockland, MA).
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Cell culture

Prior to seeding on micropatterns, clonally derived mouse MSCs (D1s) purchased from 

American Type Cell Culture were expanded subconfluently in high-glucose, Dulbecco’s 

Modified Eagle media supplemented with 10% fetal bovine serum (complete DMEM). 

MSCs were trypsinized, seeded onto micropatterned islands, and allowed to adhere for 3 

hours, after which non-adhered cells were washed off via three changes of media. Twenty-

four hours after seeding, osteogenic differentiation was induced and maintained by 

supplementing complete DMEM with 10 mM β-glycerophosphate and 250 μM L-ascorbic 

acid, cycling every two days. Cells were fixed at seven or 24 hours after seeding for 

transcription factor analysis, six days after osteogenic induction for ALP analysis, and two 

weeks after osteogenic induction for calcium deposition.

Analysis of cell proliferation

To assess cell populations on fibronectin islands at 3 hours, cells were fixed, as described 

below, and stained with DAPI. To analyze cell proliferation, cells were incubated with EdU 

for 24 hours at three days after seeding onto micropatterns. Immediately after incubation 

with EdU, cells were fixed and EdU was detected with a Click-IT EdU AlexaFluor 555 

imaging kit (Life Technologies, Eugene, OR). Images were taken on a Nikon E800 upright 

microscope and scored as either EdU positive or negative.

Analysis of transcription factor localization, alkaline phosphatase (ALP) production, 
calcium deposition, and other lineage markers

Nuclear localization of YAP and Runx2 was assessed using immunofluorescence. For YAP 

staining, samples were fixed, permeabilized with Triton X-100, blocked with 10% goat 

serum, incubated with a rabbit YAP-only primary antibody overnight (Cell Signaling 4912S, 

Danvers, MA), and then incubated with an anti-rabbit FITC secondary antibody (Sigma, St. 

Louis, MO). Osx (AbCam) and sclerostin (R&D Systems, Minneapolis, MN) staining was 

done following the same procedure. Runx2 staining was performed in a similar manner 

(Novus Biologicals, San Diego, CA), except the primary was conjugated with a fluorescent 

tag. ImageJ was used to quantify intensity of immunostain and nuclear localizations of 

transcription factors. Nuclei were counterstained with DAPI and imaged using confocal 

microscopy (Upright Zeiss LSM 710). Slices with the brightest nuclear signal were used for 

analysis. For ALP analysis, D1s were fixed and stained with elf-97, following the 

manufacturer’s instructions. Staining was stopped through washing with excess of PBS after 

90 seconds. Fixed cells were further stained with the red membrane linker dye PKH26, and 

cell nuclei were stained with DAPI. An Olympus IX81 inverted microscope with a Carv II 

Nipkow-type Spinning Disc Confocal Attachment (BD Biosciences, San Jose, CA) and a 

Coolsnap HQ2 camera (Prior Scientific, Rockland, MA) were used to acquire elf-97 staining 

and day 6 DAPI images. PKH26-stained regions were thresholded in ImageJ to demarcate 

outlines of micropatterned cells. To ensure there was no false positive from DAPI 

fluorescence, DAPI images were substracted from elf-97 before quantification. The area-

average fluorescence of cells stained with elf-97 within PKH26-stained outlines was 

quantified with ImageJ. The number of nuclei per micropattern was counted by eye. Calcium 

deposition was assessed with Alizarin Red staining. Cells were equilibrated in distilled water 
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following fixation, incubated with Alizarin Red stain for 5 minutes, and washed until clear. 

For neutral lipid production, samples were equilibriated into 60% 2-propanol and incubated 

with Oil Red O (Sigma) before being washed until clear. For proteoglycan production, 

samples were fixed and incubated with a 1% Alcian Blue 8 GX (Sigma) solution at pH 2.5 

before washed until clear. All samples were counterstained with DAPI and imaged with an 

Nikon Eclipse E800.

Statistical testing

Analysis of a continuous variable against one factor was performed using a 1-way ANOVA, 

followed by pairwise comparisons with Tukey-Kramer compensation. Analysis of a 

continuous variable against two factors, for example substrate stiffness and island cellularity, 

was performed using an n-way ANOVA, followed by pairwise comparisons with Tukey-

Kramer compensation, in MATLAB. Comparisons of EdU staining on different substrate 

stiffnesses was analyzed using Chi-square test for trend in GraphPad Prism. Correlation 

coefficients and best fit lines were computed using the least squares method in MATLAB. A 

p value of less than 0.05 was considered significant.

Results

Substrate preparation and cell proliferation

Altering the ratio of acrylamide to bis-acrylamide produced hydrogel substrates of varying 

Young’s moduli. Air drying after hydrogel fabrication, followed by rehydration, did not 

induce local stiffness increases, as determined by AFM (Supp Fig. 1). Microcontact printing 

generated fibronectin islands that, as verified with immunohistochemistry (Fig. 1A), did not 

differ in fibronectin intensity across stiffnesses, indicating that the amounts of conjugated 

protein on the different surfaces were consistent (Fig. 1B).

The distribution of MSC numbers on 20-micrometer diameter micropatterned fibronectin 

islands was assessed at 3 hours after seeding (Fig. 2A, 2B), a time span short enough to 

preclude cell division as a contributor to cell number. Most fibronectin islands harbored only 

one cell, with a few doublets. The distribution was similar on micropatterned surfaces of all 

three stiffnesses (Fig. 2C). After six days of culture, MSC numbers on fibronectin islands 

were again assessed. The cell number distributions had broadened and shifted rightwards 

(Fig. 2D), presumably reflecting rounds of cell division, as excess cells had been washed 

away immediately after seeding. Even after six days, islands with only single cells were 

observed, suggesting that the fibronectin pattern size was sufficiently small to retain some 

cells that had not undergone division, allowing cells without a neighbor to be studied. The 

finding that adjacent cell islands did not join after six days of culture indicates that the 

Pluronic-treated PA gel surface between patterned islands adequately repelled cell adhesion. 

The number of cells per island was therefore limited by the size of the fibronectin pattern. 

The cell distributions on gels of different moduli were not significantly different from each 

other, as assessed by the chi-squared test.

Using incorporation of a thymidine analog, 5-ethynyl-2′-deoxyuridine (EdU), the 

proliferation of D1s was assessed at 3 days, an intermediate time point between cell seeding 
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and differentiation analysis with ALP, on both patterned and unpatterned substrates. A 24 

hour incubation period was chosen because it allowed EdU incorporation on both patterned 

and unpatterned substrates, without any one condition resulting in a saturation of EdU 

incorporation in all cells. The fraction of MSCs that incorporated EdU on unpatterned 

substrates increased significantly with stiffness, as analyzed by a Chi-squared test (Fig. 2E). 

A smaller fraction of the total number of cells cultured on micropatterns incorporated EdU, 

likely because proliferation was reduced by the growth area restrictions of the micropatterns. 

As on unpatterned substrates, proliferation increased significantly with substrate stiffness 

(Fig. 2E). In order to assess whether cellularity impacted proliferation, the distribution of 

cell number per EdU-positive micropatterned island was compared to the cell number 

distribution of micropatterned islands in general, on substrates of each of the three moduli 

(Fig. 2F–H). The fraction of EdU positive micropatterns decreased with increased 

cellularity, presumably because the micropatterned island size had constrained cell growth, 

thereby decreasing EdU incorporation. The cell number distributions of EdU-positive 

micropatterned island was found not to differ significantly from the cell number distribution 

of micropatterned islands in general, as assessed by a Kolmogorov-Smirnov test, suggesting 

that proliferation was unaffected by cellularity of micropatterned islands.

Osteogenic differentiation

D1 MSCs seeded onto 20-micrometer diameter fibronectin micropatterns were cultured in 

osteogenic differentiation media for 6 days and stained for ALP, an early marker for 

osteogenesis (Fig 3A). Cells on fibronectin-coated, unpatterned 22 kPa substrates were 

cultured and stained in parallel (Fig 3D). Cells on both patterned and unpatterned substrates 

in basal media without osteogenic supplements were cultured and stained in parallel as 

negative controls (Supp Fig. 2). Naive D1s were found to stain negatively for ALP as well as 

for the neutral lipid stain Oil Red O and the proteoglycan stain Alcian Blue, dyes for 

assessing adipogenic and chondrogenic differentiation, respectively. Cells at an earlier time 

point stained negative for Alcian Blue, but were positive at a later time point, indicating that 

cells with chondrogenic characteristics may have developed as well (Supp Fig. 3), as has 

been observed in some MSC cultures [31]. Under media conditioned with osteogenic 

supplements, single cells, doublets, and triplets showed no significant differences in ALP 

expression when differentiated on 0.51 kPa and on 3.7 kPa substrates, and all exhibited low 

levels of ALP. Conversely, doublets and triplets produced significantly higher amounts of 

ALP on the 22 kPa substrate, while single cells on the 22 kPa substrate still exhibited low 

ALP expression (Fig. 3B, Supp Fig. 4). Among micropatterned islands with the same 

number of MSCs, doublet and triplet cells cultured on the 22 kPa substrate expressed higher 

levels of ALP than their counterparts on 0.51 kPa and 3.7 kPa substrates; this effect was not 

observed in single cells. Besides cell number, we looked for correlations between projected 

cell area and differentiation (Supp Fig. 5), since spread area has been linked to 

differentiation [18]. Cells were not observed on the unpatterned areas of PA gel surfaces, and 

cells remained confined to the fibronectin islands as noted above. However, except for on 

0.51 kPa substrates, no significant correlation between area and differentiation was 

observed, and this correlation vanished when queried within sets of islands harboring the 

same number of cells.
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MSCs seeded on fibronectin micropatterns were then assessed for nuclear localization of 

YAP and Runx2. Runx2 has been shown to be crucial to osteogenic commitment of MSCs, 

serving as a master regulator of the osteoblast differentiation process, while YAP has been 

implicated as having a central role in mediating mechanotransduction [32,33]. Since most 

20-um diameter micropattern harbored single cells, a combination of 20-um and 30-um 

fibronectin islands were patterned, enabling both single cell and multiple cell clusters to be 

assessed at early time points. Both YAP and Runx2 localized to the nucleus to some extent 

on all substrate stiffnesses (Fig 4A, 4B, Supp Fig 6). Moreover, the two transcription factors 

appeared to localize to the same regions within the nucleus, an observation confirmed by 

pixel intensity analysis, wherein pixels with a high intensity of one transcription factor 

correlated with high intensity pixels of the other (Fig 4C). Analysis of variance of the slope 

of best fit lines determined significant differences, indicating varying relative intensities of 

YAP and Runx2 per area as a function of stiffness. The ratios of nuclear to cytoplasmic 

localization of both transcription factors on varying E was subsequently quantified. Similar 

levels of YAP nuclear localization were present in cells grown on 0.51 and 3.7 kPa 

substrates, whereas cells cultured on 22 kPa substrates exhibited a higher ratio of nuclear to 

cytoplasmic YAP localization (Fig 4D). Interestingly, whereas similar levels of Runx2 

nuclear localization were observed in cells grown on 0.51 and 22 kPa substrates, cells grown 

on 3.7 kPa substrates exhibited the lowest nuclear to cytoplasmic ratio of this transcription 

factor (Fig 4E). For both transcription factors and across varying E, no significant 

differences in nuclear localization were observed in single versus multiple cell clusters. To 

determine downstream effects of YAP and Runx2 nuclear localization, the same analysis at a 

later time point was performed on osterix (Osx), a transcription factor necessary for 

osteoblastic differentiation after Runx2 activation of the osteogenesis program [33]. In the 

stiffest substrates, Osx localized to and occupied the nucleus more homogeneously than 

Runx2 and YAP, which appeared punctile (Fig. 4F). As with these earlier transcription 

factors, increased modulus of substrates correlated with increased nuclear localization of 

Osx, independent of cellularity (Fig. 4G). Sclerostin, a transcription factor associated with 

the inhibition of osteogenesis [34], was stained for as a negative control (Supp Fig. 6C).

Finally, progression to mature osteogenesis in micropatterned cells was assessed by staining 

for calcium deposition in 2 week cultures. The spacing between micropatterns was increased 

to 150 micrometers for this study, in order to decrease potential cell growth bridging 

adjacent micropatterns. A large area of fibronectin, 1 mm wide on its narrowest dimension, 

was also patterned alongside islands in order to verify that cells could produce late 

osteogenesis markers on substrates in the absence of growth area restraints. Robust calcium 

deposition was observed in cells grown on the large area of patterned fibronectin at 22 kPa, 

with much less calcium staining occurring in patterned islands, in a cell-number dependent 

manner (Fig 5A–B). Basal media controls showed very little calcium deposition (Supp Fig. 

2).

Discussion

The osteogenic response of MSCs was found to depend on both the modulus of the adhesion 

substrate and the number of immediate neighbors, although to varying degrees depending on 

the stage of differentiation analyzed. The interplay of mechanical and cell-cell contact cues 
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was most apparent in ALP production, which is an early protein marker for osteogenesis. 

Single MSCs produced little ALP, regardless of the modulus. However, on substrates with 

sufficiently high E, only cells experiencing direct cell-cell contact produced significant 

amounts of ALP, as shown by cell doublets and triplets cultured on 22 kPa PA gels robustly 

expressing ALP compared to single cells on the same stiffness. The higher ALP production 

on 22 kPa gels and lower ALP production on softer substrates agrees with the effects of 

substrate stiffness on osteogenesis that have been observed in previous studies [3,5]. This is 

also in line with studies that have linked greater cell-cell contact in MSCs with higher levels 

of ALP production [11,12], as well as with research demonstrating that cell density in 

general impacts various biology phenomena, including adipogenic and neuronal 

differentiation [35,36] in MSCs, expansion of hematopoietic stem cells [37], and induction 

of pluripotent stem cells [38]. Interestingly, production of ALP in doublet and triplet cells 

was greatly reduced on softer substrates, indicating that cell-cell contact is insufficient for 

osteogenesis and that differentiation requires appropriate mechanical cues, at least for cells 

seeded on micropatterns at this density. The similarity in immunostaining intensity of 

fibronectin on different stiffnesses implies that any phenotypic changes that were observed 

were due to mechanical properties alone. Since spread area has been well established to be 

linked to differentiation [8,18], the relationship between cell or cell cluster area with 

differentiation was also assessed. However, as cell spread area was generally confined by 

fibronectin patterning of the same size and as some cells in multicellular clusters appeared to 

overlap (Supp Fig. 3a), quantifying the volume of a cell or cell cluster may be a more 

revealing metric than total spread area for cell fate in this system. Indeed, only cells grown 

on 0.51 kPa substrates were found to exhibit any correlation between area and differentiation 

(Supp Fig. 3b). The specific mechanisms prompting osteogenesis as a result of increased cell 

number per micropatterned island are unknown, although previous studies suggest that gap 

junctions [11] and cadherins [9] may be implicated. Moreover, as increased cell-cell contact 

occurred without increase in island size, the changes here may have also been driven by 

increased local cell density [39]. As traction forces generated by cell clusters differ from 

single cells, differences in ligand clustering and subsequent activation of integrin-mediated 

pathways may play a role in increased differentiation in cell clusters [40–42].

Markers for osteogenesis at time points earlier and later than ALP production were found to 

respond differently to cellularity. Transcription factor activity, which was assessed at an 

earlier time point than ALP production by immunofluorescence of nuclear localization, 

exhibited a dependency on substrate stiffness but not on micropattern cellularity. This 

suggests that the effects of increased cell-cell contact on osteogenic differentiation resulted 

from biological processes downstream of the activity of these transcription factors. While 

YAP is generally considered to be a key transcription factor mediating mechanotransduction 

[32], it is important to note that it may have multiple roles. For example, YAP colocalized 

with Runx2 in the nucleus has been implicated in the inhibition of osteocalcin expression 

[45]. Morever, although YAP nuclear localization has been observed on compliant substrates 

and on confined areas comparable to those used here, the D1 MSCs used in this study are 

generally smaller and have less spread area than human MSCs, potentially requiring a more 

confined area to recapitulate the cytoplasmic localization seen in previous work [32]. 

Moreover, the morphology of YAP localized to the nucleus in this study was punctile, 
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differing from the more homogeneous distribution seen in prior work. Although the 

implications of differing morphologies of nuclear localized transcriptions factor are unclear, 

it may point to a different mechanism of transcription control. Because the MSCs used here 

are a clonal cell line, variability in phenotype are likely stochastic, rather than genetic or 

epigenetic, in origin. This variability may be amplified by the proliferation inhibition 

imposed by growth area restrictions of micropatterned islands [46].

Most micropatterning studies to date use proliferation inhibitors in order to prevent cell 

division, presumably in order to control spread area and to prevent cell attachment to regions 

between micropatterned islands. No proliferation inhibitor was employed in these 

experiments, in order to increase long term cell viability and enable assessment of mature 

osteogenesis markers. The 20 um diameter size was chosen for longer term experiments 

because a range of cell numbers per island, including single cells, was maintained in culture, 

enabling comparison of osteogenesis in single and multiple cell clusters at different time 

points. Adherent cells have a minimum area required for attachment and survival [24], and 

the continued, albeit reduced, proliferative capacity of micropatterned MSCs suggests that 

the chosen micropattern size was sufficient for supporting cell viability while at the same 

time retarding division to produce a spectrum of cells per island. The proliferation of 

micropatterned MSCs was unaffected by the number of neighboring cells per island, but 

increased, though modestly, with increasing E. After six days of culture, the distributions of 

cell numbers on the three moduli had similar shapes, and the distributions themselves were 

found not to be significantly different from each other. However, it is possible that if 

insufficient area for cell growth is available, a newly formed daughter cell resulting from cell 

divisions may detach from the micropatterned island, and this could confound the 

interpretation.

Although micropatterning studies have investigated early stage osteogenesis of MSCs, late 

stage osteogenesis in the context of micropatterning has received little attention. While 

MSCs grown on a large area of fibronectin were capable of robust calcium deposition over 

the entirety of their growth area, MSCs on micropatterns had a much more modest degree of 

calcium deposition, even on a substrate stiffness and in cell clusters sufficient to produce 

high levels of ALP. Indeed, whereas some micropatterns harboring doublets and triplets of 

cells produced ALP comparable to and exceeding ALP production in cells cultured on an 

unpatterned substrate coated with fibronectin (Fig. 3B), micropatterned islands containing 

even more than three cells failed to deposit calcium at the levels seen in a large area of cell 

growth. This suggests that substrate mechanical properties and cell-cell interaction cues that 

are sufficient for inducing expression of early stage osteogenesis markers are insufficient for 

inducing late stage osteogenesis. This could relate to the ability of a culture system 

comprised of only a few cells to allow for assembly of a collagen secreted by the cells into a 

crosslinked matrix, which is a key step in osteoblast differentiation and maturation [47,48].

Conclusions

The present study shows that substrate modulus and cell-cell interactions both regulate 

osteogenic differentiation of MSCs. The production of ALP was affected by both substrate 

stiffness and by the number of adjacent cells, with high expression requiring both a cell 
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cluster and stiffer substrate. However, matrix mechanics alone impacted transcription factor 

localization to the nucleus. Conversely, none of the micropatterned cells led to significant 

deposition of calcium, even on substrates that were capable of supporting this late 

osteogenesis marker in cells cultured without growth constraints. This study has clear 

implications for MSC biology generally, and for high-throughput single-cell analysis 

platforms and delivery of stem cells at micrometer scale constructs specifically.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Fibronectin micropatterning on substrates of varying Young’s moduli. Fibronectin 

micropatterns were visualized with immunohistochemistry (A), and the fluorescent intensity 

of fibronectin across substrates of different moduli was not significantly different (B). 
Experimental repeats: 2.
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Figure 2. 
Cell adhesion and proliferation over time on patterned and unpatterned substrates. MSCs 

adhered to fibronectin on micropatterned islands on day 0, brightfield (A) and DAPI-stained 

(B). (C) Normalized frequency of numbers of cells per island on substrates of different 

stiffness on day 0. Error bars show standard deviation; n > 26 per stiffness. (D) Normalized 

frequency of numbers of cells per island on substrates of different stiffness on day 6. Error 

bars show standard deviation; n = >180 per stiffness. (E) Fraction of EdU positive cells on 

patterned and unpatterned substrates of different elastic moduli. Increased stiffness was 

associated with increased EdU staining in both patterned and unpatterned substrates. * = p < 

0.05, Chi-squared test for trend. (F–H) Normalized frequency of cell number on 

micropatterned islands that were EdU positive cells (solid line), compared to the frequency 

of cell number on micropatterned islands overall (dotted line). Scale bar = 50 microns; error 

bars denote standard deviation. For (E) – (H), n = 262 micropatterned and 581 unpatterned 

cells. Experimental repeats: 2.
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Figure 3. 
ALP expression at day 6 in micropatterns with different numbers of cells, and on different 

substrate stiffnesses. (A) Confocal image of a micropatterned cell positively stained for ALP. 

Blue, nucleus; red, membrane; white, ALP. (B) Quantification of the level of ALP (area 

average) as a function of cell number on substrates with E of 0.51 kPa, 3.7 kPa, and 22 kPa, 

respectively. ALP expression on unpatterned 22 kPa substrates (uP) is also provided for 

comparison. ALP expression varies significantly as a function of substrate stiffness and 

cellularity (n-way ANOVA, p < 0.01). While 2- and 3-cell islands expressed significantly 

more ALP on stiff than on soft substrates (p < 0.05; 1-way ANOVA with Tukey 

compensation), this was not the case for 1-cell islands. Per stiffness, between 170 and 220 

micropatterned islands were analyzed; experimental repeats: 2.
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Figure 4. 
Transcription factor localization in micropatterned cells at 7 hours of culture. Representative 

image of YAP stain (A) and runx2 stain (B) in a micropatterned cell grown on substrates of 

varying E. White lines outline nucleus. (C) Scatter plots of the pixel intensities of nuclear 

YAP and runx2 stains within the nucleus, in three micropatterned cells per stiffness 

condition. Gray lines represent least squares fit. Quantification of nuclear localization of 

YAP (D) and runx2 (E) on micropatterns on different E for islands with single or multiple 

cells, n > 25 cells per stiffness. * = p <0.05, n-way ANOVA. (F) Representative images of 

osterix (left) and nuclear (right) stained cells on different stiffnesses, n > 25 cells per 

stiffness. (G) Quantification of nuclear localization of osterix, n between 23 and 36 cells. * = 

p <0.05, n-way ANOVA. Scale bar, 20 um. YAP and Runx2 experimental repeats: 3; osterix 

experiment was performed once.
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Figure 5. 
Osteogenic differentiation at 2 weeks. (A) Alizarin red stain (left) and DAPI stain (right) of 

cells grown on 22 kPa PA gels, either on unpatterned regions (top of picture) or on 30-

micron diameter islands. (B) Quantification of Alizarin red stain, normalized to cells that 

stained positive grown on unpatterned region on the same PA gel. * = p < 0.05, 1-way 

ANOVA, n = 28 micropatterns, experimental repeats: 2. Scale bar, 100 um.
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