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Abstract

A wide variety of environmental factors including physical and biochemical signals are 

responsible for stem cell behavior and function. In particular, matrix elasticity and cell shape have 

been shown to determine stem cell function, yet little is known about the interplay between how 

these physical cues control cell differentiation. For the first time, by using ultraviolet (UV) 

lithography to pattern poly(ethylene) glycol (PEG) hydrogels we are able to manufacture 

microenvironments capable of parsing the effects of matrix elasticity, cell shape, and cell size in 

order to explore the relationship between matrix elasticity and cell shape in mesenchymal stem 

cell (MSC) lineage commitment. Our data shows that cells cultured on 1,000 μm2 circles, squares, 

and rectangles were primarily adipogenic lineage regardless of matrix elasticity, while cells 

cultured on 2,500 and 5,000 μm2 shapes more heavily depended on shape and elasticity for lineage 

specification. We further went on to characterize how modifying the cell cytoskeleton through 

pharmacological inhibitors can modify cell behavior. By showing MSC lineage commitment 

relationships due to physical signals, this study highlights the importance of cell shape and matrix 

elasticity in further understanding stem cell behavior for future tissue engineering strategies.
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Introduction

The study of regenerative medicine, stem cells in particular, has become increasingly 

important in scientific and medical fields due to their potential to restore or replace injured 

tissue and organs.[1-5] The use of MSCs as a therapy option has been progressively more 

promising in scientific fields by possessing the ability to differentiate into bone cells 

(osteoblasts), cartilage cells (chondrocytes), and fat cells (adipocytes) among other potential 

lineages.[6, 7] MSCs may potentially demonstrate to be vital to tissue engineering bone 
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replacements as the need for bone tissue repair in patients suffering from critical bone 

defects continues to rise.[3, 8-11] Complex combinations of physical, chemical, and 

biological signals are used to direct stem cell fate and control the natural healing of bone and 

other tissues in vivo.[5, 12-14] In order to fully elucidate these healing and regeneration 

principles, we must first understand the complexity of the underlying cellular and 

biomolecular factors that promote each tissue. To be fully realized as a potential treatment 

option, numerous cellular responses to microenvironmental cues as well as directed 

differentiation capacity of these stem cells need to be addressed. A significant challenge 

facing researchers is the ability to differentiate a stem cell into a certain programmed 

lineage. In particular, physical and geometric cues have emerged as significant factors in 

directing stem cell behavior.[15-19]

Physical signals derived from the stem cell microenvironment have been established as 

increasingly important to the lineage commitment of stem cells.[15, 18, 20-22] These signals 

were previously recognized as far back as the 1940s with tensile stresses leading to bone 

formation and compressive stresses leading to cartilage formation in cultured chick 

rudiments.[23] Further work has been aided with the implementation of microscale 

technologies to mimic the stem cell microenvironment in vitro.[24, 25] These microscale 

experiments have shown the critical importance of the cell microenvironment to cell 

behaviors such as apoptosis, migration, and differentiation.[15, 17, 26] In a recent key study, 

the importance of matrix elasticity has been presented by culturing MSCs on gels of 

differing elasticity with soft gels (<1 kPa) promoting neurogenic differentiation, 

intermediate gels (~12 kPa) promoting myocytes, and stiff gels (>25 kPa) promoting 

osteoblasts.[18] Other studies also showcase the importance of cell geometry on the lineage 

specification of stem cells with differing densities of cells promoting differing cell lineages 

as well as micropatterned shapes confirming these findings.[17, 21] These studies both found 

increasing levels of GTPase RhoA and downstream effectors promoting osteogenesis with 

lower levels of RhoA signaling being a signal for adipogenesis and neurogenesis. Within 

these studies it is clear that RhoA and the corresponding actomyosin contractions play a role 

in the lineage specifications of these stem cells, and thus a correlation between physical 

signals determining fate. Yet little is known about the cooperative interplay between these 

types of physical signaling. Therefore, there is a clear need for research determining the 

interplay between matrix elasticity and cell shape and how this ultimately effects cell lineage 

specification.

In this work, we present a novel method to decouple multiple physical signals including 

substrate elasticity, cell shape, and cell size in determining MSC lineage commitment as 

shown in Figure 1. This strategy uses micropatterned PEG hydrogels to vary the elasticity, 

size, and shape of adhesive area presented to cells cultured in a mixture of adipogenic and 

osteogenic differentiation medium to direct cell fate. By regulating the physical signals 

presented, we show that 1,000 μm2 areas promote adipogenic differentiation regardless of 

shape and elasticity while 2,500 and 5,000 μm2 areas are more heavily dependent on shape 

and elasticity in cell fate commitment. The importance of cytoskeletal tension on patterned 

areas in MSC differentiation was especially prevalent when cells were treated with Y-27632 

and nacadazole and primarily committed to adipocyte and osteoblast lineage respectively. 
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This work is able to further establish the cooperative roles presented through physical 

signaling due to elasticity and cell shape that are able to promote MSC fate commitment.

Methods and Materials

Substrate Preparation

Glass coverslips (22×22 mm, Fisher Scientific) were washed with 70% ethanol and ozone 

treated (BioforceNano, Ames, IA) for 30 minutes to remove surface contaminants. Cover 

slips were then sputter coated with a 5 nm titanium adhesion layer (Denton Desk II Turbo, 

Moorestown, NJ) followed by approximately 40 nm of gold (Denton Desk II, Moorestown, 

NJ). Coverslips were then stored at room temperature until use.

Micropatterning Hydrogels

PEG precursor solution was assembled using 700 MW PEG diacrylate (PEG-DA) (Aldrich, 

Milwaukee, WI) mixed with 2000 MW 4-arm PEG thiol (PEG-SH)(CreativePEGWorks, 

Raleigh, NC) in H2O using 0.5% (v/v) 2-hydroxy-2-methylpropiophenone 

(Aldrich,Milwaukee, WI). Photomasks were produced using autocad software (AutoDesk, 

San Rafael, CA) and printed on transparencies (CAD/Art Services, Inc, Bandon, OR). PEG 

precursor was placed onto cover slip, covered with photomask, and placed under 

approximately 4 mW/cm2 Blak Ray UV light (UVP, Upland, CA) to polymerize. The 

patterned cover slip was then incubated in triethylene glycol mono-mercaptoundecyl ether 

(50 mM)(Aldrich, Allentown, PA) for 20 minutes to render unpatterned surfaces non-

adhesive to proteins and rinsed with 70% ethanol and subsequently sterile PBS three times. 

Fibronectin (Sigma, St. Louis, MO) was treated with a heterogenous maleimide/N-

hydroxysuccinimide bi-functional linker (ThermoFisher, Rockford, IL)[27] to allow 

functionalization of protein in order to attach to PEG patterns. Fibronectin was incubated at 

room temperature for 1 hour then separated from unreacted crosslinker using a Zeba Spin 

desalting column (Thermo Fisher, Rockford, IL). PEG patterns were then incubated in 

functionalized proteins at room temperature for 4 hours and 4°C overnight to allow covalent 

attachment of proteins to hydrogels. Hydrogel patterns were visualized and characterized by 

brightfield and fluorescent microscopy to confirm attachment.

Hydrogel Characterization

PEG hydrogel samples were created 5 mm in diameter and 3 mm height at desired ratio and 

let soak in deionized water for 48 hours at 37°C. Samples were tested in unconfined 

compression,[28-31] in short, the Young's modulus of each sample was determined using an 

ElectroForce 3200 (Bose, Eden Prairie, MN) in unconfined compression at 0.05 mm/sec 

between parallel nonporous plates while compressive force and displacement were recorded.

Cell Culture

Human bone marrow-derived mesenchymal stem cells were obtained from Lonza 

(Walkersville, MD). hMSCs were cultured in basal growth media (Lonza, Walkersville, NC) 

in culture flasks. The growth medium contained hMSC basal medium (440 mL), 

mesenchymal cell growth supplement (50 mL), L-glutamine (10 mL of 200 mM), and 

penicillin/streptomycin (0.5 mL). The cells were passaged after reaching 90% confluence 
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and collected with 0.05% trypsin/EDTA solution. All cells were plated onto substrates under 

passage 6 at 5,000 cells/cm2. Cells were allowed 1 day for adhesion onto substrate before 

being placed in mixed medium which consisted of a 1:1 ratio of adipogenic to osteogenic 

medium. Adipogenic medium contained DMEM (444 mL)(Invitrogen), fetal bovine serum 

(50 mL)(Atlas), dexamethasone (0.5 mL of 1 μM), insulin (0.5 mL of 10 μM)(Sigma), 

indomethacin (200 μM)(Sigma), isobutyl-methylxanthine (0.5 mM)(Sigma), and penicillin/

streptomyacin (5 mL). Osteogenic medium consisted of DMEM F/12 (444 mL)(Invitrogen), 

fetal bovine serum (50 mL), β-glycerophosphate (10 mM), ascorbic acid (50 μg/ml)(Sigma), 

dexamethasone (1 μM )(Sigma), and penicillin/streptomyacin (5 ml). For ROCK inhibited 

cells differentiation medium was changed daily and Y-27632 (2 μM)(Calbiochem, 

Rockaway, NJ) was added. For nocodazole treated cells differentiation medium was 

changed daily and nocodazole (1 μM)(Sigma) was added.

Immunocytochemistry and Histological Staining

Cells were fixed with 4% paraformaldehyde, permealized with 0.2% Triton X-100, and 

blocked with 1% BSA solution. The cytoskeleton, focal adhesions, and nuclei of cells were 

stained with a rhodamine-phalloidin conjugate (Invitrogen, Grand Island, NY), vinculin 

(Sigma, St. Louis, MO), and Floroshield with Dapi (Sigma, St. Louis, MO) respectively. 

Fluorescent photographs of the stained hMSCs were captured by a Nikkon Eclipse 80i 

microscope with CoolSnap HQ camera. Non-fluorescent cells were analyzed using phase 

contrast microscopy utilizing NIS-Elements-AR 3.2 64 bit software (NIS-Elements, 

Melville, NY). Fate specified cells were analyzed using dual alkaline phosphatase[21, 32] and 

Oil Red O staining[33, 34] for osteogenesis and adipogenesis using a Nikon Eclipse E600 

microscope (Nikon, Melville, NY) with color camera. Cells containing lipid vacuoles 

stained red were counted as adipocyte specification while cells staining deep blue/purple 

were counted as osteoblast specification. Rare cells that exhibited both lipid vacuoles and 

osteoblast staining were not counted. Tiff images were taken of patterned areas and cells 

were counted individually.

Statistics

P-values were calculated using one way ANOVA function in Excel (Microsoft, Seattle, 

WA). Errors are standard error of the mean.

Results and Discussion

Effect of Soluble Factors, Cell Density, and Matrix Elasticity on MSC Differentiation

MSCs have previously been shown to be extremely sensitive to passage number in vitro 

when evaluating lineage commitment and differentiation of cells.[35-37] To address this 

concern of diminished differentiation capability, trials to assess the ability of MSCs to 

commit to adipocytes and osteoblasts under passage 6 were first run with lineage specific 

medium and soluble cues for 7 days. In strictly adipogenic medium, we observed 80.3% and 

81.9% adipogenic lineage commitment at 5,000 cells/cm2 and 25,000 cells/cm2. 

Alternatively, in osteogenic medium we observed 100% and 80.9% osteogenic lineage 

commitment (Figure 2). Further evaluations were done using MSCs in a 1:1 mixture of 

adipogenic and osteogenic medium for 7 days on unpatterned substrates. As previously 
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shown, [21, 38] we confirmed cell density contributed to lineage commitment when looking 

at the differentiation of MSCs at a density of 5,000 cells/cm2 and 25,000 cells/cm2. Our 

findings show that on glass coverslips, cells continued to show 100% osteogenic 

differentiation with 5,000 cm2 density while only 40.6% osteogenic differentiation with 

25,000 cells/cm2. We then coated coverslips with 10% PEG (~7 kPa) and found the softer 

substrate contributed to 40.4% greater adipogenic differentiation in low plating densities and 

similar adipogenic differentiation in higher plating densities (Figure 2).

These results compare similarly to previous studies using differing cell densities and show 

the effects of cell density and substrate stiffness on the differentiation potential of MSCs in 

mixed medium. As cell density increases, cell adhesion and spreading are decreased and 

cell-cell contact is increased which leads to enhanced signaling. This aspect has been 

confirmed by several studies to control cell behavior[21, 39] and we further show that 

substrate elasticity along with cell density can control lineage commitment of MSCs. To 

address the interplay between cell size, shape, and substrate elasticity remaining experiments 

were conducted using patterned cells cultured in mixed media conditions.

Micropatterning and Adhesion of Mesenchymal Cells

UV lithography techniques were used to restrict the shape of individual cells into circles, 

squares, and rectangles onto coverslips (Figure 3). A photomask was utilized to control size 

and shape of the islands with a mixture of PEG-SH and PEG-DA used as the precursor 

solution for the hydrogels. UV light was employed to selectively crosslink hydrogels into 

circles, squares, and rectangles on a gold coated glass coverslip through the photomask 

(Figure 4A-C). The remaining regions of the coverslip were then rendered non-adhesive 

with a tri(ethylene glycol)-terminated monolayer to prevent non-specific binding of protein 

or cells. Patterns were incubated in maleimide-modified fibronectin solution to absorb 

protein exclusively to hydrogel islands to allow cell attachment as seen in Figure 4D and 4E. 

MSCs were then able to attach to the hydrogel islands and spread to assume distinct shapes 

of the underlying islands (Figure 4F-I). Cells were able to attach and spread on patterns 

while remaining viable and constrained to hydrogel islands for one week in culture to 

determine the lineage commitment effects due to size, shape and elasticity of the 

microenvironment. MSCs were plated onto hydrogel islands using MSC growth medium 

initially, switched to a 50:50 mixture of adipogenic and osteogenic differentiation media, 

and cultured for 7 days. Cells were then analyzed by staining for lineage specific markers 

Oil Red O and alkaline phosphatase for adipogenic and osteogenic differentiation 

respectively.

MSC Differentiation Directed by Shape, Size, and Elasticity

MSCs were confined to 1,000, 2,500, and 5,000 μm2 area circle, square, and rectangular 

patterns with a substrate elasticity of 7, 47, and 105 kPa. This range of geometric features 

was considered to promote both adipogenic and osteogenic lineages with circles, squares, 

and rectangles previously shown capable of directing cell behavior and differentiation.[16, 17] 

Substrate elasticity was also considered and values were chosen to promote multiple 

lineages and cell behavior[18, 20] in order to parse differences in physical effects on cell 

differentiation.
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For 1,000 μm2 islands, we observed primarily adipogenic differentiation in all cases of 

elasticity and shape. This is consistent with previously reported micropatterning studies as 

well as matrix elasticity studies observing cell size to be a regulator of lineage 

commitment.[17, 21, 40] When looking at cells on 2,500 and 5,000 μm2 patterns with different 

shape and elasticity we found a more mixed population of adipocytes and osteoblasts. With 

5,000 μm2 shapes we found at higher elasticity the cells behaved similar to glass with 74%, 

73%, and 52% osteogenic differentiation on rectangles, squares, and circles respectively 

(Figure 5B). When switched to 7 kPa hydrogels, osteogenic differentiation decreased to 

61%, 66%, and 35% on these identical shapes (Figure 5A). When switching to 2,500 μm2 

shapes, we saw a much higher variation in lineage commitment with 78%, 61%, and 52% 

osteogenesis on 105 kPa substrates and 62%, 43%, and 40% osteogenesis on 7 kPa 

substrates (Figure 5C-D). We also found that our 47 kPa matrix elasticity had similar values 

to the 105 kPa experiments for each shape excluding the 53% and 52% osteogenic 

differentiation for rectangles and squares on 2,500 μm2 patterns (data not shown).

These results remain consistent when looking at patterning studies showing both cell shape 

and size to be a factor in osteogenic differentiation[17, 21, 33, 41-43] as well as other groups 

showing the role of matrix elasticity in osteogenic differentiation.[18, 22, 44-46] These studies 

have further shown that higher levels of RhoA lead to a higher degree of cell spreading and 

osteogenesis of MSCs[21, 47-49] on micropatterned surfaces along with similar RhoA 

pathways being responsible for enhanced cytoskeletal tension and osteogensis on stiffer 

extracellular matrices.[18] Our studies are able to highlight these cooperative signaling 

effects from both matrix elasticity and cell shape on the lineage commitment of MSCs. Our 

interpretation shows that cell size was responsible for lineage commitment choices at 1,000 

μm2 in all cases regardless of matrix elasticity or shape. At larger cell sizes cell shape and 

matrix elasticity both played a role in the lineage commitment of MSCs with cell shape 

appearing to play the larger role. As to shape, in all cases rectangles were shown to have 

higher osteogenesis when compared with circles, showing the immense importance of 

curvature and cytoskeletal tension in lineage commitment. It is particularly interesting that 

cell shape seemed to be a more governing physical cue than matrix elasticity, but has been a 

theme of recent articles highlighting elasticity and shape as intertwined.[18, 22, 50] This study 

implies that by controlling cell shape initially and thus RhoA signaling, it is able to lessen 

the effects of matrix elasticity on lineage commitment.

MSC Differentiation altered by Cytoskeletal Modifications

The following experiments further proceeded to characterize the differentiation of MSCs on 

patterns under cytoskeletal manipulation to observe how a contractile cytoskeleton directs 

cell behavior. The cytoskeleton has previously been shown to strongly guide cell adhesion 

and behavior on micropatterned geometric shapes.[15-17, 21, 51, 52] To further confirm our 

findings that cell spreading and cytoskeletal tension are primarily responsible for osteogenic 

differentiation in combination with substrate elasticity, we evaluated patterned cells in 

mixed medium with Y-27632 and nocodazole added, which are pharmacological agents 

designed to modify the cytoskeleton.[53-56] Cells were plated onto 2,500 μm2 square 

patterned surfaces with growth medium and inhibitors and mixed medium was added the 

following day to ensure cells complete spreading over patterns. Cells patterned on these 
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2,500 μm2 squares with 47 kPa matrix elasticity without inhibitors were shown to have 52% 

osteogenic differentiation. In the presence of nocodazole, a microtubule depolymerizing 

agent shown to increase cell contractility,[57] cells were shown to have 84% osteogenic 

differentiation. Y-27632, an agent that inhibits ROCK causing a decrease in cell 

contractility,[58] was shown to have 69% adipogenesis on the same patterns (Figure 6).

These results further confirm that actomyosin contractility is a key regulator in the lineage 

commitment of MSCs. It is generally accepted that higher degrees of cell spreading promote 

increased myosin-generated cytoskeletal tension leading to increased levels of RhoA and 

ROCK.[17, 21] It has also been well noted that as matrix elasticity increases, RhoA and 

ROCK levels increase as well.[18] Therefore, by inhibiting or promoting ROCK, we 

observed that with constant matrix stiffness, shape, and size we could promote either 

osteogenic or adipogenic lineages confirming that ROCK signaling remains vital to lineage 

commitment when presenting cells with differing physical cues. This work further supports 

the immense importance of the cytoskeleton in looking at osteogenic differentiation in the 

presence of physical microenvironmental characteristics, and in our work, the presence of 

multiple conflicting physical characteristics.

Conclusion

Through the development of micropatterned hydrogels, we were able to ascertain the 

relationship between size, shape, and matrix elasticity for the first time in single MSC 

lineage commitment. UV lithography of PEG hydrogels was employed to provide a platform 

to study single MSCs in a manner capable of decoupling these physical signaling cues. This 

work has combined the ability to control cell size and spreading with the ability to adjust 

matrix elasticity to regulate stem cell lineage commitment and demonstrated that the size, 

shape, and matrix elasticity possess the ability to use physical characteristics to tune 

differentiation. The physical signals were critical to lineage commitment with cell size 

proving to be most significant to lineage commitment at lower adhesive areas and shape 

being most significant at larger adhesive areas. The use of single cells to determine lineage 

commitment parameters of stem cells has become paramount to engineering homogenous 

populations of stem cells for use in tissue engineering. Our study is one of the first to be able 

to present tools and insight into combining these physical characteristics directing stem cell 

lineage commitment for possible use in designing materials and scaffolds for future 

regenerative medicine.
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Figure 1. 
Schematic of the methodology to determine the cooperative effects of cell shape, cell size, 

and matrix elasticity on the lineage commitment of mesenchymal stem cells.
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Figure 2. 
MSCs showed multilineage capabilities when cultured in medium containing growth factors 

promoting osteogenesis and adipogenesis. Dual staining of MSCs after 1 week for 

osteogenesis (alkaline phosphatase-purple/blue) and adipogenesis (lipids-red). Each line of 

images and graphs represents a differing culture condition with both 5,000 cells/cm2 and 

25,000 cells/cm2. Conditions tested were adipogenic medium alone on glass, osteogenic 

medium alone on glass, mixed medium on glass, and mixed medium on 7 kPa extracellular 

matrix. Pie charts show the percentage of differentiation to each lineage (red-adipocyte, 

blue-osteoblast).
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Figure 3. 
Schematic showing UV lithography process used to create hydrogel shapes of varying 

elasticity. Hydrogel shapes were functionalized with thiol to promote fibronectin binding 

exclusively to hydrogels.
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Figure 4. 
Hydrogel islands were fabricated with protein exclusively attached to islands facilitating cell 

adhesion. Presented are microscopy images with micropatterned shapes showing (A) 5,000 

μm2 circles (B) 5,000 μm2 rectangles and (C) 5,000 μm2 squares. Fluorescent bovine serum 

albumin was used as a model protein to determine protein attachment to micropatterned 

areas with (D) brightfield microscopy image of 5,000 μm2 rectangles and (E) bovine serum 

albumin exclusively attached to hydrogel rectangles. MSC attachment shown with (F) 

brightfield microscopy and immunofluorescence stained for (G) vinculin to reveal focal 

adhesions, (H) F-actin, and (I) merged image. Scale bars are 100 μm.
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Figure 5. 
By modifying the geometry and matrix elasticity of the underlying patterns, cells were able 

to choose lineage commitment based on the physical cues presented. (A)-(D) Shown in these 

graphs are the effect of shape, size, and matrix elasticity on MSC lineage commitment (E)-

(F) Shown on these patterns are adipogenesis and osteogenesis on rectangles, squares, and 

circles (Scale bars 50 μm). Error bars are standard error from at minimum 2 separate 

experiments with over 75 cells per condition.
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Figure 6. 
Graph showing the percentage of cells committing to adipogenic or osteogenic lineage in the 

presence of pharmacological agents nocodazole and Y-27632 (ROCK Inhibitor) on 2,500 

μm2 squares with a 47 kPa matrix elasticity.
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