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to hydrogel islands for one week in culture to determine the effects of size, shape and 

elasticity on differentiation. 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.  

 

5.10 MSC Differentiation Directed by Shape, Size, and Matrix Elasticity 

MSCs were confined to 1,000, 2,500, and 5,000 µm
2
 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 (Figure 5.5 and 5.6) [53, 225]. 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.  

 For 1,000 µm
2
 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 [19, 203, 225]. When looking at cells on 2,500 and 5,000 µm
2
 patterns with 

different shape and elasticity we found a more mixed population of adipocytes and 

osteoblasts (Figure 5.5). With 5,000 µm
2
 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 5.5B). When switched to 7 kPa 
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5.7). 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 [19, 225]. 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. 

 

5.12 Conclusions 

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 
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single cells to determine lineage commitment parameters of stem cells is 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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CHAPTER 6  

 

 

Patterning Pluripotent Stem Cells at a Single Cell Level
1

 

 

 

 

 

 

 

 

 

 

 

 

______________________ 

1
Pryzhkova, M.V.; Harris, G.M.; Ma, S.; and Jabbarzadeh, E. 2013. Journal of 

Biomaterials and Tissue Engineering. 3: 461-471. 

 Reprinted here with permission of publisher. 

 

 



 

81 

6.1 Introduction 

At present, dip pen nanolithography, microcontact printing, and direct photo-

patterning using UV light or laser to deposit adhesive proteins in a desired manner are 

attractive options for cell biologists to study molecular processes and cell-material 

interactions at a single cell level [169].  Features designed by these methods can be sized 

as low as the nanometer scale and generally are produced on glass utilizing self-

assembling monolayers as a method for protein adsorption. Random studies of surface 

functionalization with UV/ozone of polymers such as polyethylene and polyvinyl 

chloride (PVC) were also reported [246, 247]. Polystyrene (PS) is traditionally used for 

cell culture applications, where plasma treatment with similar effect is used to make 

commercially available plastic more hydrophilic to promote cell attachment [248, 249]. A 

few research groups have applied direct UV/ozone micropatterning of polystyrene for 

cell studies. These methods are very simple, cost effective and can produce features down 

to 1 µm. 

To date, micropatterning is used to study internal cell organization, cell division, 

migration, or simply to control cell outgrowth [105, 169]. While cells from established 

cell lines and adult stem cells, such as human mesenchymal stem cells (hMSCs), are 

widely used in research, studies of pluripotent stem cells involving micropatterns are 

under development. This can be partially explained by the properties of pluripotent cells 

such as growth in colonies, on supporting feeder layers, and the necessary extra-cellular 

matrix (ECM) [96, 108]. Recent studies have reported the possibility to grow cells in a 

monolayer culture or in colonies with single cell passaging through the use of ROCK 

inhibitor to eliminate cell apoptosis during single cell dissociation, which suggests that 
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human pluripotent stem cells (hPSC) could also be plated on micropatterns for single cell 

studies. hPSCs are cultured on Matrigel, which is formed by polymerization of a few 

constitutive proteins and heparan sulphate, thus, making it complicated for 

micropatterning [104, 250]. However, it has been reported that hPSC express integrins 

mediating cell binding to vitronectin, which can replace Matrigel and support 

undifferentiated hPSCs growth in culture [251, 252]. Here we have designed a very 

simple, affordable, and quick protocol which allows the creation of vitronectin 

micropatterns with feature resolution down to 1 µm and can be used for single cell 

studies of different cell types including hPSCs (embryonic stem cells (hESC) and induced 

pluripotent stem cells (hiPSC)). 

 

6.2 Mask Design and UV/Ozone Micropatterning of Polystyrene 

Design and sketching of micropatterns was performed in AutoCAD Design Suite. 

Super high resolution chrome quartz photomasks (positive and negative), size 10 cm x 10 

cm, were ordered from J.D. Photo-Tools, UK. Clear polystyrene sheets 0.3mm thick were 

from Plastruct (#SSM-101). Polystyrene sheets were cut to approximately 2 cm x 2 cm 

square coverslips to fit wells of six-well cell culture plates. Before UV/ozone patterning, 

polystyrene coverslips were disinfected for one hour in 70% ethanol (freshly prepared, 

Decon Labs) and washed once in sterile distilled water. 

A UV/ozone ProCleaner (BioForce Nanosciences) was used for direct UV 

micropatterning. The UV lamp was preheated for 15-30 minutes before patterning. 

Quartz photomask was washed with isopropanol, dried under air flow and hydrophylized 

in UV/ozone ProCleaner with chrome side up for about 10-15 minutes. Polystyrene 
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coverslips were deposited on desired patterns with a 4l drop of water to insure close 

contact with the chrome side of the mask. Polystyrene coverslips/quartz photomask 

sandwich (photomask up) was exposed for 2.5 minutes to UV light from the distance of 

about 3 cm from UV lamp. Coverslips were then removed from the mask by adding water 

around coverslips and allowing them to be lifted from the surface, thus, minimizing 

photomask damage. Samples were used for protein coating and cell plating immediately 

or analyzed by XPS within 1-2 hours. 

 

6.3 XPS and Data Analysis 

XPS measurements were conducted using a Kratos AXIS Ultra DLD XPS system 

equipped with a monochromatic Al Ka source. The binding energy is calibrated using an 

Ag foil with Ag3d5/2 set at 368.21  0.025 eV for the monochromatic Al X-ray source. 

The monochromatic Al Ka source was operated at 15 keV and 120 W.  The pass energy 

was fixed at 80 eV for the detailed scans. A charge neutralizer (CN) was used to 

compensate for the surface charge. Each case was analyzed and peak fitted using 

Microsoft Excel.  Then, data was normalized and plotted in the same program. The 

binding energy scale for C1s was set at 285 eV. Elemental surface compositions (atomic 

%) were calculated based on C1s and O1s detailed scan spectra. 

Plastic used in these studies: 1) bacterial grade cell culture polystyrene, 10cm 

Petri dishes (Greiner, Cat. No. 663 161 or 664 161), tissue culture treated polystyrene, 6-

well plates (BD, Cat. No.353046); 2) polyvinyl chloride (PVC) 22x22mm coverslips 

(Electron Microscopy Sciences, Cat. No.72261-22); 3) clear polystyrene sheets 0.3mm 

thick Plastruct (#SSM-101). 
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Figure 6.2: (A) – (D) MEFs and (E), (F) hMSCs on single cell patterns (shown in left 

lower corners). F-actin was stained with Rhodamine Phalloidin-TRITC (red), nuclei were 

stained with DAPI (blue), additionally, hMSCs were immunostained for vimentin (green, 

(E)) and vinculin (green, (F)) (scale bar 25 m). 
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mTeSR1 media with single cell passaging resulted in chromosomal instability, and the 

addition of ROCK inhibitor after cell dissociation preserved normal hPSC karyotype 

[105]. Thus, we reestablished monolayer cell culture from hESCs, and began using 

ROCK inhibitor postseeding. After 10 passages under these conditions about 50% of 

cells demonstrated normal karyotype, however, in contrast to  the Saha et al. study, other 

cells revealed various missing and extra chromosomes with aneuploidy of chromosomes 

14 and 20 being the most common (8 metaphases analyzed) (Figure 6.4). Thus, cell 

culture medium (mTeSR1 versus MEF conditioned medium) or genetic background of 

hPSC lines used might affect chromosomal stability. In addition, our results suggest that 

the time of ROCK inhibitor treatment (overnight) also may be potentially damaging, 

leading to even worse outcomes, and further studies are needed to optimize these single 

cell culture conditions. On the other hand, hPSCs from a monolayer culture could be used 

for single cell studies at lower passage numbers such as 2-4 [105]. 

We further studied hPSC attachment and spreading on vitronectin coated single 

cell micropatterns. Single hPSC from a monolayer culture (BM9 and H9 lines) or

colonies (HES3 line) were plated on patterns at a density of 250,000-500,000 cells/chip, 

allowed to spread and form stress fibers for 2-3 hours and fixed for further 

immunostaining and analysis. In a few hours after attachment to micropatterns hPSCs 

formed actin fiber assembly and cell membrane protrusions on adhesive surface and 

strong stress fibers (acto-myosin contraction) were observed along the non-adhesive cell 

edges in the manner reported for other cell types (Figure 6.5) [170, 171, 258]. In addition, 
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Figure 6.3: hESCs (H9) in a monolayer culture (P11S – passage 11 as single cells) 

express pluripotency markers OCT4 (A) and SOX2 (B), and demonstrate characteristic 

cytoskeleton organization (C) and (D) revealed by Rhodamine Phalloidin staining. Nuclei 

were stained with DAPI (blue). hESCs acquire a trisomy of chromosomes 12 and 20 if 

passaged without ROCK inhibitor (ROCKi) postseeding (E). The addition of ROCK 

inhibitor after cell passaging results in cells with normal and abnormal karyotypes (F) 

(scale bar 50 m). 
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Figure 6.4: hiPSCs (BM9) in a monolayer culture (P19S – passage 19 as single cells) 

express pluripotency markers OCT4 (A) and SOX2 (B) and demonstrate trisomy of 

chromosome 12 (C), if passaged without ROCK inhibitor postseeding (scale bar 50 m). 
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single hPSCs on vitronectin ECM micropatterns expressed pluripotency marker OCT4. In 

contrast to hMSC, within 2-3 hours after plating hPSC did not formed vinculin stripes 

revealing focal adhesion sites on vitronectin patterns, rather, they formed dot-like shaped 

focal complexes (Figure 6.5). However, cell focal adhesions were clearly seen on 

micropatterned ECM after overnight culture (Figure 6.5). 

To note, cell seeding density on micropatterns needs to be adjusted depending on 

cell type and size. Larger sizes of patterns resulted in incomplete and non-specific cell 

spreading. High plating density over 300,000 cells/chip gives up to 76% of patterns filled 

but can also result in patterns being occupied by multiple cells (data not shown). 

Types of micropatterns described in this report are currently applied to investigate 

mitotic spindle positioning and cell division in somatic cells [170]. Unfortunately, so far 

our attempts to study single hPSCs entering a metaphase stage on patterns or in a 

monolayer culture a few hours postseeding were not successful. Synchronization of hPSC 

in a monolayer culture [259] gave similar amount of cells (~ 30%) at a metaphase stage 

as in routing culture on Day 3-4 after passaging, but no cells at a metaphase stage were 

observed after a few hours from cell passaging and spreading, including the day 

following passaging (data not shown). Surprisingly, single hPSC attached to patterns in

the presence of ROCK inhibitor and did not undergo apoptosis during overnight culture 

while keeping shape and stress fiber formation corresponding to patterns (Figure 6.5). 

Further studies are required to define optimal conditions to investigate hPSC division on 

single cell patterns.  
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Figure 6.5: Single hPSCs on vitronectin patterns with or without addition of ROCK 

inhibitor (ROCKi) postseeding. BM9 hiPSCs (A-C, F and I) are shown in blue, H9 

hESCs (D, E) and HES3 hESCs (G, H) are shown in red. Corresponding patterns are 

shown in left lower corners (“cb” – crossbow). BM9 hiPSCs and H9 hESCs were grown 

in a monolayer culture with single-cell passaging and HES3 hESCs before plating on 

micropatterns were grown in colonies on Geltrex (to eliminate MEFs) and routinely 

passaged as clumps. BM9 hiPSC on pattern “O” (A) is shown on D0, BM9 hiPSCs on 

patterns “crossbow” (B, C) and “T” (I) are shown on D1 after plating and BM9 hiPSC on 

pattern “H” (F) is shown on D2 (~ 48 hours after plating). For hiPSC on pattern “T” (I), 

ROCK inhibitor (ROCKi) was added after cell plating and kept overnight. H9 hESCs on 

patterns “O” (D) and pattern “H” (E) are shown on Day1 (~ 24 hours after plating). 

ROCK inhibitor was added after cell plating and kept overnight. HES3 hESCs on patterns 

“Y” (G) and “T” (H) are shown on D0 (~ 4 hours after plating). (F-actin was stained with 

Rhodamine Phalloidin (red), nuclei were stained with DAPI (blue) or with antibodies 

specific to OCT4 (green), focal adhesions were immunostained with antibodies specific 

to vinculin (green) (scale bar 25 m). 
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6.12 Conclusions 

In this study we described a convenient and simple method for the design of 

micropatterns for single cell studies. Moreover, we particularly developed conditions for 

vitronectin binding to chemically modified polystyrene, which makes it possible to 

conduct research on hPSC at a single cell level. Designed method can find multiple 

applications for cell studies in traditional biology laboratories without the need for 

expensive complex equipment. 
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