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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
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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 4l 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. 



 

102 

References

 

 

1. Langer, R. and J.P. Vacanti, Tissue Engineering. Science, 1993. 260(5110): p. 

920-926. 

2. Harris, G.M., et al., Strategies to Direct Angiogenesis within Scaffolds for Bone 

Tissue Engineering. Current Pharmaceutical Design, 2013. 19(19): p. 3456-3465. 

3. Lutolf, M.P. and J.A. Hubbell, Synthetic biomaterials as instructive extracellular 

microenvironments for morphogenesis in tissue engineering. Nature 

Biotechnology, 2005. 23(1): p. 47-55. 

4. Hubbell, J.A., Biomaterials in Tissue Engineering. Bio-Technology, 1995. 13(6): 

p. 565-576. 

5. Griffith, L.G. and G. Naughton, Tissue engineering - Current challenges and 

expanding opportunities. Science, 2002. 295(5557): p. 1009-+. 

6. Griffith, L.G., Emerging design principles in Biomaterials and scaffolds for tissue 

engineering. Reparative Medicine: Growing Tissues and Organs, 2002. 961: p. 

83-95. 

7. Kim, B.S. and D.J. Mooney, Development of biocompatible synthetic 

extracellular matrices for tissue engineering. Trends in Biotechnology, 1998. 

16(5): p. 224-230. 



 

103 

8. Jukes, J.M., C.A. van Blitterswijk, and J. de Boer, Skeletal tissue engineering 

using embryonic stem cells. Journal of Tissue Engineering and Regenerative 

Medicine, 2010. 4(3): p. 165-180. 

9. Rossi, C.A., M. Pozzobon, and P. De Coppi, Advances in musculoskeletal tissue 

engineering Moving towards therapy. Organogenesis, 2010. 6(3): p. 167-172. 

10. Atala, A., et al., Tissue-engineered autologous bladders for patients needing 

cystoplasty. Lancet, 2006. 367(9518): p. 1241-6. 

11. Borden, M., et al., Tissue engineered microsphere-based matrices for bone 

repair: design and evaluation. Biomaterials, 2002. 23(2): p. 551-559. 

12. Borenstein, J.T., et al., Microfabrication technology for vascularized tissue 

engineering. Biomedical Microdevices, 2002. 4(3): p. 167-175. 

13. Borenstein, J.T., et al., Microfabrication of three-dimensional engineered 

scaffolds. Tissue Engineering, 2007. 13(8): p. 1837-1844. 

14. Grayson, W.L., et al., Engineering anatomically shaped human bone grafts. 

Proceedings of the National Academy of Sciences of the United States of 

America, 2010. 107(8): p. 3299-3304. 

15. Hollister, S.J., Porous scaffold design for tissue engineering. Nature Materials, 

2005. 4(7): p. 518-524. 

16. Hutmacher, D.W., Scaffolds in tissue engineering bone and cartilage. 

Biomaterials, 2000. 21(24): p. 2529-43. 

17. Petite, H., et al., Tissue-engineered bone regeneration. Nature Biotechnology, 

2000. 18(9): p. 959-963. 



 

104 

18. Engler, A.J., et al., Matrix elasticity directs stem cell lineage specification. Cell, 

2006. 126(4): p. 677-689. 

19. McBeath, R., et al., Cell shape, cytoskeletal tension, and RhoA regulate stem cell 

lineage commitment. Dev Cell, 2004. 6(4): p. 483-95. 

20. Pelham, R.J., Jr. and Y. Wang, Cell locomotion and focal adhesions are regulated 

by substrate flexibility. Proc Natl Acad Sci U S A, 1997. 94(25): p. 13661-5. 

21. Whittaker, C.A., et al., The echinoderm adhesome. Developmental Biology, 2006. 

300(1): p. 252-266. 

22. Ozbek, S., et al., The Evolution of Extracellular Matrix. Molecular Biology of the 

Cell, 2010. 21(24): p. 4300-4305. 

23. Aubin, H., et al., Directed 3D cell alignment and elongation in microengineered 

hydrogels. Biomaterials, 2010. 31(27): p. 6941-6951. 

24. Chan, V., et al., Three-dimensional photopatterning of hydrogels using 

stereolithography for long-term cell encapsulation. Lab on a Chip, 2010. 10(16): 

p. 2062-2070. 

25. Cooke, M.N., et al., Use of stereolithography to manufacture critical-sized 3D 

biodegradable scaffolds for bone ingrowth. Journal of Biomedical Materials 

Research Part B-Applied Biomaterials, 2003. 64B(2): p. 65-69. 

26. Zhu, J.M., Bioactive modification of poly(ethylene glycol) hydrogels for tissue 

engineering. Biomaterials, 2010. 31(17): p. 4639-4656. 

27. Geiger, B., et al., Transmembrane crosstalk between the extracellular matrix--

cytoskeleton crosstalk. Nat Rev Mol Cell Biol, 2001. 2(11): p. 793-805. 



 

109 

63. Sikavitsas, V.I., J.S. Temenoff, and A.G. Mikos, Biomaterials and bone 

mechanotransduction. Biomaterials, 2001. 22(19): p. 2581-2593. 

64. Tse, J.R. and A.J. Engler, Stiffness Gradients Mimicking In Vivo Tissue Variation 

Regulate Mesenchymal Stem Cell Fate. Plos One, 2011. 6(1). 

65. Lo, C.M., et al., Cell movement is guided by the rigidity of the substrate. 

Biophysical Journal, 2000. 79(1): p. 144-152. 

66. Nemir, S. and J.L. West, Synthetic Materials in the Study of Cell Response to 

Substrate Rigidity. Annals of Biomedical Engineering, 2010. 38(1): p. 2-20. 

67. Geiger, B., J.P. Spatz, and A.D. Bershadsky, Environmental sensing through focal 

adhesions. Nature Reviews Molecular Cell Biology, 2009. 10(1): p. 21-33. 

68. Previtera, M.L., et al., Fibroblast Morphology on Dynamic Softening of 

Hydrogels. Annals of Biomedical Engineering, 2011. 

69. Evans, N.D., et al., Substrate stiffness affects early differentiation events in 

embryonic stem cells. Eur Cell Mater, 2009. 18: p. 1-13; discussion 13-4. 

70. Bershadsky, A.D., N.Q. Balaban, and B. Geiger, Adhesion-dependent cell 

mechanosensitivity. Annu Rev Cell Dev Biol, 2003. 19: p. 677-95. 

71. Cukierman, E., et al., Taking cell-matrix adhesions to the third dimension. 

Science, 2001. 294(5547): p. 1708-12. 

72. Discher, D.E., P. Janmey, and Y.L. Wang, Tissue cells feel and respond to the 

stiffness of their substrate. Science, 2005. 310(5751): p. 1139-1143. 

73. Davila, J.C., et al., Use and application of stem cells in toxicology. Toxicological 

Sciences, 2004. 79(2): p. 214-223. 



 

110 

74. Fuchs, E., T. Tumbar, and G. Guasch, Socializing with the neighbors: Stem cells 

and their niche. Cell, 2004. 116(6): p. 769-778. 

75. Liao, S., C.K. Chan, and S. Ramakrishna, Stem cells and biomimetic materials 

strategies for tissue engineering. Materials Science & Engineering C-Biomimetic 

and Supramolecular Systems, 2008. 28(8): p. 1189-1202. 

76. Pittenger, M.F., et al., Multilineage potential of adult human mesenchymal stem 

cells. Science, 1999. 284(5411): p. 143-7. 

77. Reya, T., et al., Stem cells, cancer, and cancer stem cells. Nature, 2001. 

414(6859): p. 105-111. 

78. Thomson, M., et al., Pluripotency Factors in Embryonic Stem Cells Regulate 

Differentiation into Germ Layers. Cell, 2011. 145(6): p. 875-889. 

79. Watt, F.M. and B.L.M. Hogan, Out of Eden: Stem cells and their niches. Science, 

2000. 287(5457): p. 1427-1430. 

80. Griffith, L.G., Polymeric biomaterials. Acta Materialia, 2000. 48(1): p. 263-277. 

81. Kim, D., et al., Multilineage Potential of Porcine Bone Marrow and Adipose-

Derived Mesenchymal Stem Cells in 3-D Alginate Hydrogels. Reproduction 

Fertility and Development, 2009. 21(1): p. 237-237. 

82. Baksh, D., R. Yao, and R.S. Tuan, Comparison of proliferative and multilineage 

differentiation potential of human mesenchymal stem cells derived from umbilical 

cord and bone marrow. Stem Cells, 2007. 25(6): p. 1384-1392. 

83. Zahanich, I., et al., Multilineage potential of human mesenchymal stem cells. 

Naunyn-Schmiedebergs Archives of Pharmacology, 2005. 371: p. R84-R84. 



 

111 

84. Mareschi, K., et al., Multilineage potential of human mesenchymal stem cells: 

bone marrow versus cord blood. Bone Marrow Transplantation, 2001. 27: p. 

S322-S323. 

85. Smith, A.D., et al., Mesenchymal stem cells derived from bone marrow and 

human adipose tissue exhibit multilineage potential. Journal of Investigative 

Medicine, 2000. 48(1): p. 95a-95a. 

86. Pittenger, M.F., et al., Multilineage potential of adult human mesenchymal stem 

cells. Science, 1999. 284(5411): p. 143-147. 

87. Dominici, M., et al., Minimal criteria for defining multipotent mesenchymal 

stromal cells. The International Society for Cellular Therapy position statement. 

Cytotherapy, 2006. 8(4): p. 315-317. 

88. Oswald, J., et al., Mesenchymal stem cells can be differentiated into endothelial 

cells in vitro. Stem Cells, 2004. 22(3): p. 377-84. 

89. Kaigler, D., et al., Transplanted endothelial cells enhance orthotopic bone 

regeneration. Journal of Dental Research, 2006. 85(7): p. 633-7. 

90. Huang, Y.C., et al., Combined angiogenic and osteogenic factor delivery 

enhances bone marrow stromal cell-driven bone regeneration. Journal of Bone 

and Mineral Research, 2005. 20(5): p. 848-57. 

91. Carpenter, M.K., et al., Properties of four human embryonic stem cell lines 

maintained in a feeder-free culture system. Developmental Dynamics, 2004. 

229(2): p. 243-258. 

92. Niwa, H., How is pluripotency determined and maintained? Development, 2007. 

134(4): p. 635-646. 



 

112 

93. Pesce, M. and H.R. Scholer, Oct-4: Gatekeeper in the beginnings of mammalian 

development. Stem Cells, 2001. 19(4): p. 271-278. 

94. Rohwedel, J., et al., Embryonic stem cells as an in vitro model for mutagenicity, 

cytotoxicity and embryotoxicity studies: present state and future prospects. 

Toxicology in Vitro, 2001. 15(6): p. 741-753. 

95. Nishikawa, S.I., L.M. Jakt, and T. Era, Embryonic stem-cell culture as a tool for 

developmental cell biology. Nature Reviews Molecular Cell Biology, 2007. 8(6): 

p. 502-507. 

96. Thomson, J.A., et al., Embryonic stem cell lines derived from human blastocysts. 

Science, 1998. 282(5391): p. 1145-1147. 

97. Jaenisch, R. and R. Young, Stem cells, the molecular circuitry of pluripotency and 

nuclear reprogramming. Cell, 2008. 132(4): p. 567-582. 

98. Kane, N.M., et al., Derivation of endothelial cells from human embryonic stem 

cells by directed differentiation: analysis of microRNA and angiogenesis in vitro 

and in vivo. Arterioscler Thromb Vasc Biol, 2010. 30(7): p. 1389-97. 

99. Sone, M., et al., Pathway for differentiation of human embryonic stem cells to 

vascular cell components and their potential for vascular regeneration. 

Arterioscler Thromb Vasc Biol, 2007. 27(10): p. 2127-34. 

100. Kee, K., et al., Bone morphogenetic proteins induce germ cell differentiation from 

human embryonic stem cells. Stem Cells and Development, 2006. 15(6): p. 831-

837. 

101. Lu, M. and R.Y. Lin, TSH stimulates adipogenesis in mouse embryonic stem cells. 

Journal of Endocrinology, 2008. 196(1): p. 159-169. 



 

113 

102. Mummery, C., et al., Cardiomyocyte differentiation of mouse and human 

embryonic stem cells. Journal of Anatomy, 2002. 200(3): p. 233-242. 

103. Hasegawa, K., et al., A method for the selection of human embryonic stem cell 

sublines with high replating efficiency after single-cell dissociation. Stem Cells, 

2006. 24(12): p. 2649-2660. 

104. Kohen, N.T., L.E. Little, and K.E. Healy, Characterization of Matrigel interfaces 

during defined human embryonic stem cell culture. Biointerphases, 2009. 4(4): p. 

69-79. 

105. Saha, K., et al., Surface-engineered substrates for improved human pluripotent 

stem cell culture under fully defined conditions. Proceedings of the National 

Academy of Sciences of the United States of America, 2011. 108(46): p. 18714-

18719. 

106. Peerani, R., et al., Patterning mouse and human embryonic stem cells using 

micro-contact printing. Methods Mol Biol, 2009. 482: p. 21-33. 

107. Van Hoof, D., et al., Differentiation of human embryonic stem cells into 

pancreatic endoderm in patterned size-controlled clusters. Stem Cell Research, 

2011. 6(3): p. 276-285. 

108. Hu, K.J., et al., Efficient generation of transgene-free induced pluripotent stem 

cells from normal and neoplastic bone marrow and cord blood mononuclear 

cells. Blood, 2011. 117(14): p. E109-E119. 

109. Lowry, W.E., et al., Generation of human induced pluripotent stem cells from 

dermal fibroblasts. Proceedings of the National Academy of Sciences of the 

United States of America, 2008. 105(8): p. 2883-2888. 



 

114 

110. Yu, J.Y., et al., Induced pluripotent stem cell lines derived from human somatic 

cells. Science, 2007. 318(5858): p. 1917-1920. 

111. Cahan, P. and G.Q. Daley, Origins and implications of pluripotent stem cell 

variability and heterogeneity. Nature Reviews Molecular Cell Biology, 2013. 

14(6): p. 357-368. 

112. Volz, K.S., et al., Development of pluripotent stem cells for vascular therapy. 

Vascul Pharmacol, 2012. 56(5-6): p. 288-96. 

113. Rufaihah, A.J., et al., Endothelial cells derived from human iPSCS increase 

capillary density and improve perfusion in a mouse model of peripheral arterial 

disease. Arterioscler Thromb Vasc Biol, 2011. 31(11): p. e72-9. 

114. Suzuki, H., et al., Therapeutic angiogenesis by transplantation of induced 

pluripotent stem cell-derived Flk-1 positive cells. BMC Cell Biol, 2010. 11: p. 72. 

115. Nelson, T.J., et al., Repair of acute myocardial infarction by human stemness 

factors induced pluripotent stem cells. Circulation, 2009. 120(5): p. 408-16. 

116. Paik, I., et al., Rapid micropatterning of cell lines and human pluripotent stem 

cells on elastomeric membranes. Biotechnology and Bioengineering, 2012. 

117. van Kooten, T.G. and A.F. von Recum, Cell adhesion to textured silicone 

surfaces: The influence of time of adhesion and texture on focal contact and 

fibronectin fibril formation. Tissue Engineering, 1999. 5(3): p. 223-240. 

118. Jiang, X.Y., et al., Controlling mammalian cell spreading and cytoskeletal 

arrangement with conveniently fabricated continuous wavy features on 

poly(dimethylsiloxane). Langmuir, 2002. 18(8): p. 3273-3280. 



 

115 

119. Curtis, A. and C. Wilkinson, New depths in cell behaviour: reactions of cells to 

nanotopography. Cell Behaviour: Control and Mechanism of Motility, 1999(65): 

p. 15-26. 

120. Lampin, M., et al., Correlation between substratum roughness and wettability, 

cell adhesion, and cell migration. Journal of Biomedical Materials Research, 

1997. 36(1): p. 99-108. 

121. D'Angelo, F., et al., Micropatterned Hydrogenated Amorphous Carbon Guides 

Mesenchymal Stem Cells Towards Neuronal Differentiation. European Cells & 

Materials, 2010. 20: p. 231-244. 

122. Raghavan, S., et al., Geometrically Controlled Endothelial Tubulogenesis in 

Micropatterned Gels. Tissue Engineering Part A, 2010. 16(7): p. 2255-2263. 

123. Moon, J.J., et al., Micropatterning of Poly(Ethylene Glycol) Diacrylate Hydrogels 

with Biomolecules to Regulate and Guide Endothelial Morphogenesis. Tissue 

Engineering Part A, 2009. 15(3): p. 579-585. 

124. Jiang, X.Y., et al., Directing cell migration with asymmetric micropatterns. 

Proceedings of the National Academy of Sciences of the United States of 

America, 2005. 102(4): p. 975-978. 

125. Hsu, S., et al., Effects of shear stress on endothelial cell haptotaxis on 

micropatterned surfaces. Biochemical and Biophysical Research 

Communications, 2005. 337(1): p. 401-409. 

126. Sieminski, A.L., R.P. Hebbel, and K.J. Gooch, The relative magnitudes of 

endothelial force generation and matrix stiffness modulate capillary 

morphogenesis in vitro. Experimental Cell Research, 2004. 297(2): p. 574-584. 



 

116 

127. Vailhe, B., et al., In vitro angiogenesis is modulated by the mechanical properties 

of fibrin gels and is related to alpha(v)beta(3) integrin localization. In Vitro 

Cellular & Developmental Biology-Animal, 1997. 33(10): p. 763-773. 

128. Stephanou, A., et al., The rigidity in fibrin gels as a contributing factor to the 

dynamics of in vitro vascular cord formation. Microvascular Research, 2007. 

73(3): p. 182-190. 

129. Lo, C.M. and Y.L. Wang, Guidance of cell movement by substrate rigidity. 

Molecular Biology of the Cell, 1999. 10: p. 259a-259a. 

130. Yeung, T., et al., Effects of substrate stiffness on cell morphology, cytoskeletal 

structure, and adhesion. Cell Motility and the Cytoskeleton, 2005. 60(1): p. 24-

34. 

131. Tranqui, L. and P. Tracqui, Mechanical signalling and angiogenesis. The 

integration of cell-extracellular matrix couplings. Comptes Rendus De L 

Academie Des Sciences Serie Iii-Sciences De La Vie-Life Sciences, 2000. 323(1): 

p. 31-47. 

132. Califano, J.P. and C.A. Reinhart-King, The effects of substrate elasticity on 

endothelial cell network formation and traction force generation. Conf Proc IEEE 

Eng Med Biol Soc, 2009. 2009: p. 3343-5. 

133. Fidkowski, C., et al., Endothelialized microvasculature based on a biodegradable 

elastomer. Tissue Engineering, 2005. 11(1-2): p. 302-309. 

134. Shin, M., et al., Endothelialized networks with a vascular geometry in 

microfabricated poly(dimethyl siloxane). Biomedical Microdevices, 2004. 6(4): p. 

269-278. 



 

117 

135. Du, Y.A., et al., Sequential Assembly of Cell-Laden Hydrogel Constructs to 

Engineer Vascular-Like Microchannels. Biotechnology and Bioengineering, 

2011. 108(7): p. 1693-1703. 

136. Khademhosseini, A. and R. Langer, Microengineered hydrogels for tissue 

engineering. Biomaterials, 2007. 28(34): p. 5087-5092. 

137. Mironov, V., et al., Organ printing: computer-aided jet-based 3D tissue 

engineering. Trends in Biotechnology, 2003. 21(4): p. 157-161. 

138. Yang, H.Y., et al., Fine ceramic lattices prepared by extrusion freeforming. 

Journal of Biomedical Materials Research Part B-Applied Biomaterials, 2006. 

79B(1): p. 116-121. 

139. Tan, W. and T.A. Desai, Layer-by-layer microfluidics for biomimetic three-

dimensional structures. Biomaterials, 2004. 25(7-8): p. 1355-1364. 

140. Rivron, N.C., et al., Tissue deformation spatially modulates VEGF signaling and 

angiogenesis. Proceedings of the National Academy of Sciences of the United 

States of America, 2012. 109(18): p. 6886-6891. 

141. Madaboosi, N., et al., Microfluidics meets soft layer-by-layer films: selective cell 

growth in 3D polymer architectures. Lab on a Chip, 2012. 12(8): p. 1434-1436. 

142. Tan, W. and T.A. Desai, Microscale multilayer cocultures for biomimetic blood 

vessels. Journal of Biomedical Materials Research Part A, 2005. 72A(2): p. 146-

160. 

143. King, K.R., et al., Biodegradable microfluidics. Advanced Materials, 2004. 

16(22): p. 2007-+. 



 

118 

144. Choi, N.W., et al., Microfluidic scaffolds for tissue engineering. Nature Materials, 

2007. 6(11): p. 908-915. 

145. Sistiabudi, R. and A. Ivanisevic, Dip-Pen Nanolithography of Bioactive Peptides 

on Collagen-Terminated Retinal Membrane. Advanced Materials, 2008. 20(19): 

p. 3678-+. 

146. Lim, J.H., et al., Direct-write dip-pen nanolithography of proteins on modified 

silicon oxide surfaces. Angewandte Chemie-International Edition, 2003. 42(20): 

p. 2309-2312. 

147. Tinazli, A., et al., Native protein nanolithography that can write, read and erase. 

Nature Nanotechnology, 2007. 2(4): p. 220-225. 

148. Zheng, Z., et al., Topographically Flat, Chemically Patterned PDMS Stamps 

Made by Dip-Pen Nanolithography. Angewandte Chemie-International Edition, 

2008. 47(51): p. 9951-9954. 

149. Curran, J.M., et al., Introducing dip pen nanolithography as a tool for controlling 

stem cell behaviour: unlocking the potential of the next generation of smart 

materials in regenerative medicine. Lab on a Chip, 2010. 10(13): p. 1662-1670. 

150. Sekula, S., et al., Multiplexed Lipid Dip-Pen Nanolithography on Subcellular 

Scales for the Templating of Functional Proteins and Cell Culture. Small, 2008. 

4(10): p. 1785-1793. 

151. Newton, L., et al., Self assembled monolayers (SAMs) on metallic surfaces (gold 

and graphene) for electronic applications. Journal of Materials Chemistry C, 

2013. 1(3): p. 376-393. 



 

119 

152. Mrksich, M., et al., Controlling cell attachment on contoured surfaces with self-

assembled monolayers of alkanethiolates on gold. Proceedings of the National 

Academy of Sciences of the United States of America, 1996. 93(20): p. 10775-

10778. 

153. Du, Y.A., et al., Directed assembly of cell-laden microgels for fabrication of 3D 

tissue constructs. Proceedings of the National Academy of Sciences of the United 

States of America, 2008. 105(28): p. 9522-9527. 

154. Tsang, V.L., et al., Fabrication of 3D hepatic tissues by additive photopatterning 

of cellular hydrogels. Faseb Journal, 2007. 21(3): p. 790-801. 

155. Du, Y.N., et al., Convection-driven generation of long-range material gradients. 

Biomaterials, 2010. 31(9): p. 2686-2694. 

156. Revzin, A., et al., Fabrication of poly(ethylene glycol) hydrogel microstructures 

using photolithography. Langmuir, 2001. 17(18): p. 5440-5447. 

157. Revzin, A., R.G. Tompkins, and M. Toner, Surface engineering with 

poly(ethylene glycol) photolithography to create high-density cell arrays on glass. 

Langmuir, 2003. 19(23): p. 9855-9862. 

158. Burdick, J.A. and K.S. Anseth, Photoencapsulation of osteoblasts in injectable 

RGD-modified PEG hydrogels for bone tissue engineering. Biomaterials, 2002. 

23(22): p. 4315-4323. 

159. Dikovsky, D., H. Bianco-Peled, and D. Seliktar, The effect of structural 

alterations of PEG-fibrinogen hydrogel scaffolds on 3-D cellular morphology and 

cellular migration. Biomaterials, 2006. 27(8): p. 1496-1506. 



 

120 

160. Raeber, G.P., M.P. Lutolf, and J.A. Hubbell, Molecularly engineered PEG 

hydrogels: A novel model system for proteolytically mediated cell migration. 

Biophysical Journal, 2005. 89(2): p. 1374-1388. 

161. Brigham, M.D., et al., Mechanically Robust and Bioadhesive Collagen and 

Photocrosslinkable Hyaluronic Acid Semi-Interpenetrating Networks. Tissue 

Engineering Part A, 2009. 15(7): p. 1645-1653. 

162. Camci-Unal, G., et al., Surface-modified hyaluronic acid hydrogels to capture 

endothelial progenitor cells. Soft Matter, 2010. 6(20): p. 5120-5126. 

163. Gerecht, S., et al., Hyaluronic acid hydrogen for controlled self-renewal and 

differentiation of human embryonic stem cells. Proceedings of the National 

Academy of Sciences of the United States of America, 2007. 104(27): p. 11298-

11303. 

164. Fukuda, J., et al., Micropatterned cell co-cultures using layer-by-layer deposition 

of extracellular matrix components. Biomaterials, 2006. 27(8): p. 1479-1486. 

165. Benton, J.A., et al., Photocrosslinking of Gelatin Macromers to Synthesize Porous 

Hydrogels That Promote Valvular Interstitial Cell Function. Tissue Engineering 

Part A, 2009. 15(11): p. 3221-3230. 

166. Hutson, C.B., et al., Synthesis and Characterization of Tunable Poly(Ethylene 

Glycol): Gelatin Methacrylate Composite Hydrogels. Tissue Engineering Part A, 

2011. 17(13-14): p. 1713-1723. 

167. Song, W., et al., Adipogenic Differentiation of Individual Mesenchymal Stem Cell 

on Different Geometric Micropatterns. Langmuir, 2011. 27(10): p. 6155-6162. 



 

121 

168. Azioune, A., et al., Protein Micropatterns: A Direct Printing Protocol Using 

Deep UVs. Microtubules: In Vivo, 2010. 97: p. 133-146. 

169. Thery, M., Micropatterning as a tool to decipher cell morphogenesis and 

functions. Journal of Cell Science, 2010. 123(24): p. 4201-4213. 

170. Thery, M., et al., Cell distribution of stress fibres in response to the geometry of 

the adhesive environment. Cell Motility and the Cytoskeleton, 2006. 63(6): p. 

341-355. 

171. Thery, M., et al., Anisotropy of cell adhesive microenvironment governs cell 

internal organization and orientation of polarity. Proceedings of the National 

Academy of Sciences of the United States of America, 2006. 103(52): p. 19771-

19776. 

172. Apodaca, G., Endocytic traffic in polarized epithelial cells: role of the actin and 

microtubule cytoskeleton. Traffic, 2001. 2(3): p. 149-59. 

173. Aspenstrom, P., The Rho GTPases have multiple effects on the actin cytoskeleton. 

Experimental Cell Research, 1999. 246(1): p. 20-25. 

174. Begum, R., M.S.A. Nur-E-Kamal, and M.A. Zaman, The role of Rho GTPases in 

the regulation of the rearrangement of actin cytoskeleton and cell movement. 

Experimental and Molecular Medicine, 2004. 36(4): p. 358-366. 

175. Sit, S.T. and E. Manser, Rho GTPases and their role in organizing the actin 

cytoskeleton. Journal of Cell Science, 2011. 124(5): p. 679-683. 

176. Knoblich, J.A., Mechanisms of asymmetric stem cell division. Cell, 2008. 132(4): 

p. 583-597. 



 

122 

177. Neumuller, R.A. and J.A. Knoblich, Dividing cellular asymmetry: asymmetric 

cell division and its implications for stem cells and cancer. Genes & 

Development, 2009. 23(23): p. 2675-2699. 

178. Schaefer, M., et al., Heterotrimeric G proteins direct two modes of asymmetric 

cell division in the Drosophila nervous system. Cell, 2001. 107(2): p. 183-194. 

179. Schaefer, M., et al., A protein complex containing inscuteable and the G alpha-

binding protein Pins orients asymmetric cell divisions in Drosophila. Current 

Biology, 2000. 10(7): p. 353-362. 

180. Zamir, E. and B. Geiger, Molecular complexity and dynamics of cell-matrix 

adhesions. Journal of Cell Science, 2001. 114(20): p. 3583-3590. 

181. Zheng, Z., et al., LGN regulates mitotic spindle orientation during epithelial 

morphogenesis. Journal of Cell Biology, 2010. 189(2): p. 275-288. 

182. Du, Q.S. and I.G. Macara, Mammalian pins is a conformational switch that links 

NuMA to heterotrimeric G proteins. Cell, 2004. 119(4): p. 503-516. 

183. Du, Q.S., P.T. Stukenberg, and I.G. Macara, A mammalian Partner of inscuteable 

binds NuMA and regulates mitotic spindle organization. Nature Cell Biology, 

2001. 3(12): p. 1069-1075. 

184. Nobes, C.D. and A. Hall, Rho, Rac, and Cdc42 Gtpases Regulate the Assembly of 

Multimolecular Focal Complexes Associated with Actin Stress Fibers, 

Lamellipodia, and Filopodia. Cell, 1995. 81(1): p. 53-62. 

185. Weisberg, E., et al., Role of focal adhesion proteins in signal transduction and 

oncogenesis. Critical Reviews in Oncogenesis, 1997. 8(4): p. 343-358. 



 

123 

186. Park, J.Y., et al., Simultaneous generation of chemical concentration and 

mechanical shear stress gradients using microfluidic osmotic flow comparable to 

interstitial flow. Lab on a Chip, 2009. 9(15): p. 2194-2202. 

187. Park, I.H., et al., Reprogramming of human somatic cells to pluripotency with 

defined factors. Nature, 2008. 451(7175): p. 141-6. 

188. Zhang, J.H., et al., Functional Cardiomyocytes Derived From Human Induced 

Pluripotent Stem Cells. Circulation Research, 2009. 104(4): p. E30-E41. 

189. Kamp, T.J. and G.E. Lyons, On the road to iPS cell cardiovascular applications. 

Circulation Research, 2009. 105(7): p. 617-9. 

190. Murtuza, B., J.W. Nichol, and A. Khademhosseini, Micro- and nanoscale control 

of the cardiac stem cell niche for tissue fabrication. Tissue Eng Part B Rev, 2009. 

15(4): p. 443-54. 

191. Underhill, G.H. and S.N. Bhatia, High-throughput analysis of signals regulating 

stem cell fate and function. Current Opinion in Chemical Biology, 2007. 11(4): p. 

357-366. 

192. Eckfeldt, C.E., E.M. Mendenhall, and C.M. Verfaillie, The molecular repertoire 

of the 'almighty' stem cell. Nature Reviews Molecular Cell Biology, 2005. 6(9): p. 

726-737. 

193. Van Hoof, D., et al., A quest for human and mouse embryonic stem cell-specific 

proteins. Molecular & Cellular Proteomics, 2006. 5(7): p. 1261-1273. 

194. Voldman, J., M.L. Gray, and M.A. Schmidt, Microfabrication in biology and 

medicine. Annual Review of Biomedical Engineering, 1999. 1: p. 401-425. 



 

124 

195. Khademhosseini, A., et al., Microfluidic patterning for fabrication of contractile 

cardiac organoids. Biomedical Microdevices, 2007. 9(2): p. 149-157. 

196. Lutolf, M.P., P.M. Gilbert, and H.M. Blau, Designing materials to direct stem-

cell fate. Nature, 2009. 462(7272): p. 433-441. 

197. Sudo, R., et al., Transport-mediated angiogenesis in 3D epithelial coculture. 

Faseb Journal, 2009. 23(7): p. 2155-2164. 

198. Grevesse, T., et al., A simple route to functionalize polyacrylamide hydrogels for 

the independent tuning of mechanotransduction cues. Lab on a Chip, 2013. 13(5): 

p. 777-780. 

199. Sochol, R.D., et al., Unidirectional mechanical cellular stimuli via micropost 

array gradients. Soft Matter, 2011. 7(10): p. 4606-4609. 

200. Xia, N., et al., Directional control of cell motility through focal adhesion 

positioning and spatial control of Rac activation. Faseb Journal, 2008. 22(6): p. 

1649-1659. 

201. Zhao, Y., et al., Simultaneous orientation and cellular force measurements in 

adult cardiac myocytes using three-dimensional polymeric microstructures. Cell 

Motility and the Cytoskeleton, 2007. 64(9): p. 718-725. 

202. Tan, J.L., et al., Cells lying on a bed of microneedles: An approach to isolate 

mechanical force. Proceedings of the National Academy of Sciences of the United 

States of America, 2003. 100(4): p. 1484-1489. 

203. Fu, J.P., et al., Mechanical regulation of cell function with geometrically 

modulated elastomeric substrates. Nature Methods, 2010. 7(9): p. 733-U95. 



 

125 

204. Sochol, R.D., et al., Effects of micropost spacing and stiffness on cell motility. 

Micro & Nano Letters, 2011. 6(5): p. 323-326. 

205. Jegadesan, S., S. Sindhu, and S. Valiyaveettil, Fabrication of nanostructure on a 

polymer film using atomic force microscope. Journal of Nanoscience and 

Nanotechnology, 2007. 7(6): p. 2172-2175. 

206. Yoshitake, S., et al., Mild and Efficient Conjugation of Rabbit Fab' and 

Horseradish-Peroxidase Using a Maleimide Compound and Its Use for Enzyme-

Immunoassay. Journal of Biochemistry, 1982. 92(5): p. 1413-1424. 

207. Gray, D.S., J. Tien, and C.S. Chen, Repositioning of cells by mechanotaxis on 

surfaces with micropatterned Young's modulus. Journal of Biomedical Materials 

Research Part A, 2003. 66A(3): p. 605-614. 

208. Ochsner, M., et al., Micro-well arrays for 3D shape control and high resolution 

analysis of single cells. Lab on a Chip, 2007. 7(8): p. 1074-1077. 

209. Bryant, S.J., et al., Crosslinking density influences chondrocyte metabolism in 

dynamically loaded photocrosslinked poly(ethylene glycol) hydrogels. Annals of 

Biomedical Engineering, 2004. 32(3): p. 407-417. 

210. Huang, T., et al., A novel hydrogel with high mechanical strength: A 

macromolecular microsphere composite hydrogel. Advanced Materials, 2007. 

19(12): p. 1622-+. 

211. Stammen, J.A., et al., Mechanical properties of a novel PVA hydrogel in shear 

and unconfined compression. Biomaterials, 2001. 22(8): p. 799-806. 

212. Weinand, C., et al., Hydrogel-beta-TCP scaffolds and stem cells for tissue 

engineering bone. Bone, 2006. 38(4): p. 555-63. 



 

126 

213. Harris, J.M., Poly(ethylene glycol) chemistry : biotechnical and biomedical 

applications. Topics in applied chemistry. 1992, New York: Plenum Press. xxi, 

385 p. 

214. Hern, D.L. and J.A. Hubbell, Incorporation of adhesion peptides into nonadhesive 

hydrogels useful for tissue resurfacing. Journal of Biomedical Materials Research, 

1998. 39(2): p. 266-276. 

215. Lanniel, M., et al., Substrate induced differentiation of human mesenchymal stem 

cells on hydrogels with modified surface chemistry and controlled modulus. Soft 

Matter, 2011. 7(14): p. 6501-6514. 

216. Wang, N., J.P. Butler, and D.E. Ingber, Mechanotransduction across the Cell-

Surface and through the Cytoskeleton. Science, 1993. 260(5111): p. 1124-1127. 

217. Hutmacher, D.W., Scaffolds in tissue engineering bone and cartilage. 

Biomaterials, 2000. 21(24): p. 2529-2543. 

218. Bosnakovski, D., et al., Isolation and multilineage differentiation of bovine bone 

marrow mesenchymal stem cells. Cell and Tissue Research, 2005. 319(2): p. 243-

253. 

219. Jiang, Y., et al., Pluripotency of mesenchymal stem cells derived from adult 

marrow. Nature, 2002. 418(6893): p. 41-9. 

220. Park, J., et al., Bone regeneration in critical size defects by cell-mediated BMP-2 

gene transfer: a comparison of adenoviral vectors and liposomes. Gene Therapy, 

2003. 10(13): p. 1089-1098. 



 

127 

221. Dupont, K.M., et al., Human stem cell delivery for treatment of large segmental 

bone defects. Proceedings of the National Academy of Sciences of the United 

States of America, 2010. 107(8): p. 3305-10. 

222. Winnier, G., et al., Bone Morphogenetic Protein-4 Is Required for Mesoderm 

Formation and Patterning in the Mouse. Genes & Development, 1995. 9(17): p. 

2105-2116. 

223. Charge, S.B.P. and M.A. Rudnicki, Cellular and molecular regulation of muscle 

regeneration. Physiological Reviews, 2004. 84(1): p. 209-238. 

224. Ohlstein, B., et al., The stem cell niche: theme and variations. Current Opinion in 

Cell Biology, 2004. 16(6): p. 693-699. 

225. Kilian, K.A., et al., Geometric cues for directing the differentiation of 

mesenchymal stem cells. Proceedings of the National Academy of Sciences of the 

United States of America, 2010. 107(11): p. 4872-4877. 

226. Khademhosseini, A., et al., Microscale technologies for tissue engineering and 

biology. Proceedings of the National Academy of Sciences of the United States of 

America, 2006. 103(8): p. 2480-2487. 

227. Nikkhah, M., et al., Engineering microscale topographies to control the cell-

substrate interface. Biomaterials, 2012. 33(21): p. 5230-5246. 

228. Gunawan, R.C., et al., Cell migration and polarity on microfabricated gradients 

of extracellular matrix proteins. Langmuir, 2006. 22(9): p. 4250-4258. 

229. Sila-Asna, M., et al., Osteoblast differentiation and bone formation gene 

expression in strontium-inducing bone marrow mesenchymal stem cell. The Kobe 

journal of medical sciences, 2007. 53(1-2): p. 25-35. 



 

128 

230. Koopman, R., G. Schaart, and M.K. Hesselink, Optimisation of oil red O staining 

permits combination with immunofluorescence and automated quantification of 

lipids. Histochemistry and cell biology, 2001. 116(1): p. 63-8. 

231. Nelson, C.M. and C.S. Chen, Cell-cell signaling by direct contact increases cell 

proliferation via a PI3K-dependent signal. Febs Letters, 2002. 514(2-3): p. 238-

242. 

232. Cheng, S.L., et al., Differentiation of Human Bone-Marrow Osteogenic Stromal 

Cells in Vitro - Induction of the Osteoblast Phenotype by Dexamethasone. 

Endocrinology, 1994. 134(1): p. 277-286. 

233. Ruiz, S.A. and C.S. Chen, Emergence of Patterned Stem Cell Differentiation 

Within Multicellular Structures. Stem Cells, 2008. 26(11): p. 2921-2927. 

234. Oh, S., et al., Stem cell fate dictated solely by altered nanotube dimension. Proc 

Natl Acad Sci U S A, 2009. 106(7): p. 2130-5. 

235. Rowlands, A.S., P.A. George, and J.J. Cooper-White, Directing osteogenic and 

myogenic differentiation of MSCs: interplay of stiffness and adhesive ligand 

presentation. American Journal of Physiology-Cell Physiology, 2008. 295(4): p. 

C1037-C1044. 

236. Evans, N.D., et al., Substrate Stiffness Affects Early Differentiation Events in 

Embryonic Stem Cells. Eur Cell Mater, 2009. 18: p. 1-14. 

237. Shih, Y.R.V., et al., Matrix Stiffness Regulation of Integrin-Mediated 

Mechanotransduction During Osteogenic Differentiation of Human Mesenchymal 

Stem Cells. Journal of Bone and Mineral Research, 2011. 26(4): p. 730-738. 



 

129 

238. Arthur, W.T. and K. Burridge, RhoA inactivation by p190RhoGAP regulates cell 

spreading and migration by promoting membrane protrusion and polarity. 

Molecular Biology of the Cell, 2001. 12(9): p. 2711-2720. 

239. Wang, Y.K., et al., Bone Morphogenetic Protein-2-Induced Signaling and 

Osteogenesis Is Regulated by Cell Shape, RhoA/ROCK, and Cytoskeletal Tension. 

Stem Cells and Development, 2012. 21(7): p. 1176-1186. 

240. Docheva, D., et al., Researching into the cellular shape, volume and elasticity of 

mesenchymal stem cells, osteoblasts and osteosarcoma cells by atomic force 

microscopy. Journal of Cellular and Molecular Medicine, 2008. 12(2): p. 537-552. 

241. Maekawa, M., et al., Signaling from rho to the actin cytoskeleton through protein 

kinases ROCK and LIM-kinase. Science, 1999. 285(5429): p. 895-898. 

242. Wojciak-Stothard, B., et al., Rho and Rac but not Cdc42 regulate endothelial cell 

permeability. Journal of Cell Science, 2001. 114(Pt 7): p. 1343-55. 

243. Malek, A.M. and S. Izumo, Mechanism of endothelial cell shape change and 

cytoskeletal remodeling in response to fluid shear stress. Journal of Cell Science, 

1996. 109: p. 713-726. 

244. Chang, Y.C., et al., GEF-H1 couples nocodazole-induced microtubule 

disassembly to cell contractility via RhoA. Molecular Biology of the Cell, 2008. 

19(5): p. 2147-2153. 

245. Bourgier, C., et al., Inhibition of Rho kinase modulates radiation induced 

fibrogenic phenotype in intestinal smooth muscle cells through alteration of the 

cytoskeleton and connective tissue growth factor expression. Gut, 2005. 54(3): p. 

336-343. 



 

130 

246. Poulsson, A.H.C., et al., Attachment of Human Primary Osteoblast Cells to 

Modified Polyethylene Surfaces. Langmuir, 2009. 25(6): p. 3718-3727. 

247. Jung, C.H., et al., Patterning of cells on a PVC film surface functionalized by ion 

irradiation. Polymers for Advanced Technologies, 2010. 21(2): p. 135-138. 

248. Dupont-Gillain, C.C., et al., Plasma-oxidized polystyrene: Wetting properties and 

surface reconstruction. Langmuir, 2000. 16(21): p. 8194-8200. 

249. van Kooten, T.G., H.T. Spijker, and H.J. Busscher, Plasma-treated polystyrene 

surfaces: model surfaces for studying cell-biomaterial interactions. Biomaterials, 

2004. 25(10): p. 1735-1747. 

250. Emonard, H., et al., Reconstituted Basement-Membrane Matrix Modulates 

Fibroblast Activities Invitro. Journal of Cellular Physiology, 1987. 133(1): p. 95-

102. 

251. Braam, S.R., et al., Recombinant vitronectin is a functionally defined substrate 

that supports human embryonic stem cell self-renewal via alpha V beta 5 integrin. 

Stem Cells, 2008. 26(9): p. 2257-2265. 

252. Rowland, T.J., et al., Roles of Integrins in Human Induced Pluripotent Stem Cell 

Growth on Matrigel and Vitronectin. Stem Cells and Development, 2010. 19(8): 

p. 1231-1240. 

253. Welle, A. and E. Gottwald, UV-based patterning of polymeric substrates for cell 

culture applications. Biomedical Microdevices, 2002. 4(1): p. 33-41. 

254. Mitchell, S.A., et al., Cellular attachment and spatial control of cells using micro-

patterned ultra-violet/ozone treatment in serum enriched media. Biomaterials, 

2004. 25(18): p. 4079-4086. 



 

131 

255. Welle, A., et al., Photo-chemically patterned polymer surfaces for controlled PC-

12 adhesion and neurite guidance. Journal of Neuroscience Methods, 2005. 

142(2): p. 243-250. 

256. Hudson, J., et al., Primitive Cardiac Cells from Human Embryonic Stem Cells. 

Stem Cells and Development, 2012. 21(9): p. 1513-1523. 

257. Burridge, P.W., et al., A Universal System for Highly Efficient Cardiac 

Differentiation of Human Induced Pluripotent Stem Cells That Eliminates 

Interline Variability. Plos One, 2011. 6(4). 

258. Kwon, M., et al., Mechanisms to suppress multipolar divisions in cancer cells 

with extra centrosomes. Genes & Development, 2008. 22(16): p. 2189-2203. 

259. Ballabeni, A., et al., Cell cycle adaptations of embryonic stem cells. Proceedings 

of the National Academy of Sciences of the United States of America, 2011. 

108(48): p. 19252-19257. 

 



 

132 

Appendix A: Copyright Permissions 

 

 



 

133 

 


