
Regulation of Gene Transfection of Mesenchymal Stem 

Cells by Micropatterned Surfaces 

Yongtao Wang 

  July 2021 



 

 

 

 

 



 

 

 

 

Regulation of Gene Transfection of Mesenchymal Stem 

Cells by Micropatterned Surfaces 

 

 

 

Yongtao Wang 

Doctoral Program in Materials Science and Engineering 

 

 

 

Submitted to the Graduate School of  

Pure and Applied Sciences  

in Partial Fulfillment of the Requirements  

for the Degree of Doctor of Philosophy in  

Engineering 

 

at the 

University of Tsukuba 

 



 

 

 

 

 

 

 

 

 

 



 
I 

 

 

 

Contents 

 

List of abbreviations ....................................................................................................................... IV 

Chapter 1 General introduction ....................................................................................................... 1 

 1.1 Gene transfection ............................................................................................................................. 1 

     1.1.1 Transmembrane delivery of gene transfection ........................................................................ 2 

     1.1.2 Expression of exogenous genes in cells .................................................................................. 4 

 1.2 Current factors to regulate gene transfection ................................................................................... 5 

     1.2.1 Different cell lines................................................................................................................... 5 

     1.2.2 Various gene carrier materials ............................................................................................... 6 

     1.2.3 Cellular microenvironment ..................................................................................................... 6 

 1.3 Micropatterning strategies for gene transfection.............................................................................. 8 

     1.3.1 Micropatterning methods........................................................................................................ 8 

     1.3.2 Application of micropatterning methods in gene transfection ................................................ 9 

 1.4 Motivation, objectives and outline ................................................................................................... 9 

 1.4.1 Motivation .............................................................................................................................. 9 

 1.4.2 Objectives and outline .......................................................................................................... 10 

 1.5 References .......................................................................................................................................11 

Chapter 2 Cell density and interaction controlled by micropatterned surfaces and their 

influences on gene transfection of mesenchymal stem cells ......................................................... 21 

 2.1 Abstract .......................................................................................................................................... 21 

 2.2 Introduction .................................................................................................................................... 21 

 2.3 Materials and methods ................................................................................................................... 22 

 2.3.1 Synthesis and characterization of photo-reactive PVA ........................................................ 22 

 2.3.2 Micropatterning of photo-reactive PVA ............................................................................... 23 

 2.3.3 Cell culture ........................................................................................................................... 23 

 2.3.4 Amplification and purification of plasmid ............................................................................ 24 

 2.3.5 Gene transfection ................................................................................................................. 24 

 2.3.6 Cellular uptake of cationic microspheres ............................................................................. 25 

 2.3.7 Evaluation of DNA synthesis by BrdU staining ................................................................... 25 

 2.3.8 Cell membrane staining ....................................................................................................... 26 

 2.3.9 Statistical analysis ................................................................................................................ 26 

 2.4 Results ............................................................................................................................................ 26 

 2.4.1 Characterization of synthesized photo-reactive PVA ........................................................... 26 

 2.4.2 Preparation and characterization of micropatterns ............................................................. 28 

 2.4.3 Cell culture and density distribution .................................................................................... 29 

 2.4.4 Influence of cell density on gene transfection ...................................................................... 30 

 2.4.5 Influence of cell density on cell uptake capacity .................................................................. 31 

 2.4.6 Influence of cell density on DNA synthesis .......................................................................... 32 

 2.5 Discussion ...................................................................................................................................... 33 



 

II 

 

 

 

 2.6 Conclusions .................................................................................................................................... 37 

 2.7 References ...................................................................................................................................... 37 

Chapter 3 Regulation of gene transfection by cell size, shape and elongation on 

micropatterned surfaces .................................................................................................................. 41 

 3.1 Abstract .......................................................................................................................................... 41 

 3.2 Introduction .................................................................................................................................... 41 

 3.3 Materials and methods ................................................................................................................... 42 

 3.3.1 Production and analysis of micropatterns ............................................................................ 42 

 3.3.2 Cell culture and fluorescence staining of actin filaments and nuclei ................................... 42 

 3.3.3 Analysis of cellular stiffness ................................................................................................. 43 

 3.3.4 Gene transfection of micropatterned hMSCs ....................................................................... 43 

 3.3.5 Cellular uptake of Fluoresbrite carboxylate microspheres .................................................. 43 

 3.3.6 Analysis of DNA synthesis by BrdU staining ........................................................................ 44 

 3.3.7 YOYO-1 and LysoTracker deep red staining ........................................................................ 44 

 3.3.8 Statistical analysis ................................................................................................................ 44 

 3.4 Results ............................................................................................................................................ 44 

 3.4.1 Micropatterned surfaces and cellular morphology .............................................................. 44 

 3.4.2 Influence of cell size, shape and elongation on exogenous plasmid DNA transfection ....... 47 

 3.4.3 Influence of cell size, shape and aspect ratio on cellular uptake ......................................... 49 

 3.4.4 Influence of cell size, shape and aspect ratio on DNA synthesis .......................................... 49 

 3.4.5 Cytoskeletal structures and cellular stiffness ....................................................................... 52 

 3.4.6 Distribution of plasmid/lipid complexes in cells .................................................................. 53 

 3.5 Discussion ...................................................................................................................................... 54 

 3.6 Conclusions .................................................................................................................................... 56 

 3.7 References ...................................................................................................................................... 56 

Chapter 4 Influences of cell adhesion and spreading on gene transfection of micropatterned 

mesenchymal stem cells ................................................................................................................... 60 

 4.1 Abstract .......................................................................................................................................... 60 

 4.2 Introduction .................................................................................................................................... 60 

 4.3 Materials and methods ................................................................................................................... 61 

 4.3.1 Preparation and characterization of micropatterns ............................................................. 61 

 4.3.2 Cell culture ........................................................................................................................... 62 

 4.3.3 Immunofluorescent staining of vinculin ............................................................................... 62 

 4.3.4 Gene transfection and live/dead staining ............................................................................. 62 

 4.3.5 Cellular uptake of microspheres........................................................................................... 63 

 4.3.6 DNA synthesis activity by BrdU staining ............................................................................. 63 

 4.3.7 Fluorescent staining of actin filaments and immunofluorescent staining of actinin and 

myosin ........................................................................................................................................... 63 

 4.3.8 Measurement of cell stiffness ............................................................................................... 64 

 4.3.9 Statistical analysis ................................................................................................................ 64 

 4.4 Results ............................................................................................................................................ 64 

 4.4.1 Characteristics of micropatterns .......................................................................................... 64 

 4.4.2 Cell morphology on micropatterns ....................................................................................... 66 

 4.4.3 FAs assembly on micropatterns ............................................................................................ 66 



 
III 

 

 

 

 4.4.4 Influence of cell adhesion and spreading areas on gene transfection .................................. 68 

 4.4.5 Cellular uptake of FITC-labeled microspheres .................................................................... 69 

 4.4.6 DNA synthesis activity of hMSCs on micropatterns ............................................................. 70 

 4.4.7 Cytoskeletal structures of hMSCs on micropatterns ............................................................ 71 

 4.4.8 Young’s modulus of hMSCs on micropatterns ...................................................................... 72 

 4.4.9 Mechanotransduction of hMSCs on micropatterns .............................................................. 72 

 4.5 Discussion ...................................................................................................................................... 73 

 4.6 Conclusions .................................................................................................................................... 76 

 4.7 References ...................................................................................................................................... 76 

Chapter 5 Chirality of focal adhesions and cytoskeletons controlled by micropatterns and 

their influences on gene transfection of mesenchymal stem cells ................................................ 80 

 5.1 Abstract .......................................................................................................................................... 80 

 5.2 Introduction .................................................................................................................................... 80 

 5.3 Materials and methods ................................................................................................................... 81 

 5.3.1 Preparation and characterization of micropatterns ............................................................. 81 

 5.3.2 Cell culture ........................................................................................................................... 82 

 5.3.3 Immunological staining of vinculin and cytoskeleton .......................................................... 82 

 5.3.4 Measurement of cellular stiffness ......................................................................................... 82 

 5.3.5 Gene transfection ................................................................................................................. 83 

 5.3.6 Cellular uptake of FITC-labeled microspheres .................................................................... 83 

 5.3.7 DNA synthesis evaluation by BrdU staining ........................................................................ 83 

 5.3.8 Statistical analysis ................................................................................................................ 83 

 5.4 Results ............................................................................................................................................ 84 

 5.4.1 Preparation and characterization of micropatterns and cell morphology ........................... 84 

 5.4.2 Focal adhesion, cytoskeletal structure and cell stiffness on micropatterns ......................... 87 

 5.4.3 Influence of chirality and swirling angle on gene transfection ............................................ 90 

 5.4.4 Influence of chirality and the swirling angle on the cellular uptake capacity of FITC-labeled 

microspheres ................................................................................................................................. 91 

 5.4.5 Influence of chirality and the swirling angle on the DNA synthesis of hMSCs .................... 93 

 5.5 Discussion ...................................................................................................................................... 94 

 5.6 Conclusions .................................................................................................................................... 97 

 5.7 References ...................................................................................................................................... 97 

Chapter 6 Conclusions ................................................................................................................... 101 

List of publications ......................................................................................................................... 103 

Acknowledgements......................................................................................................................... 104 

 

 

 



 

IV 

 

 

 

 

List of abbreviations 

ECM Extracellular matrix 

PEI Polyethylenimine 

AFM                                         Atomic force microscope 

TCPS Tissue culture polystyrene  

DCC Dicyclohexylcarbodiimide 

DMSO Dimethyl sulfoxide 

AzPhPVA Azidophenyl-derivatized poly(vinyl alcohol) 

UV Ultraviolet 

NaHCO3 Sodium bicarbonate 

iPSCs Induced pluripotent stem cells 

hMSCs Human bone marrow-derived mesenchymal stem cells 

DMEM Dulbecco’s modified Eagle’s medium 

MSCGM Mesenchymal Stem Cell Growth Medium BulletKit 

BSA Bovine serum albumin  

PBS Phosphate-buffered saline 

FBS Fetal bovine serum 

GFP Green fluorescence protein 

Opti-MEM Opti-MEM Reduced Serum Medium  

pDNA Plasmid deoxyribonucleic acid 

FITC Fluorescein isothiocyanate 

Calcein-AM/PI Calcein-acetoxymethyl ester/propidium iodide  

Cyto D Cytochalasin D 

Bleb Blebbistatin 

BrdU 5-bromo-2'-deoxyuridine 

HCl Hydrogen chloride 

FA Focal adhesion 

YAP Yes-associated protein  

TAZ Transcriptional coactivator with PDZ-binding motif 

ATP Adenosine triphosphate 

2D Two dimension 

3D Three dimension 

VSFs Ventral stress fibers 

DSFs Dorsal stress fibers 

TAs Transverse arcs 



Chapter 1 

 
1 

 

 

 

 

 

Chapter 1 

 

General introduction 

 

 

 

1.1 Gene transfection  

Gene transfection in mammalian cells is a process that introduces the exogenous genes into targeted 

cells to produce useful proteins [1-4]. It is a crucial technique to evaluate the desired genes and functional 

proteins. The exogenous genes are transferred into the cells by stable or transient transfection (Figure 1.1) [5]. 

Stable transfection is achieved by the integration of exogenous genes into host DNAs in targeted cells, which 

is called as transgenes [6]. This method can maintain continuous transgene expression in daughter cells. On 

the other hand, transient transfection cannot combine exogenous genes with host DNAs and may lose the 

targeted gene expression in the next few generations [7]. Viral-mediated gene carriers can conduct stable 

transfection due to the easy integration between viruses and host genes, while nonviral-mediated carriers 

lead to transient transfection [8]. Both transfection methods are available to play the potential role in gene 

therapy, which depends on the purpose of experiments. Therefore, gene transfection has attracted 

considerable attention in gene silencing, production of functional proteins and cell reprogramming [9-11]. 

 

Figure 1.1 Illustration of stable and transient transfection. Exogenous genes (green color) are delivered into 

cells and express functional proteins by stable and transient gene expression. 
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1.1.1 Transmembrane delivery of gene transfection 

Transmembrane delivery is the crucial procedure for efficient gene transfection. Cell plasma membrane 

serves as a natural boundary and the significant access to come in and go out in cells [12, 13]. Passive 

diffusion and active transport are two different internalization pathways to integrate exogenous molecules 

and particles into cells [14-17]. Small non-polar molecules (O2, CO2 and N2) can cross over cell membrane 

by direct diffusion through lipid bilayer under the driving force of concentration difference or potential 

difference, while negative and positive ions go through cell membrane by ion pumps and ion channels, such 

as sodium/potassium (Na+/K+) pump [18]. However, lipids, DNAs, peptides and large particles entry the 

objected cells depending on the mechanism of energy-mediated endocytosis, such as clathrin, caveolae and 

macropinocytosis [19-22]. Recently, various methods of transmembrane delivery, which can be categorized 

in biological, physical and chemical methods, have been designed and developed to increase gene 

transfection efficiency (Figure 1.2) [5].  

 

Figure 1.2 Gene transfection methods to deliver exogenous genes into cells. Biological, physical and 

chemical methods are presented to show the respective advantages and disadvantages. 

1.1.1.1 Biological method for gene transfection 

Viral-mediated transfection is a highly efficient technology to conduct stable transfection in cells due to 

the integration of exogenous genes and host DNAs [23-25]. Viral-mediated transfection is also called 

transduction, which is the most popular technique in clinical application [26]. For example, viral-mediated 

RNA interference (RNAi) enables local gene knockdown in the brain of adult mice and results in some 

behavioral changes [27]. A retrovirus carrier of murine leukemia virus is developed to create stable transgene 

expression in daughter cells [28, 29]. Agrobacterium tumefaciens-mediated transfection can deliver DNA 

precursors and establish gene amplification in different plant species [30]. Viral carriers may cause a 

nonspecific inflammatory reaction and inevitable immunogenicity in vivo, and even induce cancer incidence, 

which has the risk to trigger silent oncogenes [31]. In order to solve these drawbacks, the modified viruses 

are able to transfer a growth inhibitory or an exogenous gene that is sensitive to immune responses into 

targeted sick cells [32]. This is a very efficient and safe method against cancers.  
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1.1.1.2 Physical method for gene transfection 

Physical method can directly deliver exogenous genes into the cells by some biophysical tools for 

efficient gene transfection [33]. These biophysical methods are composed of microinjection, electroporation, 

sonoporation, gene guns, laser-assisted penetration and so on [34-36]. Exogenous genes directly pass through 

plasm membrane by disturbing cell membrane [37]. This method can achieve precise gene modification in 

single-cell level and efficient transfection efficiency. However, it may lead to low cell viability due to the 

limited integrity of cell membrane [38]. In order to overcome these challenges, various biophysical 

techniques are designed and improved to enhance cell tolerance and cell activity [39]. Microinjection is one 

of the most useful methods to enhance gene transfection. An automated micropipette-based quantitative 

microinjection technology is used to deliver green/red fluorescent materials into human foreskin fibroblast 

cells [40]. Precise amount and volume of modified mRNA and plasmids are injected into a single cell. 

Colloidal systems including proteins, nucleic acids, lipids and nanoparticles are also injected into cells for 

gene therapy [41]. CRISPR/Cas9 gene editing method is combined with physical transfection method to 

increase gene transfection efficiency [42]. Electroporation is applied to CRISPR/Cas9 genome editing using 

ssODN (single stranded oligodeoxyribonucleotide) template in human iPSCs (induced pluripotent stem cells) 

and high homology-directed repair is observed in this system [43]. Gene guns are also used to regulate 

mitochondria transfection assisted with CRISPR/Cas9 gene editing and it can directly deliver human DNA 

mutations to the mitochondria by using heavy metal particles [44]. Instead of the gene editing-assisted 

method, direct sonoporation is used to administer naked plasmid DNA and nanobubbles in the peritoneal 

mesothelial cells [45]. Laser-assisted penetration is a very simple and convenient method to enhance 

transmembrane ability. 1064-nm Nd:YAG laser with a 17-nanosecond pulse is used to inject the pEGFP-N1 

plasmid into human breast adenocarcinoma cells [46]. The cells present good cell membrane integrity and 

viability under this laser irradiation.  

1.1.1.3 Chemical method for gene transfection 

Chemical methods in regulation of gene transfection are the most popular techniques in recent studies 

[47-49]. The widely used chemical methods mainly include calcium phosphate, cationic polymers, cationic 

liposomes and their compounds [50]. In principle, exogenous particles are internalized in terms of fusion of 

plasma membrane and attraction of positive/negative charges in this method [5]. Calcium phosphate as gene 

vectors is the cheapest chemical method to enhance gene transfection [51]. This method will mix HEPES 

buffer solution with phosphate and calcium chloride solution with exogenous DNAs to form calcium 

phosphate complexes containing exogenous DNAs [52]. These nanoparticles are beneficial for cellular 

uptake. Lipids have the spherical monolayer structure, which can encapsulate exogenous genes. Lipids will 

fuse with cell plasma membrane to release exogenous genes into cells [53]. Dendrimers (dextran and 

polyethylenimine) are also used to increase the internalization of cells [54]. DNAs are combined with these 

cationic dendrimers and attracted on the cell membrane for efficient cell uptake. It is also well-known that 

gene transfection via cationic-based materials have some advantages, for example, easy DNA condensation, 

large package size (from 200 nm to 2 μm) and intrinsic endosomal capacity [55, 56]. This method also 

enables to avoid the problems of viral-based method, such as nonspecific inflammatory reaction and low 

safety [5]. However, this method usually leads to low gene transfection efficiency and limits transfected cell 

sources. Therefore, numerous studies have focused on the development of highly efficient cationic carriers 

and the invention of new cationic transfection techniques to enhance gene transfection efficiency [57].  
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1.1.2 Expression of exogenous genes in cells 

Gene expression as the last process of gene transfection has the decisive influence on successful gene 

transfection [58]. Exogenous genes cannot directly pass through cell membrane due to size limitation and 

membrane separation [59]. Viruses can inject exogenous genes into cells by infecting cells and physical 

methods employ sophisticated equipment to release exogenous genes into cells for gene expression [60, 61]. 

Comparing with direct injection, endocytosis is an important uptake pathway to deliver exogenous genes 

[62]. Cellular uptake pathway includes clathrin-mediated, caveolae-mediated endocytosis, macropinocytosis 

and clathrin/caveolae-independent endocytosis. Intracellular trafficking of exogenous genes in various 

endocytosis is different to successfully express exogenous genes [63].  

Gene expression in clathrin-mediated endocytosis depends on intracellular pH values [64]. First, the 

ligands of carriers are bonded with receptors of cell membrane to form the stable ligand-receptor complexes. 

The clathrin-coated pits will invaginate towards cells and then be pulled down from the membrane by 

intracellular driving force to develop the clathrin-coated vesicles. After the depolymerization of vesicles, the 

endosomes will form and further fuse with lysosomes. In this process, the pH of endosomes decreases to 

acidity (pH value ranging from 7 to 6 and further to 5) and low pH leads to the separation of receptors and 

ligands [65]. Ligands with exogenous genes are transported into different organelles, such as lysosome, 

Golgi apparatus and nucleus, while the vesicles with receptors return to cell membrane for recycling. Finally, 

exogenous genes are successfully expressed after transcription and translation (Figure 1.3).  

Gene expression in macropinocytosis is related with the formation of heterogeneous macropinosomes, 

depending on cytoskeletal deformation on cell membrane [66]. This intracellular pathway is different in 

various cell types. Intracellular trafficking of caveolae refers to the formation of caveolin in cell membrane 

[67]. Exogenous genes are trapped in the caveolae and then encapsulated into caveosomes. Comparing with 

clathrin-mediated endocytosis, acid changes and lysosomal degradation were not involved in intracellular 

trafficking of caveolae [63].  

 

Figure 1.3 Gene expression of clathrin-mediated endocytosis in cells. The lipoplexes are internalized into 

cells and the exogenous genes are expressed in cells.  
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1.2 Current factors to regulate gene transfection 

The controlled delivery of exogenous genes into the targeted cells or sick sites and highly efficient 

expression in cells are two important requirements to establish successful gene transfection [68]. The 

changes of some factors will influence gene transfection efficiency. Current factors, including different cell 

lines, various gene carrier materials and cellular microenvironment can affect cell uptake and gene 

expression to regulate gene transfection [69-71].  

1.2.1 Different cell lines 

Gene transfection can be affected by different cell lines, including somatic cells, stem cells, cancer cells 

and immune cells (Figure 1.4). Previous studies have reported that Chinese hamster ovary cells (CHO) and 

human embryonic kidney cells (HEK 293) are two predominant host cell lines for efficient gene transfection 

in clinical evaluation [72, 73]. These cell lines have the important ability to produce recombinant proteins in 

transient or stable expression [74]. Murine fibroblastic NIH 3T3 cells and neurons can be used to regulate 

gene transfection [73, 75]. Besides somatic cells, stem cells also play a very important role in regulating gene 

transfection. Mesenchymal stem cells (MSCs) are transfected to investigate gene transfection efficiency [76]. 

Although MSCs have low transfection efficiency, they have attracted considerable attention in gene therapy 

due to the ability to migrate into targeted sick sites [77]. In addition, gene transfection is conducted in 

different cancer cells, such as HeLa cells. HeLa is the most popular cell line in the regulation of gene 

transfection for cancer therapy [78]. In order to enhance the check-point ability of immune cells, exogenous 

genes are transferred into immune cells to identify the damaged and mutational cells [79]. This strategy is 

considered as an ideal method to treat most diseases, such as dysfunctional or dead cells, mutants, cancer 

cells. Dendritic cells (DCs) are transfected with CL22-DNA complexes including TAAs-encoded 

(tumor-associated antigens) genes for melanoma immunotherapy [80]. Autologous T cells are successfully 

activated with CL22-DNA (TAAs genes) DC cells to present the special antigen marker (CD8+). Mesoporous 

silica microrods (MSRs) are developed to enhance the potency and immunogenicity of exogenous genes in 

DC cells [81]. The MSR scaffolds can stimulate antigen-specific CD8+ T cell response. Therefore, 

exogenous genes are transferred into different cell lines for efficient gene transfection and gene therapy.  

 

Figure 1.4 Cell lines used for gene transfection, including somatic cells, stem cells, cancer cells and immune 

cells. 
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1.2.2 Various gene carrier materials  

Gene carrier materials play the crucial role in regulating gene transfection [82]. Various gene carrier 

materials have been well developed in recent years [83]. Gene carriers include viruses, cationic lipids 

(liposome DOTAP, DOPE and lipoplex), peptides and cationic polymers (PEI and polyplex) (Figure 1.5) 

[84-86]. Virus-based carriers are the most efficient gene carrier for gene transfection [87]. However, viruses 

are difficult to widely use in gene therapy due to low safety. Non-virus carriers have already become the 

most popular materials for applications in gene transfection [88]. Some current efforts about cationic-based 

materials are made for efficient gene transfection [89]. Cationic-modified fluorinated-core nano-micelles, 

polyethylenimine (PEI) and polymeric dendrimers have the advantages of strong DNA-binding ability and 

high internalization of exogenous genes [90, 91]. Cationic liposomes can enhance gene transfection 

efficiency by changing the nitrogen-phosphate ratio, liposome amount and surface potential difference [92]. 

Besides these cationic polymers and lipids, calcium phosphate and cationic amino acid are also good 

strategies to increase cellular uptake capacity in this method [93, 94].  

 

Figure 1.5 Various gene carrier materials including viruses, cationic lipids and cationic polymers.  

1.2.3 Cellular microenvironment  

Besides cell lines and gene carrier materials, cellular microenvironment also has a very important 

influence in regulating gene transfection [95]. Some components including biochemical components (ECM 

components, growth factors, O2 concentration, nutrients, functional proteins and molecular cytokines) and 

biophysical components (cell mechanics and cell morphology) are important factors to affect cell functions, 

including cell adhesion, spreading, migration, fate and uptake [96-98]. Therefore, these factors also have a 

profound influence on gene transfection. 

Biochemical components are reported to regulate cellular internalization of exogenous particles and 

gene transfection [99]. These factors mainly depend on different cell types and changes of chemical 

compositions [95]. ECM protein (collagen type I) is micropatterned on a glass substrate to regulate gene 

transfection of both HEK 293T and HepG2 cells [100]. After gene transfection with pmaxGFP plasmid 

vector, gene transfection efficiency is over 90%. The results show that ECM components can promote gene 

transfection. Oxygen plays a very important role in regulating cell functions. For example, when cells are in 

a state of hypoxia, cellular responses and cell-cell interactions (nutrients and biological cytokines) are 
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changed to adapt to the new environment [101]. Growth factors serve as the vital role for efficient gene 

transfection. It has been reported that hepatocyte growth factor (HGF) is beneficial for pulmonary 

emphysema by gene transfection with HGF in rats [102]. Therefore, these chemical factors can affect gene 

transfection in vitro and in vivo.  

In order to investigate the influence of extracellular biophysical factors on gene transfection, substrate 

stiffness and cellular topography are varied to disclose the relationship between these factors and gene 

transfection [103-105]. Mechanical properties (viscosity and rigidity) have been studied to affect DNA 

uptake and gene transfection [106, 107]. High elastic moduli (110 kPa) present higher gene transfection 

efficiency than lower moduli (20 kPa) on cell-adhesive hydrogels [108]. Nano- to microtopographical 

patterns are also prepared to control cellular nanotopography. MSCs and COS7 cells are transfected with 

GFP-encoding plasmid to investigate the influence of cellular topography on gene transfection. These studies 

show that substrate mechanics and topography can affect gene transfection. 

Cell morphology has been reported to regulate cell functions, such as cell spreading, migration, fate and 

uptake [109]. Micropatterns with larger sizes and elongation can enhance cellular uptake of gold 

nanoparticles and DNA synthesis activity [110, 111]. Some studies also disclose the influence of cell 

morphology on gene transfection [112-114]. For example, micropatterns with the 80-μm diameter and an 8:1 

aspect ratio will increase transfection efficiency of exogenous genes in micropatterned hMSCs [115]. 

Microscale pitted surfaces (size, spacing and arrangement from 1 to 6 μm) are used to enhance gene 

transfection efficiency of normal human dermal fibroblasts [116]. Not only micropatterns, but also 

nanopatterns and their combination have been fabricated and used for gene transfection [117, 118]. 

Nano-groove structures (nanogroove width and height) are found to affect gene transfection efficiency of 

human lung fibroblasts [119]. A combination of 2-μm micropillars and 200-nm nanopillars is used to control 

cell morphology and this structure can enhance cell uptake capacity of fluorescence-labeled dextran in 

different cell lines (hMSCs and COS7 cells) [118]. Furthermore, biomolecules are adsorbed in the vertical 

alignment of nanostructures to investigate their influence on gene transfection [120]. Gene carriers are 

encapsulated in the hollow nanotubes to inject exogenous genes into cells for efficient gene transfection. 

These studies show that gene transfection can be affected by cell morphology. The reason is the 

reorganization of cytoskeletal structures in different cell morphologies, which can regulate cellular 

mechanics and may provide the driving force for endocytosis of exogenous genes (Figure 1.6) [121]. 

 

Figure 1.6 Reorganization of cytoskeletal structures and cell mechanics and their relationship with gene 

transfection.  
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1.3 Micropatterning strategies for gene transfection 

Micropatterning techniques provide a feasible strategy for controlling cell morphology to investigate the 

influence of cell morphology on gene transfection [122]. These techniques include contact printing, 

photolithography, plasma treatment, laser ablation, electrospinning and stencil-assisted techniques [123]. 

Further, some studies have combined these methods together to precisely manipulate micro and nanoscale 

cell behaviors in cell biology [124]. 

1.3.1 Micropatterning methods 

1.3.1.1 Contact printing technique 

The establishment of non-fouling inks is the fundamental basis of contact printing technique to 

eliminate the non-specific interaction between protein-resistance surfaces and related biomolecules [125]. At 

first, biochemists find that some native molecules including agarose, albumin and mannitol show the ability 

to reduce the adsorption and aggregation of proteins on these surfaces [123]. However, for native molecules, 

the ability to resist proteins has limited efficiency and stability [126]. In order to solve these problems, a lot 

of synthetic polymers have been exploited rapidly. In particular, poly(ethylene glycol) (PEG) and PEG 

derivatives, such as poly-L-lysine-polyethylene glycol (PLL-g-PEG), PEG-polyphenylene oxiole 

(PPO)-PEG, poly(propylene sulfide (PPS)-PEG and PEG-diacrylate (DA), are the most popular biomaterials 

for anti-protein adsorption on surfaces [127, 128]. In addition, the stamps with desired geometric features are 

another key factor for contact printing method. For example, the micropatterns are fabricated by using 

polydimethylsiloxane (PDMS) elastomeric stamps and self-assembly monolayers (SAMs) (Figure 1.7) [129]. 

Fibronectin or octadecanethiol-coated PDMS stamp is placed onto tissue culture dishes or Au glass slides 

and then incubated in the non-adhesion SAMs of PLL-g-PEG or ethylene glycol-terminated material [130].  

 

Figure 1.7 Illustration of contact printing process to prepare the micropatterns on substrate. 

1.3.1.2 Photolithography technique 

A photomask (glass and quartz) with designed geometric features is needed to produce various 

micropatterns for cell culture in photolithography process (Figure 1.8) [123]. Prior to transferring the 

geometric features of the photomask, UV sensitive materials (photo-reactive or photo-inert polymers) are 

coated on surfaces to form a thin layer with a thickness ranging from nano to micro meters. The photomask 
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is tightly placed onto the surfaces with photo-sensitive polymers. After UV irradiation, the desired 

micropatterns of photomasks are successfully delivered onto the coated surfaces. As previously reported, 

azidophenyl-derived photo-reactive poly(vinyl alcohol) (AzPhPVA) is synthesized and coated on the tissue 

culture polystyrene (TCPS) plates with a nanoscale thin layer for cell culture [131]. Micropatterns with 

different sizes, shapes and elongations are prepared by photolithography to regulate cell adhesion and 

spreading, proliferation, differentiation and uptake [132-134]. Furthermore, a thin layer of gold is sputtered 

onto the surfaces and then immersed in a solution of c(-RGDfK)-thiol peptide to modify 

arginine-glycine-aspartate (RGD) on the gold microstripes [135]. These microstripes can guide various 

cellular motilities in different cell lines. 

 

Figure 1.8 Illustration of photolithography process to prepare the micropatterns on substrates. 

1.3.2 Application of micropatterning methods in gene transfection  

Cells can interact with surrounding matrixes to sense extracellular stimuli [136]. The biophysical cues 

can affect cell functions. Micropatterning techniques are applied to investigate the relationship between 

physical cues and cell behaviors, such as endocytosis [137]. The influence of cell morphology and surface 

topography on exogenous gene transfection has been reported through micropatterning techniques. 

Micropatterns are prepared by photolithography to control cell size and aspect ratio [115]. The 

micropatterned cells are transfected to disclose the influence of cell morphology on gene transfection. 

Miniaturized droplet microarrays are occupied to enhance high-throughput screening of gene transfection in 

HEK293T cells [138]. Nanotextured silicon substrates are fabricated by electron beam lithography to 

regulate cytoskeletal structures and nuclear deformation. PEI-mediated gene transfection of skeletal 

myoblasts (C2C12 cell lines) is modulated [117]. Cell membrane curvature is manipulated by different 

structures using the same method [139]. Clathrin-mediated endocytosis is probed in living cells. Furthermore, 

carbon nanotube arrays are used to enhance gene transfection of tetramethylrhodamine (dextran) and 

quantum dots in HEK293 cells [120]. Therefore, Cell morphology can be controlled on the topographical 

surfaces and gene transfection is regulated by cell morphology.  

1.4 Motivation, objectives and outline 

1.4.1 Motivation 

Gene transfection has become an urgently desired approach in science research and clinical application 

because of the increasing incidence of various gene-related diseases, such as mutants, genetic silencing and 

cancers [140-144]. Efficient delivery of exogenous genes into the dysfunctional cells and high expression 

level of exogenous genes in these cells are two vital proceedings to achieve the prosperous gene transfection 

[145, 146]. Because DNA chains possess the negative charges due to the existence of phosphate group, 
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naked DNA permeation through negatively charged cell membrane remains a great challenge [147]. 

Therefore, many cationic synthesized carriers including polyethylenimine (PEI), dendrimers, peptides and 

lipids have been rapidly developed to enhance gene transfection efficiency in recent years [148-152]. 

Comparing with viral-mediated vectors, cationically functionalized carriers present the typical characteristics 

of low immunogenicity and relative safety [153]. In addition, simple preparation, easy modification and high 

genetic loading capacity are extra advantages for these cationic carriers [154]. Nevertheless, 

cationic-carrier-mediated transfection is always accompanied with low gene transfection efficiency and 

limited cell types [147]. Currently, most efforts are concentrated to exploit novel polymeric carriers and 

transfection techniques.  

Not only gene carriers and transfection methods, but also cellular morphology can affect the transfection 

of exogenous genes [115]. Cells show various morphologies that are dependent on the adhesion matrix and 

substrate [155]. Interaction between cells and the microenvironment is critical for the maintenance of cell 

activity and tissue metabolism [156]. Biological and physicochemical cues from the microenvironment 

provide various necessary signals to induce cellular responses [157]. In particular, physical cues, such as 

matrix viscoelasticity and cell morphology, have recently been found to play a crucial role in controlling cell 

functions [158]. Cells in tissues present various densities and morphologies to adapt to the microenvironment. 

Cell density, cell-cell interaction, cell size, cell geometry, cell elongation, cell adhesion/spreading area and 

cell chirality have been shown to regulate cell functions, including cell adhesion, migration, division, matrix 

secretion and differentiation [159-161]. These factors and cellular physical cues can be controlled through a 

variety of micropattern structures. Cells with different morphologies respond to microenvironmental signals 

by reorganizing their cytoskeletal structures and transducing the signals to the nucleus. The morphological 

features of cells not only directly affect cell functions but also have some influence on the uptake of 

extracellular vesicles and nanoparticles [110]. However, the influence of various cell morphologies on gene 

transfection remains unclear.  

1.4.2 Objectives and outline 

In this study, the photoreactive poly(vinyl alcohol) (PVA) was synthesized by introducing the 

azidophenyl group of 4-azidobenzoic acid into PVA. Micropatterns were prepared by micropatterning the 

photoreactive PVA through photolithography on TCPS surfaces. The prepared micropatterns were used to 

control stem cell morphology, including different cell density, cell size, cell shape, cell elongation, cell 

interaction, cell adhesion/spreading area and cell chirality. The influence of cell density and cell morphology 

on exogenous gene transfection of micropatterned hMSCs was investigated by transferring plasmid DNA 

(pAcGFP1-N1) into the hMSCs. The detailed outlines are listed as follows. 

Chapter 2 describes the influence of cell density on gene transfection. The photoreactive PVA was 

synthesized to prepare the micropatterned surfaces. The micropatterned surfaces were used to control cell 

density. The hMSCs were cultured on the micropatterned surfaces and cell nuclei were stained to calculate 

cell density. Gene transfection efficiency increased with cell density at the low cell densities and decreased 

when cell density further increased. The different influence of cell density was correlated with its influence 

on cellular uptake capacity and DNA synthesis activity. Insufficient cell-cell interaction at a low cell density 

and too strong cell-cell interaction at a high cell density was not preferable for gene transfection. A moderate 

cell density had appropriate cell-cell interaction to facilitate gene transfection. 

Chapter 3 describes the influence of cell size, shape and elongation on gene transfection of hMSCs. 

PVA-micropatterned surfaces were prepared and coated with fibronectin solution to precisely manipulate the 

size, shape and elongation of hMSCs. The influences of these factors on gene transfection were investigated 

on the micropatterns. Gene transfection was enhanced with increasing cell size and elongation, but not 



Chapter 1 

 
11 

 

 

 

affected by cell shape. Cytoskeletal structures played critical roles in regulating cellular uptake and the 

intercellular trafficking of exogenous genes. Cells with a large size and elongated morphology showed 

well-organized actin filaments with a high cellular modulus, therefore promoting cellular nanoparticle uptake, 

DNA synthesis and gene transfection. 

Chapter 4 describes the influence of cell adhesion and spreading area on gene transfection. The hMSCs 

were seeded on the fibronectin-coated micropatterns to separately control cell adhesion and spreading area. 

Focal adhesion (FA) formation of hMSCs was confirmed for the cells cultured on all the micropatterns. The 

cells having large adhesion area assembled fiber-like FAs, while those having small adhesion area had little 

influence on FAs organization even though the cells had large spreading area. The cells with larger adhesion 

area showed higher transfection efficiency, while cell spreading area hardly affected gene transfection 

efficiency. The different influence of cell adhesion and spreading area was correlated with their influence on 

cellular uptake capacity, DNA synthesis, focal adhesion formation, cytoskeletal mechanics and 

mechano-signal activation. 

Chapter 5 describes the influence of cell chirality and swirling angles on gene transfection. The 

micropatterns were coated with fibronectin solution to enhance cell attachment. The hMSCs adhered to the 

micropatterns and spread along the micropatterns. The chiral micropatterns induced the formation of chiral 

focal adhesions, chiral cytoskeletal structures and cell mechanics. Gene transfection was enhanced with 

increasing adhesion area, while hMSCs on left-handed and right-handed swirling micropatterns showed the 

same level. When swirling angle was changed from 0°, 30°, and 60° to 90°, gene transfection efficiency at a 

swirling angle of 60° was the lowest. After disturbance of actin filaments, transfection efficiency showed the 

same level in all micropatterned cells. Gene transfection was related with cytoskeletal structures. 

Chapter 6 describes the conclusions of this dissertation. 
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Chapter 2 

 

Cell density and interaction controlled by micropatterned surfaces 

and their influences on gene transfection of mesenchymal stem cells 

 

 

 

2.1 Abstract 

Although cell density can affect gene transfection, its reason remains elusive. In this study, 

micropatterns were used to control cell density and investigate how and why cell density could affect gene 

transfection of hMSCs. Micropatterned surfaces with various square densities were prepared by 

photo-grafting AzPhPVA onto TCPS surfaces through the designed photomask to control cell density. After 

cell seeding, cell density was calculated to be 2.5 ± 0.7 - 112.6 ± 9.6 × 103 cells/cm2 by nucleus staining. Cell 

density could be well controlled by adjusting the ratio of non-adhesive area to cell adhesive area on 

micropatterned surfaces. Transfection experiment was performed to disclose the influence of cell density on 

gene transfection efficiency. The percentage of GFP positive cells in all checked cells was compared. The 

results showed that transfection efficiency showed a first-increasing and then-decreasing tendency with 

increasing cell density. The cells on 4:1 micropattern showed the highest transfection efficiency. The 

different influence of cell density on transfection efficiency was strongly correlated with its influence on 

cellular uptake capacity and DNA synthesis. Insufficient cell-cell interaction at a low cell density and too 

strong cell-cell interaction at a high cell density was not preferable for gene transfection. A moderate cell 

density had appropriate cell-cell interaction to facilitate high transfection efficiency. This hypothesis was 

confirmed by controlling cell size, cell-cell interaction and cell protrusion on differently designed 

micropatterns.  

2.2 Introduction 

Gene therapy has become an urgently desired approach in science research and clinical application 

because of the increasing incidence of various gene-related diseases, such as mutants, genetic silencing and 

cancers [1-5]. Efficient delivery of exogenous genes into the dysfunctional cells and high expression level of 

exogenous genes in these cells are two vital proceedings to achieve prosperous gene therapy [6, 7]. Because 

DNA chains possess negative charges due to the existence of phosphate group, naked DNA permeation 

through negatively charged cell membrane remains a great challenge [8]. Therefore, many cationic 

synthesized carriers including polyethylenimine (PEI), dendrimers, peptides and lipids have been rapidly 
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developed to enhance gene transfection efficiency in recent years [9-13]. Comparing with viral-mediated 

vectors, cationically functionalized carriers present the typical characteristics of low immunogenicity and 

relative safety [14]. In addition, simple preparation, easy modification and high genetic loading capacity are 

extra advantages for these cationic carriers [15]. Nevertheless, cationic-carrier-mediated transfection is 

always accompanied with low gene transfection efficiency and limited cell types [8, 16]. Currently, most 

efforts are concentrated to exploit novel polymeric carriers and transfection techniques.  

Apart from efficient gene carriers and advanced transfection methods, cellular microenvironment can 

also affect gene transfection efficiency but is always overlooked [17]. Cells in organisms are enveloped in 

the neighboring cells and extracellular matrixes (ECMs) [18]. In addition of cell-ECMs interaction, cell 

density is regarded as one of the key factors to evaluate cell size and cell-cell interaction [19]. 

Cell-density-dependent cell size and cell-cell interaction play the crucial role in regulating cellular functions, 

such as cell spreading, adhesion, migration, proliferation, differentiation and uptake [20-25]. However, it is 

difficult to control different cell density on the same cell culture surface by the conventional cell culture 

methods. Therefore, microfabrication technique is a very useful tool to manipulate cell density on the same 

culture substrate [26].  

Cell density can control cell morphology to determine intracellular signaling pathways. Some studies 

have been reported that cell density enables to mediate cell fates [27, 28]. For example, high cell density 

stimulates chondrogenic differentiation while low cell density induces faster cell proliferation [29]. Although 

the influence of cell density on cellular proliferation and differentiation is widely investigated, how 

cell-density-dependent cell size and interaction affects cellular uptake of exogenous genes and gene 

transfection was rarely reported. Exploration of cell density on the uptake pathway and subsequent 

intracellular trafficking is necessary through the micropatterned surfaces. In this study, various micropatterns 

were prepared by UV-grafting poly(vinyl alcohol) on the tissue culture plates through designed photomasks 

to control cell density, cell size, cell-cell interaction and cell protrusion. The influence of these factors on 

gene transfection of hMSCs was investigated.  

2.3 Materials and methods  

2.3.1 Synthesis and characterization of photo-reactive PVA 

 

Figure 2.1 Synthesis process of photo-reactive PVA by Steglich esterification.  
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Photo-reactive poly(vinyl alcohol) (PVA) was synthesized by introducing azidophenyl group of 

4-azidobenzoic acid into PVA (Figure 2.1) [30]. In brief, 1850 mg 4-azidobenzoic acid (Wako Pure Chemical 

Industries, Ltd., Japan) was dissolved in 25 mL dimethyl sulfoxide (DMSO, Wako Pure Chemical Industries, 

Japan) under stirring at room temperature in the dark. 234 mg/mL dicyclohexylcarbodiimide (DCC, 

Watanabe Chemical Industries, Ltd., Japan) and 16.8 mg/mL 4-(1-pyrrolidinyl) pyridine (Wako Pure 

Chemical Industries, Ltd., Japan) in 10 mL DMSO were dropped into 4-azidobenzoic acid solution under 

stirring in the dark, respectively. After 10 min, 40 mL DMSO containing 12.5 mg/mL PVA (Wako Pure 

Chemical Industries, Ltd., Japan) was dropped into above mixture solution under stirring in the dark. The 

reaction was continued at room temperature in the dark for 24 h. After the reaction mixture was dialyzed 

against Milli-Q water, azidophenyl-derived photo-reactive PVA (AzPhPVA) was successfully synthesized. 

Azidobenzoic acid, PVA, a mixture of PVA and azidobenzoic acid, and AzPhPVA solution was characterized 

by ultraviolet-visible (UV-Vis) absorbance analysis (JASCO V-660 Spectrophotometer). AzPhPVA solution 

was freeze-dried and re-dissolved in deuterium oxide (D2O, Sigma-Aldrich Co. LLC., USA). AzPhPVA D2O 

solution was characterized by 1H-NMR.  

2.3.2 Micropatterning of photo-reactive PVA 

Tissue culture polystyrene (TCPS) plates were cut from cell culture flasks and coated with an aqueous 

solution of 0.3 mg/mL AzPhPVA in the central region (1.5 × 1.5 cm2). After air-drying at room temperature 

in the dark, AzPhPVA-coated TCPS plates were covered with the photomask containing micropatterns with 

gradient square density and irradiated with 0.25 J/cm UV light (FS-1500, Tokyo Rikakai, Japan) at the fixed 

distance of 15 cm. The photomask was composed of micro-squares with the side length of 200 μm. 

Four-type square densities were designed on photomask and the ratio of non-adhesive area (AzPhPVA area) 

to adhesive area (TCPS area) was 4:1, 9:1, 25:1 and 50:1, respectively. After complete washing in Milli-Q 

water bath, the micropatterned surfaces were obtained. The microdots with different diameters (30 and 60 

μm), different numbers of connecting lines (0, 1, 2, 4, and 6 short lines) and different numbers of protrusion 

lines (0, 1, 2, 4, and 6 short lines) were prepared in the same way. The width of short lines was set at 2.5 μm. 

The images of micropatterns were captured by a phase-contrast microscope (Olympus, Japan).  

The topography of micropatterns was measured by an atomic force microscope (MFP-3D-BIO AFM, 

Asylum Research Corporation, USA). A commercially available DNP cantilever with a spring constant of 

0.06 N/m and oscillation frequency of 12-14 kHz was purchased from American Bruker Corporation. The 

cantilever was equipped with a silicon nitride tip to scan the micropatterns in Milli-Q water in contact mode. 

Section view was used to analyze the height of PVA-grafted layer and diameters of microdots. Three 

independent micropatterns were used to calculate the mean and standard deviation (SD). In order to enhance 

cell adhesion on micropatterns, fibronectin (20 μg/mL in NaHCO3, Sigma-Aldrich, USA) was coated on the 

micropatterned surfaces at 37℃ in a 5% CO2 incubator for 1 h. The fibronectin-coated micropatterns were 

incubated with anti-fibronectin primary antibody (1:200 in BSA, Santa Cruz Biotechnology, USA) overnight 

and stained with Alexa Fluor-488 labeled secondary antibody (1:1000 in PBS, Invitrogen, USA) in the dark. 

2.3.3 Cell culture 

Human bone marrow-derived mesenchymal stem cells (hMSCs, Passage 2) were obtained from Lonza 

Walkersville of America. The cells were seeded in 25 cm2 tissue culture flasks and subcultured twice in 

mesenchymal stem cell growth BulletKit medium (Lonza, USA) at 37℃ in a 5% CO2 incubator [35]. The 
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cells at passage 4 were harvested by treatment with trypsin/EDTA solution and suspended in Dulbecco’s 

modified Eagle’s medium (DMEM, Sigma-Aldrich, USA) containing 10% fetal bovine serum (FBS, 

GibcoTM, USA). The sterilized plates were put into cell culture dishes and supplemented with 3 mL DMEM 

medium. Glass rings were covered onto the micropatterned surfaces to prevent hMSCs leaking during cell 

seeding. After that, cell suspension solution was added onto the micropatterned surfaces in each glass ring. 

Cell seeding density was 2.5 × 103 cells/cm2. After cell culture for 6 h, glass rings were removed and hMSCs 

were further cultured for 18 h. The same procedure was executed on micropatterns with different protrusions. 

For cell seeding on the micropatterns with different contact lines, cell seeding density was 1.5 × 103 cells/cm2. 

After 1 h cell culture, glass rings were removed and cell culture plates were gently shaken to remove 

non-adhered cells. Glass rings were replaced on the micropatterns to repeat this step 3 times to enhance cell 

seeding efficiency. In addition, hMSCs were seeded on the bare TCPS plates as a comparison under the same 

conditions. Cell morphology was observed by a phase-contrast microscope with a DP-70 CCD camera 

(Olympus, Japan). In order to calculate cell number in each micro-square, the nuclei were stained with 

Hoechst 33258 (1:1000 in PBS, Wako Pure Chemical Industries, Ltd., Japan) for 10 min and followed with 

PBS washing. Five independent experiments (≥ 200 cells) were used to calculate the mean and SD. 

2.3.4 Amplification and purification of plasmid 

The pAcGFP1-N1 plasmid expressing green fluorescence proteins (GFP) was bought from Clontech 

Laboratories in America. The plasmid was amplified in Escherichia coli DH5α (E. coli, Takara Bio, Inc., 

Japan) and purified according to the previous report [32]. In brief, pAcGFP1-N1 plasmid was transferred 

into E. coli under the heat shock mode and further incubated at 37℃ for 1 h. The transformed E. coli was 

seeded on the Agar-LB plates containing 30 μg/mL kanamycin (Sigma-Aldrich, USA) and cultured at 37℃ 

overnight. The colony on Agar-LB plates were selected and re-suspended in 25 mg/mL LB Broth Miller 

(Nacalai Tesque, Japan) with 30 μg/mL kanamycin. The suspension solution was incubated at 37℃ under 

shaking for 18 h. After that, the amplified plasmid was obtained and further purified with a Plasmid Mini Kit 

(Qiagen, USA) according to the company’s protocol. The concentration of pAcGFP1-N1 was measured at 

260 nm by Nanodrop spectrophotometry (Thermo Fisher, USA). 

2.3.5 Gene transfection 

A commercially available LipofectamineTM 2000 transfection reagent (Invitrogen, USA) was applied to 

enhance gene transfection efficiency of pAcGFP1-N1 plasmid in the micropatterned cells. In order to prepare 

the cationic LipofectamineTM 2000/GFP-plasmid complexes, 1 μL LipofectamineTM 2000 solution and 500 

ng pAcGFP1-N1 were separately diluted in 100 μL Opti-MEM medium (Life Technologies, USA). After 

incubation at room temperature for 5 min, pAcGFP1-N1 solution was incorporated into LipofectamineTM 

2000 solution and further incubated in Opti-MEM medium for 30 min to obtain the cationic 

liposome/plasmid complexes. In principle, positive charges of LipofectamineTM 2000 could be attracted with 

negatively charged phosphate groups of pAcGFP1-N1 plasmid to form the stable lipoplexes. Before the 

addition of cationic lipoplexes, hMSCs were seeded on micropatterns and further cultured at 37℃ in a CO2 

incubator for 24 h. DMEM growth medium was changed to Opti-MEM medium and cultured for 2 h. Then, 

glass rings were placed on the micropatterned surfaces to prevent the lipoplexes leaking. A 200 μL aliquot of 

the cationic lipoplexes was added into each glass ring for gene transfection. After incubation for 6 h, glass 

rings were removed and Opti-MEM medium was changed to DMEM medium and cultured for another 18 h 
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to express green fluorescence proteins. After that, the samples were fixed with 4% paraformaldehyde (Wako 

Pure Chemical Industries, Ltd., Japan) for 10 min and treated with 1% TritonTM X-100 (Sigma-Aldrich, USA) 

for 10 min. After PBS washing, the cells were blocked with 2% bovine serum albumin (BSA, Wako Pure 

Chemical Industries, Ltd., Japan, Japan) for 30 min and followed with PBS washing. Nuclei and actin 

filaments were stained with Hoechst 33258 (1:1000 in PBS) and Alexa Fluor-594 phalloidin (1:40 in PBS, 

Invitrogen, USA), respectively. The fluorescent images of stained samples were captured by a fluorescence 

microscope. ImageJ software was used to analyze the fluorescent images to evaluate the GFP positive cells 

according to the previous report [32, 33]. The equation CFY=TFY-(A×AFY) was used to analyze the 

fluorescence images of the transfected cells, where CFY is the corrected fluorescence yield of transfected 

cells and untreated cells, A and TFY are the spreading area and total fluorescence yield of the cells of interest, 

and AFY is the average autofluorescence yield of the micropatterns. A CFY proportion (≥ 50 times) relative 

to the untreated cells was used to define the transfected cells. The percentage of GFP-positive cells in all 

checked cells was defined as the transfection efficiency. Five independent experiments (≥ 200 cells) were 

carried out to calculate the mean and SD. 

2.3.6 Cellular uptake of cationic microspheres 

Fluoresbrite carboxylate microspheres having a diameter of 500 nm (Funakoshi Co., Ltd., Japan) were 

used to evaluate cellular uptake capacity of micropatterned hMSCs. Uptake experiment was performed in a 

similar way with transfection experiment. Firstly, 1 μL LipofectamineTM 2000 solution and 0.1 μL 

microspheres solution were separately diluted in 100 μL Opti-MEM medium. After incubation at room 

temperature for 5 min, microspheres solution was incorporated into LipofectamineTM 2000 solution and 

incubated for 30 min to obtain cationic microspheres complexes. The next experiments were the same as 

mentioned above. After 24 h culture, the samples were washed by PBS for 3 times and a 200 μL aliquot of 

0.4% trypan blue solution (Sigma-Aldrich, USA) was applied to quench the extracellular green fluorescence 

of microspheres. The samples were fixed with 4% paraformaldehyde solution for 10 min and followed with 

PBS washing. The cells were treated with TritonTM X-100 for 10 min and blocked with 2% BSA for 30 min. 

Nuclei and actin filaments were stained with Hoechst 33258 for 10 min and Alexa Fluor-594 phalloidin for 

20 min, respectively. The stained cells were observed by an Olympus fluorescence microscope. Total and 

average fluorescence yields of FITC per cell were calculated by an ImageJ software. Five independent 

experiments and more than 25 cells were performed to calculate the mean and SD. 

2.3.7 Evaluation of DNA synthesis by BrdU staining 

5-bromo-2’-deoxyuridine (BrdU, Thermo Fisher, USA) was used to investigate DNA synthesis of 

micropatterned hMSCs. Before the cells were seeded on micropatterned TCPS plates, hMSCs were cultured 

in FBS-free DMEM growth medium including 4500 mg/L glucose, 584 mg/L glutamine, 100 U/mL 

penicillin, 100 μg/mL streptomycin, 0.1 mM nonessential amino acid, 0.4 mM proline and 50 mg/L ascorbic 

acid for 24 h to keep the cells in G0 state. After the starved cells were seeded on micropatterns for 24 h, 

transfection experiment was executed and incubated in Opti-MEM medium at 37℃ in a 5% CO2 incubator 

for 6 h. Opti-MEM medium was changed to DMEM growth medium containing 1% BrdU labeling reagent 

and further cultured for 18 h. For BrdU staining, hMSCs were fixed with 70% ethanol for 30 min and 

denatured with 2 M HCl for 30 min. After PBS washing, the cells were permeabilized with 1% TritonTM 

X-100 for 10 min and washed with PBS. 2% BSA was used to block the cells for 30 min and rinsed with 
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PBS. The cells were stained with monoclonal mouse anti-BrdU primary antibody (1: 200 in BSA, Abcam, 

USA) for 1.5 h and Alexa Fluor-488 donkey anti-mouse IgG antibody (1:1000 in PBS, Thermo Fisher, USA) 

in the dark for 1 h. Finally, nuclei were stained with Hoechst 33258 in the dark for 10 min. Fluorescent 

images of the stained cells were captured by a fluorescence microscope. Number of BrdU positive cells was 

counted according to nuclei staining. The percentage of BrdU positive cells in all checked cells was defined 

as DNA synthesis activity. Five independent samples (≥ 200 cells) were used to calculate the mean and SD. 

2.3.8 Cell membrane staining 

After the cells were seeded on the micropatterns for 24 h, the hMSCs were washed with PBS for 3 times. 

The samples were fixed with 4% paraformaldehyde solution for 10 min and followed with 3 PBS washing. 

Cell membrane of micropatterned hMSCs was stained with PlasMem bright green (1:200 in PBS, Dojindo 

Laboratories, Japan) for 15 min and followed with 3 PBS washing. The samples were stained with Hoechst 

33258 in the dark for 10 min. The fluorescent images were captured by a fluorescence microscope. 

2.3.9 Statistical analysis 

All quantitative data were presented as the mean ± SD. Statistical significance of the results was 

evaluated by using one-way ANOVAs with a Tukey’s post-test for comparison between multiple conditions 

(n ≥ 5) and p < 0.05 was considered as significant. 

2.4 Results  

2.4.1 Characterization of synthesized photo-reactive PVA 

 

Figure 2.2 UV spectra of PVA, azidobenzoic acid, mixture of PVA and azidobenzoic acid, and AzPhPVA. 
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The photo-reactive PVA was synthesized as previously reported [30]. Azidophenyl group of 

4-azidobenzoic acid was introduced into PVA by the reaction of carboxyl group of 4-azidobenzoic acid and 

hydroxyl group of PVA. In order to confirm the formation of photo-reactive AzPhPVA, the synthesized 

AzPhPVA solution was characterized by using UV-Vis absorbance analysis and 1H-NMR. Firstly, the 

absorbance peak (275 nm) of AzPhPVA showed that the benzenoid structure was introduced in AzPhPVA 

(Figure 2.2). PVA, azidobenzoic acid, and the mixture of PVA and azidobenzoic acid were also measured. 

Absorbance peak of benzenoid structure in unreacted azidobenzoic acid appeared at approximately 270 nm. 

Configuration change of azidobenzoic acid induced the bathochromic shift of benzenoid absorbance peak of 

AzPhPVA. Further, the percentage of azidophenyl group in PVA chains was calculated according to 1H-NMR 

spectrum (Figure 2.3). The peaks between 7 and 8 ppm were the protons of benzenoid structures. The peaks 

at around 1.4 and 3.8 ppm were the methylene and methylidyne protons on AzPhPVA, respectively. The 

grafting degree was calculated through the integration of each peak in 1H-NMR spectrum. The results 

showed that the photo-reactive AzPhPVA solution was successfully synthesized.  

 

Figure 2.3 1H-NMR spectrum of synthesized photo-reactive PVA. The peaks between 7 and 8 ppm were the 

protons of benzenoid structures. The peaks at around 1.4 and 3.8 ppm were the methylene and methylidyne 

protons of PVA, respectively. The structure of photo-reactive AzPhPVA was showed and the corresponding 

peaks were marked by a-d.  
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2.4.2 Preparation and characterization of micropatterns 

 
Figure 2.4 Characterization of micropatterned surfaces with gradient square density. (a) Phase-contrast 

images of the designed photomask. Four-type square density was designed on photomask. Dark squares 

represented cell adhesion regions and side length was fixed as 200 μm. The dashed white squares indicated 

cell non-adhesion area. Area ratio of non-pattern region to pattern region was defined as 4:1, 9:1, 25:1 and 

50:1, respectively. Scale bar: 500 μm. Insert was high magnification. Scale bar: 200 μm. (b) Phase-contrast 

images of the prepared micropatterns on TCPS plates. Scale bar: 500 μm. Insert was high magnification of 

the representative micropatterns. Scale bar: 200 μm. (c) Representative AFM scanning height image and 

section view image of micropatterns. (d) 3D image of micropatterns measured by AFM. 

Photo-reactive PVA was coated on the bare TCPS surfaces and micropatterned through a designed 

photomask (Figure 2.4a). The photomask was composed of 200 μm-side-length dark micro-squares and 
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contained four-type square densities. The distance of center-to-center between the neighboring squares was 

designed to be 400, 600, 1000 and 1414 μm. The ratio of non-adhesive area to adhesive area was 4:1, 9:1, 

25:1 and 50:1 for four-type square densities. The transparent photomask with dark micro-squares was 

exposed to UV light and the TCPS surfaces under the dark squares were not modified by the AzPhPVA. 

After ultrasonic washing, these concave micro-squares displayed bare TCPS surfaces to support cell 

attachment. Formation of micro-squares was confirmed according to a phase-contrast microscope (Figure 

2.4b). The images indicated that the prepared micro-squares had the same structure and density as that of the 

designed photomask. In order to further investigate the good controllability of micropatterns, the 

micro-squares were scanned by AFM. Representative AFM scanning height image and section view image 

clearly disclosed the formation of the tiered structure on PVA-grafted TCPS surfaces in water contact mode 

(Figure 2.4c). The height of PVA-grafted layer was approximately 60 nm. 3D image of the border between 

PVA layer and TCPS surface was shown in Figure 2.4d. The micropatterning results suggested that square 

density and height of micropatterns could be well controlled on PVA-grafted TCPS surfaces. 

2.4.3 Cell culture and density distribution 

 

Figure 2.5 Characterization of cell adhesion and cell density on micropatterns. (a) Phase-contrast images of 

cell morphology on micropatterns with gradient square densities. Scale bar: 500 μm. Inserts were the 

magnified images. Scale bar: 200 μm. (b) Representative fluorescence images of nuclei (blue) of hMSCs 

cultured on micropatterns. Scale bar: 200 μm. (c) Cell density on micropatterned surfaces with gradient 

square density. Data represent the mean ± SD (n = 5), **p < 0.01, ***p < 0.001. 
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The hMSCs at passage 4 were seeded on the micropatterned surfaces with gradient square density. Cell 

seeding density was selected as 2.5×103 cells/cm2. Microscopic observation confirmed that hMSCs were 

distributed homogeneously on PVA-micropatterned surfaces. After cell culture for 24 h, the cells were only 

adhered on the micro-squares but not on the PVA-grafted regions (Figure 2.5a). Because of AzPhPVA 

efficient resistance against cell adhesion, the cells on the PVA-grafted regions migrated into the bare TCPS 

micro-squares during cell culture. Although each micro-square had the same cell adhesion area, the 

center-to-center distance of each micro-square was gradually increased. Four-type square densities of 4:1, 

9:1, 25:1 and 50:1 were prepared to control cell density in each type of micro-squares. Considering that all of 

the seeded cells were assumed to move into the concave micro-squares, cell density in four-type 

micro-squares should be the same as the ratio of non-adhesive area to adhesive area. The meaning was to say 

that cell densities in four-type regions were theoretically 4, 9, 25 and 50 times as much as initial cell seeding 

density. To verify this hypothesis, nuclei were stained blue with Hoechst 33258 to count cell number in each 

type of micro-squares (Figure 2.5b). The density of hMSCs on non-patterned surfaces and four-type regions 

was calculated to be 2.5±0.7, 9.6±1.1, 22.3±1.6, 62.1±4.1, 112.6±9.6 × 103 cells/cm2 (Figure 2.5c). The ratio 

of calculated cell density to initial cell seeding density was 1.0 ± 0.3, 3.8 ± 0.4, 8.9 ± 0.7, 24.8 ± 1.6 and 45.0 

± 3.8. The results indicated that cell density could be well controlled by changing the center-to-center 

distance of the neighboring micro-squares. 

2.4.4 Influence of cell density on gene transfection 

 

Figure 2.6 Influence of cell density on gene transfection efficiency. (a) Representative fluorescence images 

of transfected cells expressing GFP proteins (green). Actin filaments and nuclei were stained red and blue, 

respectively. Scale bar: 200 μm. (b) Percentage of successfully transfected cells in all checked cells. Data 

represent the mean ± SD (n = 5), N.S. represents no significant difference, *p < 0.05, **p < 0.01. 

After incubation on the micro-squares for 24 h, the cells were transfected with the cationic 

liposome/GFP-plasmid complexes to investigate the influence of cell density on transfection efficiency 

through PVA-micropatterned TCPS surfaces. Representative fluorescence images of the transfected cells 
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expressing green fluorescence protein (GFP) were observed by a fluorescence microscope (Figure 2.6a). 

Nuclei and actin filaments were respectively stained blue and red. Cell number in each type of micropatterns 

gradually increased with increasing the center-to-center distance of the neighboring micro-squares. Gene 

transfection efficiency was calculated by comparing the percentage of GFP-positive cells in all examined 

cells (Figure 2.6b). Transfection efficiency firstly increased to the maximum of over 20% on 4:1 

micropatterns and then dramatically decreased to less than 2% with increasing cell density. When the ratio of 

non-adhesive area to adhesive area was 50:1, gene transfection of hMSCs was almost suppressed. The results 

suggested that moderate cell density on 4:1 micropatterns was beneficial for gene transfection, while high 

cell density interfered with gene transfection. 

2.4.5 Influence of cell density on cell uptake capacity 

 

Figure 2.7 influence of cell density on cell uptake capacity. (a) Representative fluorescence images of 

hMSCs cultured on bare and micropatterned surfaces showing cellular uptake of FITC-labeled microspheres 

(green). Actin filaments and nuclei were stained red and blue, respectively. Scale bar: 200 μm. (b) Total 

fluorescence yield of FITC in each type square. (c) Average fluorescence yield of FITC per cell on each type 

micro-square. Data represent the mean ± SD (n = 30), N.S. represents no significant difference, *p < 0.05, 

***p < 0.001. 
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Cell uptake capacity of hMSCs having different cell densities was an important aspect for efficient gene 

transfection. Therefore, Fluoresbrite carboxylate microspheres were applied to evaluate cell uptake capacity 

of nanoparticles into hMSCs. Green FITC-labeled microspheres were integrated into LipofectamineTM 2000 

transfection reagent to form the cationic complexes for the uptake experiment. Nuclei and actin filaments 

were stained blue and green with Hoechst 33258 and Alexa Fluor-594 phalloidin, respectively. The staining 

results showed that cell number increased with increasing the ratio of non-adhesive area and adhesive area 

(Figure 2.7a). Cytoskeleton structures were able to spread well in low density micro-squares, while the 

stretch of actin filaments was inhibited on the micropatterns with high cell density. Fluorescent images 

showed that all of the cells on the non-patterned surface and four type micropatterns presented the uptake of 

green microspheres and the uptake of cationic nanoparticles gradually increased in much denser cells. 

Further, the fluorescence yield of FITC was calculated by an ImageJ software. The quantitative results 

showed that the total yield of each type of squares was enhanced with increasing cell density, similar with 

the observation of fluorescent images (Figure 2.7b). However, the average fluorescence yield of FITC per 

cell showed first-increasing and then-decreasing tendency with increasing cell density (Figure 2.7c). The 

cells on 4:1 micropatterns showed the highest average fluorescence yield of FITC per cell. The results were 

similar with that of gene transfection. 

2.4.6 Influence of cell density on DNA synthesis 

 
Figure 2.8 DNA synthesis of hMSCs cultured on bare and micropatterned surfaces with gradient square 

density. (a) Immunological fluorescence images of BrdU positive cells (green). Nuclei were stained blue. 

Scale bar: 200 μm. (b) Percentage of BrdU positive cells in all checked cells. Data represent the mean ± SD 

(n = 5), N.S. represents no significant difference, *p < 0.05, ***p < 0.001. 

DNA synthesis activity played a crucial role in regulating the transfection efficiency of hMSCs on 

micropatterned surfaces. Therefore, the cells were stained with BrdU labeling reagent to investigate the 

influence of cell density on DNA synthesis activity (Figure 2.8a). Nuclei were stained blue with Hoechst 

33258 to count cell number. DNA synthesis of hMSCs cultured on micropatterned surfaces with gradient 

density was explored by analyzing the proportion of BrdU positive cells in all checked cells. The percentage 

of BrdU positive cells was firstly enhanced and then diminished when cell density increased from low to 

high (Figure 2.8b). In specific, the percentage of BrdU positive cells on 4:1 micropatterns was as high as 

over 25%, while only less than 5% BrdU positive cells were observed in 50:1 micropatterned cells. BrdU 

staining results disclosed that DNA synthesis was enhanced in an appropriate cell density but significantly 

inhibited in super-high cell density. 
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2.5 Discussion  

Cellular microenvironment plays an important role in regulating cell behaviors including cell migration, 

proliferation, differentiation and uptake [21-25, 29]. Micropatterning technique has been extensively 

cultivated to study distinct properties of cells because this method can accurately simulate cellular 

microenvironment [20, 34, 35]. Some studies have reported that cell density affects cellular fates through the 

micropatterned surfaces [27-29]. However, the influence of micropattern-dependent cell density on stem cell 

gene transfection is ambiguous. In this study, a square micropattern (Figure 2.4) was prepared to control 

gradient cell density from 2.5±0.7 to 112.6±9.6 × 103 cells/cm2 on micropatterned surfaces and their 

influence on gene transfection of hMSCs was analyzed (Figure 5).  

 

Figure 2.9 Fluorescent images of cell membrane staining of hMSCs with different density. Nuclei were 

stained blue. Scale bar: 200 μm. 

Plasmid DNA expressing GFP proteins was incorporated into commercial LipofectamineTM 2000 

transfection reagent to carry out gene transfection experiment. The fluorescent images of transfected cells 

were confirmed by a fluorescence microscope (Figure 2.6a). The transfection results showed that low cell 

density had higher gene transfection efficiency than did high cell density. Further, transfection efficiency 

presented the first-increasing and then-decreasing tendency with increasing cell density (Figure 2.6b). 

Previous researches have reported that super-high cell density may lead to smaller cell size and induce 

cellular contact inhibition, while low cell density stimulates higher cell activity to promote proliferation [29, 

36]. However, super-low cell density cannot stimulate cellular behaviors due to low-level cell interaction. It 

has been reported that appropriate cell density beneficially contributes to chondrocyte differentiation on 

TCPS surfaces [37]. Cell membrane was stained to evaluate cell size and cell-cell interaction (Figure 2.9). 

The staining results showed that cell size decreased with increasing cell density and the cells on 4:1 

micropatterns presented proper cell-cell interaction. In order to verify this hypothesis, micropatterns having 

different diameters (30 and 60 μm) and different numbers of connecting lines (0, 1, 2, 4, and 6 short lines) 

were prepared to control cellular size and cell-cell interaction (Figure 2.10a, b). Transfection efficiency was 

enhanced with increasing cellular size and number of cell-cell contacts (Figure 2.10c), indicating that both 



 

 

34 

 

 

 

cell size and cell-cell interaction were able to mediate gene transfection of hMSCs. Additionally, to exclude 

the influence of cell protrusion on gene transfection, micropatterns with individual short lines were prepared 

to perform the transfection experiment (Figure 2.11a). Transfection efficiency was not affected by cell 

protrusion when the cell size was small, while gene transfection was slightly enhanced with increasing cell 

protrusion for the cells with 60-μm diameter due to increasing cell spreading area (Figure 2.11b). The results 

showed that gene transfection was closely associated with cell size and cell-cell interaction, rather than cell 

protrusion. Taken all factors together, the difference of gene transfection could be prominently affected by 

cell-density-dependent cell size and cell-cell interaction.  

 

Figure 2.10 Influence of cell size and cell-cell interaction on gene transfection. (a) Immunofluorescent 

images of fibronectin-coated micropatterns (green) captured by a fluorescent microscope. Scale bar: 100 μm. 

(b) Phase-contrast images of cell morphology of hMSCs cultured on the micropatterns. Scale bar: 1000 μm. 

The inserts were the magnification of micropatterned cells. Scale bar: 50 μm. (c) Percentage of GFP positive 

cells in all examined cells on each micropattern. Data represent the mean ± SD (n = 5), N.S. represents no 

significant difference, *p < 0.05, **p < 0.01. 
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Figure 2.11 Influence of cell protrusion on gene transfection. (a) Phase-contrast images of micropatterns 

having different diameters (30 and 60 μm) and different numbers of short lines (0, 1, 2, 3, 4 and 6). Scale bar: 

100 μm. (b) Percentage of GFP positive cells in all examined cells on each micropattern. Data represent the 

mean ± SD (n = 5), N.S. represents no significant difference, *p < 0.05. 

Cell uptake capacity and DNA synthesis activity played the crucial role in regulating gene transfection 

of various cell densities. Here, cellular uptake of cationic nanoparticles and BrdU staining were performed to 

investigate their relationship with gene transfection. Both cell uptake capacity and DNA synthesis firstly 

increased and then decreased with increasing cell density, showing good compliance with gene transfection 

(Figure 2.7, Figure 2.8). In addition, it was also confirmed that larger cell sizes and more numbers of cell-cell 

contacts could promote cell uptake capacity (Figure 2.12a) and DNA synthesis (Figure 2.12b).  

Recently, plenty of studies have concentrated on the correlation of cellular uptake and gene transfection 

to disclose the mechanism of internalization and trafficking in cells [16, 38-40]. It is reported that cellular 

uptake is partially due to cytoskeleton structures [41, 42]. The stained actin filaments showed that cells in 

low density formed thick stress fibers and spread well on micro-squares, while the cells with super-high 

density were tightly packed together and their growth was suppressed on micropatterns (Figure 2.7a). 

Similarly, larger cells assembled actin filaments along with both radius and concentric directions, while 

small cells formed the immature cortex actin at the periphery of cells (Figure 2.11c). Cell-cell line contacts 

could induce cells to develop actin filaments across whole short lines even nuclei. Some studies have shown 

that highly efficient internalization of nanoparticles strongly depends on clathrin-mediated endocytosis, 

which was correlated with actin filaments [43-46]. Therefore, cytoskeletal structures played the important 

role in regulating cell uptake capacity of exogenous particles in micropatterned cells.  
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Figure 2.12 Influence of cell size and cell-cell interaction on cell uptake and DNA synthesis. (a) Cell uptake 

capacity of hMSCs adhered on micropatterns having different sizes and cell contact lines. Data represent the 

mean ± SD (n = 30), N.S. represents no significant difference, *p < 0.05, **p < 0.01, ***p < 0.001. (b) 

Percentage of BrdU positive cells on different micropatterns. Data represent the mean ± SD (n = 5), N.S. 

represents no significant difference, *p < 0.05, **p < 0.01. (c) Cytoskeleton structures regulated by 

micropatterns. Actin filaments and nuclei were stained green and blue, respectively. Scale bar: 50 μm. 

Actin filaments can also weave their contractive stress fibers into the nucleus to stimulate cellular 

activity [47-50]. DNA synthesis is another crucial factor to affect gene transfection efficiency [32, 51]. BrdU 

staining demonstrated that proper cell density promoted DNA synthesis while super-high cell density 

inhibited DNA synthesis (Figure 2.8). It has been reported that cell-cell interaction can adjust cytoskeleton 

structures by cadherins and modulate intracellular tension via adherens junction [19, 52-54]. However, 

excessively dense colonies of stem cells lead to poor cell proliferation due to density-dependent inhibition 

[55, 56]. Limited nutrition and availability of signaling molecules would further decrease DNA synthesis in 

super-high cell density. Gene expression level was modulated by changing DNA synthesis in various cell 

densities. Therefore, cell density could affect transfection efficiency of exogenous genes by monitoring cell 

uptake and DNA synthesis. 
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2.6 Conclusions  

A square pattern with gradient density was prepared by UV-grafting AzPhPVA onto TCPS surfaces. The 

micropatterns were used to control cell density arranging from 2.5±0.7 to 112.6±9.6 × 103 cells/cm2. 

Transfection efficiency firstly increased and then significantly decreased with increasing cell density of 

hMSCs. The difference of transfection efficiency was strongly dependent on cell uptake capacity and DNA 

synthesis. Low-level cell-cell interaction leaded to low gene transfection efficiency in super-low cell density, 

while density-dependent inhibition caused low transfection efficiency due to limited nutrition and 

availability of signaling molecules in super-high cell density. Therefore, proper cell density was beneficial 

for gene transfection. Micropatterning technique provides a useful tool to investigate the potential 

application of stem cell transfection in gene therapy.  
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Chapter 3 

 

Regulation of gene transfection by cell size, shape and elongation on 

micropatterned surfaces 

 

 

 

3.1 Abstract 

Gene transfection has been widely studied due to its potential applications in tissue repair and gene 

therapy. Many studies have focused on designing gene carriers and developing novel transfection techniques. 

However, the influence of cell size, shape and elongation on gene transfection has rarely been investigated. 

In this study, poly(vinyl alcohol)-micropatterned surfaces were prepared to precisely manipulate the size, 

shape and elongation of mesenchymal stem cells, and the influences of these factors on gene transfection 

were investigated. Cell size showed a significant influence on gene transfection. Elongation could affect the 

gene transfection of large cells but not small cells. Cells with a large spreading area and high aspect ratio 

showed high transfection with exogenous plasmid DNA. In particular, the transfection efficiency was the 

highest in micropatterned cells with a spreading area of 5024 μm2 and an aspect ratio of 8:1. In contrast, cell 

shape had no significant influence on gene transfection. The different influences of cell size, shape and 

elongation were correlated with their respective impacts on cytoskeletal structures, cellular nanoparticle 

uptake and DNA synthesis. Cells with a large size and elongated morphology showed well-organized actin 

filaments with a high cellular modulus, therefore promoting cellular nanoparticle uptake and DNA synthesis. 

Cells with different shapes showed similarities in actin filament organization, cellular modulus, uptake 

capacity and DNA synthesis. The results suggest the importance of cell size and elongation in exogenous 

gene transfection and should provide useful information for gene transfection and gene therapy. 

3.2 Introduction 

Interaction between cells and the microenvironment is critical for the maintenance of cell activity and 

tissue metabolism [1-5]. Biological and physicochemical cues from the microenvironment provide various 

necessary signals to induce cellular responses [6]. In particular, physical cues, such as matrix viscoelasticity 

and cell morphology, have recently been found to play a crucial role in controlling cell functions [7-12]. 

Cells in tissues present various morphologies to adapt to the microenvironment [13-15]. Cell size, geometry 

and aspect ratio have been shown to regulate cell functions, including cell adhesion, migration, division, 

matrix secretion and differentiation [16-19]. Physical cellular cues can be controlled through a variety of 
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micropattern structures [20, 21]. Cells with different morphologies respond to microenvironmental signals by 

reorganizing their cytoskeletal structures and transducing the signals to the nucleus [9, 22-24]. The 

morphological features of cells not only directly affect cell functions but also have some influence on the 

uptake of extracellular vesicles and nanoparticles [25, 26]. 

The transportation of extracellular nanoparticles, such as liposomes, into cells is an initial and critical 

step for gene transfection, which has broad applications in gene therapy and stem cell research [27-31]. The 

highly efficient transmembrane delivery of exogenous DNA into target cells is considered critical for 

successful gene transfection [32, 33]. Research has been focused on the design of efficient gene carriers and 

the development of novel transfection techniques [34, 35]. In contrast, the influence of cellular morphology 

on exogenous gene transfection has barely been recognized. In our previous research, we found that cell size 

and elongation could influence exogenous plasmid DNA transfection into human bone marrow-derived 

mesenchymal stem cells [36]. However, only round cells and aspect ratio of cell size having a spreading area 

of 5027 μm2 were investigated. It remains unclear whether different cell shapes, such as triangles, squares, 

pentagons and hexagons, and cell elongation of different cell sizes have any influence on exogenous plasmid 

DNA transfection. Therefore, in this study, a series of micropatterns with different shapes, sizes and aspect 

ratios were produced through photolithography. The micropatterned surfaces were used to precisely control 

the shape, size and elongation of human mesenchymal stem cells to systematically investigate their 

influences on gene transfection. The correlations between cytoskeletal structures and gene transfection of 

cells on micropatterned surfaces were clarified. 

3.3 Materials and methods  

3.3.1 Production and analysis of micropatterns 

The designed micropatterns with different sizes, shapes and aspect ratios were successfully produced on 

TCPS discs using photoreactive PVA through photolithography, as mentioned in 2.3.2. The photomasks 

contained micropatterns of different sizes (spreading areas of 314, 706, 1256, 2826 and 5024 μm2), shapes 

(geometries of circles, triangles, squares, pentagons and hexagons) and elongations (aspect ratios of 1:1, 2:1, 

4:1 and 8:1). The micropatterns were generated after ultrasonic washing. A phase-contrast microscope was 

used to capture images of the prepared micropatterns. An MFP-3D-BIO atomic force microscope (Oxford 

Instruments, CA, USA) was used to further characterize the micropatterns. A cantilever with a nitride tip was 

fixed on the holder to scan the micropatterns. Examination was performed in contact mode in water, and the 

scanned area was 90×90 μm2. The mean and standard deviation (SD) were calculated from three independent 

measurements of different micropatterns.  

Fibronectin was coated on the micropatterned surfaces to enhance cell attachment. To visualize the 

coated fibronectin on the micropatterns, mouse anti-fibronectin primary antibody (1:200 in BSA) was 

incubated with the fibronectin-coated micropatterns at 4°C overnight, followed by washing and incubation 

with the secondary antibody (Alexa Fluor-488-labelled goat anti-mouse IgG antibody, 1:1000 in PBS) in the 

dark. A fluorescence microscope was applied to observe fluorescence images of the stained micropatterns.  

3.3.2 Cell culture and fluorescence staining of actin filaments and nuclei 

The hMSCs at passage 2 were subcultured to passage 4 in BulletKitTM mesenchymal stem cell growth 

medium (MSCGM, Lonza) at 37°C in a 5% CO2 incubator. The hMSCs suspension at passage 4 in a 25-cm2 
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cell culture flask (Falcon, Corning Life Sciences, MA, USA) were dropped into each glass ring. After 

hMSCs were cultured at 37°C in a 5% CO2 incubator for 6 h, the glass rings were removed, and the DMEM 

was refreshed to wash away nonadherent hMSCs. After incubation for 18 h, an Olympus BX51 microscope 

was used to observe the micropatterned cells. Then, the cells were fixed with 4% paraformaldehyde for 10 

min and washed with PBS. Then, 1% TritonTM X-100 (Sigma-Aldrich, USA) and 2% BSA were used to 

permeabilize and block the micropatterned cells. After 3 PBS washes, Alexa Fluor-488 phalloidin (1:40 in 

PBS, Invitrogen, CA, USA) was used to stain actin filaments in the dark for 20 min. Hoechst 33258 (1:1000 

in PBS, FUJIFILM Wako Pure Chemical, Osaka, Japan) was used to stain nuclei in the dark for 10 min. A 

fluorescence microscope with a DP-70 CCD camera (Olympus) was used to observe the fluorescence 

images.   

3.3.3 Analysis of cellular stiffness 

Young’s modulus of the micropatterned hMSCs was analyzed using a point-contact nanoindentation 

system installed in an MFP-3D-BIO AFM instrument. Nanoindentation was performed using a silicon nitride 

cantilever with a nominal spring constant of 0.06 N/m (Novascan Technologies, IA, USA). A silica sphere 

600 nm in diameter was attached to the cantilever. Before measurement of the living cells, the thermal noise 

method was used to correct the real spring constant of the cantilever. The trigger force was set to 2 nN, and 

the indentation rate was 4 μm/s. After hMSCs were cultured on the micropatterns for 24 h as described above, 

the cells were measured in DMEM. A phase-contrast microscope was used to observe the silica sphere as it 

approached the highest region of micropatterned cells. Each sample was measured within 2 h to avoid the 

influence of cell viability. Young’s modulus of the cells was analyzed from force-distance curves. A Hertz 

model was used to correct baseline tilt with a Poisson ratio of 0.5. Twenty force-distance curves were 

analyzed from each cell, and a total of ten cells were measured from each sample to calculate the mean and 

SD. 

3.3.4 Gene transfection of micropatterned hMSCs 

LipofectamineTM 2000 transfection reagent was used to increase the transfection efficiency of the 

pAcGFP1-N1 gene in micropatterned cells, as mentioned in 2.3.5. The size of cationic liposome/plasmid 

complexes was measured by dynamic light scattering (DLS, Beckman Coulter, Fullerton, USA). After 

washing with PBS, a fluorescence microscope was used to capture fluorescence images of the transfected 

cells. The fluorescent yield of GFP was characterized using ImageJ software (National Institutes of Health, 

Bethesda, MD, USA). Only single cells were counted. Finally, the transfection efficiency of exogenous 

plasmid DNAs was determined by the percentage of GFP-positive cells among the total number of single 

cells. The mean and SD were calculated from five independent experiments (≥ 200 cells). 

3.3.5 Cellular uptake of Fluoresbrite carboxylate microspheres 

Fluoresbrite carboxylate microspheres with a radius of 250 nm were used to investigate the cellular 

uptake of nanoparticles. The uptake experiment was performed by the same procedures described in 2.3.6. A 

fluorescence microscope was applied to observe the fluorescence images of the micropatterned cells. The 

fluorescence images were analyzed by ImageJ software. Only single cells were counted. The fluorescence 

yield of FITC per cell was evaluated by the same method described above. The mean and SD were calculated 
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from five independent experiments. 

3.3.6 Analysis of DNA synthesis by BrdU staining 

BrdU staining was applied to evaluate the DNA synthesis of the micropatterned hMSCs, as mentioned 

in 2.3.7. A fluorescence microscope was used to observe the stained cells and count BrdU-positive cells 

among all checked hMSCs. Only single cells were counted. The percentage of BrdU-positive cells relative to 

the total number of cells was calculated as an indicator of DNA synthesis activity. The mean and SD were 

calculated from five independent experiments (≥ 200 cells). 

3.3.7 YOYO-1 and LysoTracker deep red staining 

Subcellular accumulation of the lipoplexes was evaluated with YOYO-1 (Abcam, USA) and 

LysoTracker deep red (Life Technologies, USA) staining. Plasmid was labeled with YOYO-1 (0.1 μM in 

Opti-MEM medium) for 1 h. YOYO-1-labeled plasmid was incorporated into Lipofectamine 2000 solution 

and incubated for 30 min to prepare the lipoplexes. After hMSCs were cultured on the micropatterns and 

non-patterned surfaces for 24 h, the cells were transfected with YOYO-1-labeled plasmid/Lipofectamine 

lipoplexes. At different time points (5 min, 15 min, 30 min, 1 h, 2 h, 4 h and 6 h), Opti-MEM medium with 

the lipoplexes was removed and washed with PBS. The endosomes were stained with LysoTracker deep red 

(0.75 nM in Opti-MEM medium) for 1 h. After that, the cells were fixed with 4% paraformaldehyde for 10 

min and muclei were stained with Hoechst 33258 in the dark for 10 min. The stained cells were observed 

with a fluorescence microscope. 

3.3.8 Statistical analysis 

Statistical analysis was carried out in KyPlot 5.0 software (KyensLab, Tokyo, Japan), and the 

quantitative and fluorescence results are presented as the mean ± SD. Significant differences were 

determined by one-way analysis of variance (ANOVA) with Tukey’s post-test for multiple variables. When 

the p value was less than 0.05, the results were considered significantly different. 

3.4 Results 

3.4.1 Micropatterned surfaces and cellular morphology 

As a protein-resistant polymer, photoreactive PVA was coated onto TCPS discs and subsequently 

micropatterned using the designed photomasks through photolithography (Figure 3.1a). The photomasks 

were composed of transparent micropatterns containing different spreading areas, shapes and aspect ratios 

(Figure 3.1b, c). The dark regions were designed against UV light and prevented crosslinking of the 

photoreactive AzPhPVA. During UV irradiation, the UV-irradiated AzPhPVA molecules were inter- and 

intramolecularly crosslinked and grafted to the TCPS discs, while the AzPhPVA molecules under the dark 

regions remained uncrosslinked. After the samples were ultrasonically washed in a water bath, the 

uncrosslinked AzPhPVA was removed to expose the bare TCPS micropatterns. The formation of 

micropatterns was confirmed by phase-contrast microscopic observation (Figure 3.2). These results show 
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that the prepared micropatterns had the same size, shape and elongation as those of the designed photomasks. 

 
Figure 3.1 (a) Preparation scheme of micropatterns using photoreactive AzPhPVA. (b, c) Representative 

phase-contrast photomicrographs of photomasks containing micropatterns with different shapes (b) and 

aspect ratios (c). Spreading area was 314, 706, 1256, 2826 and 5024 μm2. Scale bar: 200 μm. 

 

 

Figure 3.2 (a, b) Representative phase-contrast photomicrographs of photomasks containing micropatterns 

with different shapes (a) and aspect ratios (b). Spreading area was 314, 706, 1256, 2826 and 5024 μm2. Scale 

bar: 200 μm.  
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Figure 3.3 Characterization of micropatterns with different sizes, shapes and aspect ratios. (a, b) Height (top), 

cross-sectional view (middle) and 3D (bottom) images of the micropatterns obtained by AFM. The 

micropatterns shown here had an area of 1256 μm2 and different shapes (triangles, squares, pentagons and 

hexagons) and aspect ratios (1:1, 2:1, 4:1 and 8:1). (c, d) Representative fluorescence photomicrographs of 

fibronectin-coated micropatterns. Scale bar: 50 μm. 

The characteristics of the micropatterned surfaces were further analyzed by AFM. Representative AFM 

images of the micropatterns with a spreading area of 1256 μm2 were obtained in contact mode in water 

(Figure 3.3a, b). For the polygonal micropatterns, the side length was measured to be 53.8±0.8, 35.6±0.3, 

27.3±0.5 and 21.9±0.4 μm for triangles, squares, pentagons and hexagons, respectively. The corresponding 

area was calculated to be 1252.9±37.3, 1266.5±14.2, 1285.1±47.0 and 1243.8±45.5 μm2, respectively. For 
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the elongated micropatterns, the long axis was measured to be 41.1±0.2, 58.0±0.8 and 81.4±0.5 μm for the 

1:1, 2:1 and 4:1 micropatterns, respectively. The short axis was 40.0±0.2, 28.1±0.7, 20.7±0.4 and 14.3±1.0 

μm for the 1:1, 2:1, 4:1 and 8:1 micropatterns, respectively. The elongation (1.0±0.2:1, 2.1±0.3:1, 3.9±0.5:1) 

and micropattern area (1271.4±23.5, 1264.6±27.6, 1249.4±18.9 μm2) for the 1:1, 2:1 and 4:1 micropatterns 

were calculated to be almost the same as those of the designed parameters. The long-axis length for the 8:1 

micropattern was not measured because it exceeded the AFM scanning range. Furthermore, the thickness of 

the PVA-grafted layer was 49.8±0.4, 50.7±2.0, 49.6±0.7, and 49.8±1.2 nm for the polygonal micropatterns 

and 50.2±0.9, 50.1±0.5, 49.7±0.8, and 49.0±0.7 nm for the elongated micropatterns, indicating that the 

thickness of the PVA-grafted layer was well controlled by adjusting the concentration and amount of 

AzPhPVA aqueous solution used for micropatterning. 

 

Figure 3.4 Influence of cell size, shape and aspect ratio on gene transfection efficiency. (a, b) Representative 

phase-contrast photomicrographs of hMSCs cultured on micropatterns of different sizes (spreading areas of 

314, 706, 1256, 2826 and 5024 μm2), shapes (circles, triangles, squares, pentagons and hexagons) and aspect 

ratios (1:1, 2:1, 4:1 and 8:1) in DMEM. Scale bar: 100 μm. 

To facilitate cell adhesion on the micropatterned surfaces, fibronectin was coated on the micropatterned 

surfaces. Immunological staining demonstrated that fibronectin adsorbed only on the TCPS regions, not on 

the PVA-grafted regions, following the micropattern characteristics (Figure 3.3c, d). The nonfouling PVA 

resisted fibronectin adsorption. When hMSCs were cultured on the micropatterned surfaces, they were able 

to attach to the micropatterned surfaces and spread along the micropatterns (Figure 3.4). These results 

indicate that the micropatterned surfaces could be used to precisely control cell size, shape and elongation. 

3.4.2 Influence of cell size, shape and elongation on exogenous plasmid DNA transfection  

After hMSCs were cultured on the micropatterned surfaces for 1 day, the cationic liposome/plasmid 

complexes were applied to transfect the micropatterned cells. The size of the cationic liposome/plasmid 

complexes was 145.0±46.0 nm. A fluorescence microscope was used to observe the GFP-positive cells 

(Figure 3.5a, b). The influence of cell size, shape and elongation on gene transfection was investigated by 

comparing the percentage of GFP-positive cells among all checked hMSCs. Cells with the same spreading 
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area but different shapes, including circles, triangles, squares, pentagons and hexagons, showed the same 

percentage of transfected cells (Figure 3.5c). These results indicate that cell shape had no significant 

influence on gene transfection efficiency. However, gene transfection efficiency was enhanced with 

increasing cell spreading area for all types of cell shapes (Figure 3.5d). The largest cells on the micropattern 

with an area of 5024 μm2 showed the highest gene transfection efficiency. 

 

Figure 3.5 Representative fluorescence photomicrographs of GFP-positive cells on micropatterns with 

different shapes (a) and aspect ratios (b). Spreading area was 314, 706, 1256, 2826 and 5024 μm2. Scale bar: 

100 μm. (c) Relationship of transfection efficiency and cell shape of hMSCs with different spreading areas. 

(d) Relationship of transfection efficiency and spreading area of hMSCs with different shapes. (e) 

Relationship of transfection efficiency and aspect ratio of hMSCs with different spreading areas. (f) 

Relationship of transfection efficiency and spreading area of hMSCs with different aspect ratios. Data 

represent the mean ± SD (n = 5), N.S. represents no significant difference, *p < 0.05, **p < 0.01. 
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For the elongated hMSCs, both cell size and elongation showed a significant influence on gene 

transfection (Figure 3.5e, f). When the cell spreading area was small (314 and 706 μm2), the influence of the 

aspect ratio was not evident, and all cells with different aspect ratios showed the same level of transfection 

efficiency. As the cell spreading area increased to 1256, 2826 or 5024 μm2, the gene transfection efficiency 

increased significantly with increases in the aspect ratio, particularly for cells on micropatterns with an area 

of 5024 μm2 (Figure 3.5e). When the aspect ratio was kept constant, the gene transfection efficiency 

increased with increasing cell size (Figure 3.5f). The increase was more evident for high aspect ratios (4:1 

and 8:1). In particular, the gene transfection efficiency was significantly increased to 21% for cells with a 

spreading area of 5024 μm2 and an aspect ratio of 8:1. These results suggest that cell spreading and 

elongation were beneficial for gene transfection. 

3.4.3 Influence of cell size, shape and aspect ratio on cellular uptake 

The cationic complexes of LipofectamineTM 2000 and Fluoresbrite carboxylate microspheres were used 

to investigate the influence of cell size, shape and aspect ratio on cellular uptake. After the cells were 

cultured with the cationic microsphere solution on the micropatterns, actin filaments and nuclei were stained 

red and blue, respectively, to confirm cell location and morphology (Figure 3.6a, b). The green fluorescence 

clearly showed the uptake of microspheres by the micropatterned hMSCs. The yield of FITC-labelled green 

fluorescence was calculated to evaluate the cellular uptake of the micropatterned cells. The fluorescence 

yield of FITC per cell was not significantly different between cells with the same spreading area but different 

shapes (Figure 3.6c). In contrast, the fluorescence yield was enhanced with increasing cell spreading area for 

all micropatterned hMSCs of different shapes (Figure 3.6d). For the elongated cells, the fluorescence yield 

showed a gradually increasing tendency with increases in the aspect ratio when the cells had a spreading area 

of 1256, 2826 or 5024 μm2 (Figure 3.6e). However, the fluorescence yield was not affected when the cell 

spreading area was controlled below 706 μm2. Additionally, the fluorescence yield of FITC per cell increased 

with increases in the cell spreading area when the aspect ratio was controlled at the same level (Figure 3.6f). 

These results reveal that a large cell spreading area and high aspect ratio beneficially contributed to the 

cellular uptake of exogenous nanoparticles. 

3.4.4 Influence of cell size, shape and aspect ratio on DNA synthesis 

DNA synthesis plays a critical role in regulating efficient gene transfection. BrdU staining was applied 

to evaluate the DNA synthesis of the micropatterned hMSCs. The percentage of BrdU-positive cells among 

all checked hMSCs was counted according to the fluorescence images (Figure 3.7). Cell shape did not affect 

DNA synthesis when the cells had the same spreading area (Figure 3.8a). In contrast, when the cells had the 

same shape but different spreading areas, DNA synthesis gradually increased with increasing cell spreading 

area (Figure 3.8b). In particular, micropatterned hMSCs with a spreading area of 5024 μm2 presented the 

highest DNA synthesis. For the elongated cells, DNA synthesis increased with increases in the aspect ratio 

when the cells had large spreading areas (1256, 2826 and 5024 μm2) (Figure 3.8c). However, DNA synthesis 

activity was not affected when the cell spreading area was below 706 μm2. When cells with the same 

elongation were compared, DNA synthesis showed a tendency to increase with increasing cell spreading area 

(Figure 3.8d). These results indicate that DNA synthesis could be enhanced by cell size and elongation. 
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Figure 3.6 Influence of cell size, shape and aspect ratio on cellular uptake. (a, b) Representative fluorescence 

photomicrographs of hMSCs cultured on micropatterns of different sizes, shapes and aspect ratios after 

uptake of cationically modified Fluoresbrite carboxylate microspheres (green). Actin filaments and nuclei are 

stained red and blue, respectively. Scale bar: 100 μm. (c) Relationship of fluorescence yield of FITC-labelled 

microspheres per cell and cell shape of hMSCs with different spreading areas. (d) Relationship of 

fluorescence yield of FITC-labelled microspheres per cell and spreading area of hMSCs with different 

shapes. (e) Relationship of fluorescence yield of FITC-labelled microspheres per cell and aspect ratio of 

hMSCs with different spreading areas. (f) Relationship of fluorescence yield of FITC-labelled microspheres 

per cell and spreading area of hMSCs with different aspect ratios. Data represent the mean ± SD (n = 5), N.S. 

represents no significant difference, *p < 0.05, **p < 0.01, ***p < 0.001. 
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Figure 3.7 Representative fluorescence photomicrographs of hMSCs on micropatterns after nuclear (blue) 

and BrdU (green, white arrow) staining. Scale bar: 200 μm. 

 

Figure 3.8 Influence of cell size, shape and elongation on DNA synthesis. (a) Relationship of percentage of 

BrdU-positive hMSCs and cell shape of hMSCs with different spreading areas. (b) Relationship of 

percentage of BrdU-positive hMSCs and spreading area of hMSCs with different shapes. (c) Relationship of 

percentage of BrdU-positive hMSCs and aspect ratio of hMSCs with different spreading areas. (d) 

Relationship of percentage of BrdU-positive hMSCs and spreading area of hMSCs with different aspect 

ratios. Data represent the mean ± SD (n = 5), N.S. represents no significant difference, *p < 0.05, **p < 0.01. 
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3.4.5 Cytoskeletal structures and cellular stiffness 

 

Figure 3.9 Influence of cell size, shape and elongation on cytoskeletal structures and cell stiffness. (a, b) 

Representative fluorescence photomicrographs of cytoskeletal structures in hMSCs cultured on 

micropatterns. Nuclei and actin filaments are stained blue and green, respectively. Scale bar: 100 μm. (c) 

Relationship of Young’s modulus and cell shape of hMSCs with different spreading areas. (d) Relationship of 

Young’s modulus and spreading area of hMSCs with different cell shapes. (e) Relationship of Young’s 

modulus and aspect ratio of hMSCs with different spreading areas. (f) Relationship of Young’s modulus and 

spreading area of hMSCs with different aspect ratios. Data represent the mean ± SD (n = 10), N.S. represents 

no significant difference, *p < 0.05, **p < 0.01, ***p < 0.001. 



Chapter 3 

 
53 

 

 

 

Cytoskeletal structures are anchored to the adhesive proteins of the cell membrane and create traction in 

cells to affect cell functions, such as cellular uptake [26]. Therefore, the influence of cell size, shape and 

elongation on cytoskeletal structures was analyzed. The cytoskeletal staining results showed that when the 

spreading area of the micropatterned cells was controlled at 1256, 2826 or 5024 μm2, the circular cells 

developed actin filaments in both the radial and concentric directions of the microcircles. Actin bundles of 

the polygonal cells were prominently gathered at the vertexes of polygons and along the concentric direction 

(Figure 3.9a). However, when the cell spreading area was less than 706 μm2, the micropatterned cells 

predominately assembled cortical actin at the edge of the micropatterns. Interestingly, the actin filaments of 

the elongated cells were assembled and organized along the long axis of cells and spanned over the nuclei, 

especially for the cells having a spreading area of 5024 μm2 and an aspect ratio of 8:1 (Figure 3.9b). 

Actin structures of the micropatterned cells could stimulate cytoskeletal tension. Therefore, the cellular 

Young’s modulus was analyzed by AFM nanoindentation. Cell shape did not affect Young’s modulus when 

the cells had the same spreading area (Figure 3.9c). However, Young’s modulus was gradually enhanced with 

increasing cell spreading area for the same cell shape (Figure 3.9d). In the elongated cells, Young’s modulus 

increased with increasing elongation when the cell spreading area was controlled at 1256, 2826 or 5024 μm2, 

while there was no difference when the cell spreading area was below 706 μm2 (Figure 3.9e). When the 

elongation of the micropatterned cells was controlled at the same level, Young’s modulus increased with cell 

enlargement (Figure 3.9f). These results could be explained by the assembly and organization of actin 

filaments in the respective cells. 

3.4.6 Distribution of plasmid/lipid complexes in cells  
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Figure 3.10 Representative fluorescence photomicrographs of hMSCs after incubated with YOYO-1-labeled 

plasmid/Lipofectamine 2000 complexes for 5 min, 15 min, 30 min, 1 h, 2 h, 4 h and 6 h. The cells were 

cultured on circular micropatterns with the spreading area of 314, 706, 1256, 2826 and 5024 μm2 and 

non-patterned surfaces. Plasmid (green) and endosomes (red) were stained with YOYO-1 (YOYO) and 

LysoTracker deep red (Lyso), respectively. Nuclei were stained blue. Scale bar: 100 μm. 

Distribution of plasmid/lipid complexes in cells was investigated with plasmid and endosome staining 

(Figure 3.10). Plasmid and endosomes were stained green and red with YOYO-1 and LysoTracker deep red, 

respectively. Nuclei were stained blue. After 5 and 15 min transfection, plasmid and endosomes were 

localized in cytosol, but not accumulated in nuclei. At 30 min, plasmid started to accumulate in nuclei. After 

1 and 2 h, DNA was further localized in nuclei. When the cells were transfected for 4 and 6 h, plasmid was 

almost localized in nuclei. The results showed that the distribution of plasmid presented the similar behavior 

on the micropatterns and non-micropatterned surfaces. The cells on the micropatterns and 

non-micropatterned surfaces showed the same uptake pathway.  

3.5 Discussion 

Biophysical cues, including mechanics and topography, can affect cell morphology to regulate cell 

functions [15-19, 38-40]. In this study, the size, shape and elongation of hMSCs were controlled by 

micropatterned surfaces, and their influences on the exogenous gene transfection were systematically 

investigated. Micropatterned surfaces were produced by micropatterning photoreactive PVA on TCPS discs. 

The micropatterned surfaces were further coated with fibronectin to facilitate cell adhesion because 

fibronectin can be specifically recognized by integrins on cell membranes. The coated fibronectin showed 

the same micropatterns as the micropatterned surfaces (Figure 3.3). The cell adhesion area should be the 

same as the spreading area due to the specific interaction between cells and coated fibronectin. The cell 
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adhesion area and cell spreading area have been reported to have different influences on cell functions [18, 

24]. Therefore, the coated fibronectin could prevent discrimination of the cell adhesion area and cell 

spreading area. The hMSCs cultured on the micropatterned surfaces showed well-controlled morphologies of 

different spreading areas (sizes), shapes and degrees of elongation (aspect ratios), as shown in Figure 3.4. 

The gene transfection efficiency of the cells on the micropatterned surfaces was dependent on the cell 

spreading area and on cell elongation but not on cell shape. For all of the investigated shapes (circles, 

triangles, squares, pentagons and hexagons), the cells showed the same level of gene transfection efficiency 

if the size of the cells was the same (Figure 3.5c). In other words, cell shape did not affect gene transfection 

efficiency. Cell elongation could affect gene transfection efficiency, but its influence was dependent on cell 

size (Figure 3.5e). Small cells (spreading areas of 314 and 706 μm2) did not show a significant difference in 

gene transfection efficiency even when the aspect ratio changed from 1:1 to 8:1. Large cells (spreading areas 

of 1256, 2826 and 5024 μm2) showed increased gene transfection efficiency with increasing cell size. In 

contrast, the cell size could significantly increase the gene transfection efficiency regardless of whether the 

cells had different shapes or degrees of elongation (Figure 3.5d, f). Cells with a spreading area of 5024 μm2 

and an aspect ratio of 8:1 showed the highest transfection efficiency. 

The influence of cell morphology on gene transfection could be explained by the dependence of cellular 

uptake capacity and gene expression on cell morphology. Cellular uptake and gene expression are the first 

and last steps of gene transfection process, respectively [41]. In this study, cellular uptake of fluorescent 

microspheres was used to investigate the transmembrane delivery capacity. DNA synthesis activity was used 

to investigate the gene expression capacity. High cellular uptake of exogenous genes and high DNA 

synthesis are required for high gene transfection efficiency. Uptake experiments and BrdU staining indicated 

that the cellular nanoparticle uptake (Figure 3.6) and DNA synthesis (Figure 3.7 and Figure 3.8) showed 

dependence on cell morphology similar to that of gene transfection efficiency. Cell shape did not affect 

cellular uptake or DNA synthesis. Cell elongation could increase the cellular uptake and DNA synthesis of 

large cells (spreading areas of 1256, 2826 and 5024 μm2) but not small cells (spreading areas of 314 and 706 

μm2). An increase in cell size resulted in enhanced cellular uptake and DNA synthesis when either cell shape 

or elongation was changed. These results indicate strong correlations among gene transfection efficiency, 

cellular uptake and DNA synthesis, suggesting that cell morphology affected gene transfection through the 

regulation of cellular uptake and DNA synthesis. 

Cytoskeletal structures play critical roles in regulating cellular uptake and the intracellular trafficking of 

exogenous genes [42]. Focal adhesions (FAs) on the cytoplasmic membrane serve as binding bridges 

between integrins and actin filaments in cells [43]. More FAs can induce the formation of actin bundles in 

well-spread and elongated cells [18, 44]. The uptake of cationic exogenous complexes has been reported to 

be dependent on clathrin-mediated endocytosis, and the pathway is correlated with cytoskeletal structures 

[45]. The larger fibronectin-coated micropatterns could promote more FA formation and cytoskeletal 

assembly. The results of actin staining verified that the assembly and organization of the cytoskeleton were 

dependent on the size, shape and aspect ratio of the micropattern (Figure 3.9). Cells cultured on 

micropatterns with a large spreading area formed actin bundles not only in the radial direction (circular 

micropatterns) or at the vertexes of polygons (polygonal micropatterns) but also in the concentric direction. 

The cells with high elongation formed a well-organized actin filament network along the long axis of the 

micropatterns. Some studies have reported that ventral and dorsal stress fibers (VSFs and DSFs) develop 

along the radial direction, while transverse arcs (TAs) develop along the concentric direction of circular 

micropatterns [18, 46, 47]. Thick VSFs are connected with FAs on both sides and provide high contractility 

for cells, while DSFs are thin fibers with non-contractive activity that bond to FAs [48]. DSFs are weaved 

towards nuclei and transfer extracellular signals into nuclei [49]. The contractive TAs bond to DSFs and play 
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an important role in affecting cell elasticity [18]. Cellular stiffness testing showed that Young’s modulus was 

significantly enhanced in well-spread and elongated cells (Figure 3.9). Accordingly, cytoskeletal structures 

and cell mechanics could regulate the cellular uptake capacity and DNA synthesis, thus inducing effective 

gene transfection. YOYO-1 and LysoTracker deep red staining results showed that the cells on micropatterns 

and non-patterned surfaces presented the same uptake pathway of the lipoplexes. Therefore, gene 

transfection was correlated with actin filaments and cellular activity.  

3.6 Conclusions  

PVA-micropatterned surfaces were produced to precisely control cell size, shape and elongation for 

systematic investigation of their influences on exogenous gene transfection. hMSCs were cultured on 

micropatterned surfaces and transfected with lipid/plasmid complexes. The transfection efficiency was 

significantly enhanced in well-spread and elongated cells. Cell size had a dominant influence on gene 

transfection, independent of cell shape. Elongation could increase the transfection efficiency in large cells 

but not small cells. Cell shape had no influence on gene transfection efficiency. High transfection efficiency 

was strongly correlated with high cellular uptake and DNA synthesis through the regulation of cytoskeletal 

structures and cell mechanics. These results provide useful information for gene transfection and gene 

therapy applications. 
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Chapter 4 

 

Influences of cell adhesion and spreading on gene transfection of 

micropatterned mesenchymal stem cells 

 

 

 

4.1 Abstract 

Transmembrane transport of exogenous genes is broadly explored due to the flourishing gene therapy. 

Both gene carriers and cellular conditions can affect gene transfection efficiency. Although cell morphology 

has been reported to affect cell functions, the influence of cell adhesion area and spreading area on 

transfection of exogenous genes remains unclear because it has been difficult to separate the individual 

influence from cell adhesion area and spreading area during normal cell culture. In this study, micropatterns 

were prepared to separately control adhesion area and spreading area of human bone marrow-derived 

mesenchymal stem cells (hMSCs). Transfection efficiency of green fluorescent protein gene to hMSCs 

cultured on the micropatterns was compared. The cells with larger adhesion area showed higher transfection 

efficiency, while cell spreading area hardly affected gene transfection efficiency. Cell adhesion area had a 

dominant influence on gene transfection. Uptake of microparticles and BrdU staining showed that cellular 

uptake capacity and DNA synthesis activity increased with cell adhesion area, but were not affected by cell 

spreading area. The different influence of cell adhesion area and spreading area on gene transfection was 

correlated with their influence on cellular uptake capacity, DNA synthesis activity, focal adhesion formation, 

cytoskeletal mechanics and mechano-signal activation. The results suggested that cell adhesion area and 

spreading area had different influences on gene transfection, which should provide useful information for 

manipulation of cell functions in gene therapy, protein modification and cell reprogramming.  

4.2 Introduction 

Gene transfection in mammalian cells has become a hot topic to disclose the internalization mechanism 

and intracellular trafficking of gene delivery due to the increasing potential of gene therapy, gene silencing 

and reprogramming [1-5]. Cell plasma membrane as a natural boundary plays an important role in managing 

the import or export of molecules in cells [6, 7]. Exogenous particles are internalized into cells by different 

pathways including passive diffusion and active transport [8-11]. Small nonpolar molecules can cross over 

lipid bilayer of cell membrane by direct diffusion and ions can be transported through cell membrane by ion 
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channels and ion pumps [12]. However, internalization or uptake of large particles such as lipids, DNAs and 

polypeptides is related with active transport such as energy-mediated endocytosis [13-16]. Except 

viral-mediated endocytosis, cationic polyplexes and lipoplexes have been frequently used as effective 

transfection carriers [17-20]. For example, cationic fluorinated-core nano-micelles and poly(amidoamine) 

dendrimers have shown strong DNA-binding affinity and high gene transfection efficacy [21, 22]. Cationic 

lipids can regulate cellular internalization through altering nitrogen/phosphate ratio, lipid concentration and 

transient surface potential [23-27]. 

Not only gene carriers, but also cellular morphology can affect the transfection of exogenous genes [28]. 

Cells show various morphologies that are dependent on the adhesion matrix and substrate. Cell morphology 

has been reported to regulate cytoskeleton and mechanotransduction signals, therefore affecting cell 

functions such as migration, proliferation, differentiation, uptake and apoptosis [29-34]. Cell morphology 

such as adhesion area, spreading area, geometry and aspect ratio can be easily controlled by micropatterns 

[35-37]. However, cell adhesion is always accompanied with cell spreading during culture on normal cell 

culture plates. It is difficult to make difference between cell adhesion area and spreading area. Due to the 

difficult discrimination of the two factors, it remains unclear how cell adhesion area and spreading area 

independently affect the transfection of exogenous genes. In order to elucidate how cell adhesion area and 

spreading area affect transmembrane delivery of exogenous genes, micropatterns were prepared to 

discriminate cell adhesion and spreading areas. Human bone marrow-derived mesenchymal stem cells 

(hMSCs) were cultured on the micropatterns and their adhesion and spreading areas were precisely 

controlled. Transfection of green fluorescent protein gene to the micropatterned cells demonstrated different 

influences of cell adhesion and spreading areas on gene transfection efficiency. Furthermore, focal adhesion, 

cytoskeleton structure, uptake of exogenous nanoparticles, mechanotransduction signals and DNA synthesis 

activity of the micropatterned cells were investigated to disclose the reasons for the different morphological 

influences on gene transfection. 

4.3 Materials and methods 

4.3.1 Preparation and characterization of micropatterns 

Micropatterns with various spreading area and adhesion area were prepared on one tissue culture 

polystyrene (TCPS) disc by photolithography as mentioned in 2.3.2. AzPhPVA-coated polystyrene discs 

were covered with a pre-designed photomask containing micropatterns of different circle size and transparent 

area and exposed to UV light with a wavelength of 254 nm. The photomask micropatterns consisted of 2 μm 

diameter microdots that formed large circles. After ultrasonic washing in Milli-Q water bath, the 

micropatterns were generated. The micropatterns were observed by a phase-contrast microscope with a 

DP-70 CCD camera.  

The micropattern topography was analyzed by a MFP-3D-BIO atomic force microscope. A cantilever 

with a spring constant of 0.06 N/m and an oscillation frequency of 12-24 kHz was used for the analysis. The 

scanning scope was set at a square of 90×90 μm2 with a contact mode in Milli-Q water. The diameter and 

height of micropatterns were acquired from 3 random images to calculate mean and standard deviation. 

Before the micropatterned TCPS discs were used for cell culture, they were coated with 20 μg/mL 

fibronectin. The fibronectin-coated micropattern TCPS discs were stained with anti-fibronectin primary 

antibody and Alexa Fluor-488 labeled secondary antibody to visualize the coated fibronectin. The stained 

discs were observed with a fluorescence microscope. 
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4.3.2 Cell culture 

Human bone marrow-derived mesenchymal stem cells (hMSCs; passage 2; lot number: 2F3478, 

18TL312488 and 18TL113327) were bought from American Lonza Walkersville Inc and subcultured twice 

(passage 4) in BulletKit medium (MCSGM, catalog number: PT-3238, Lonza Group Ltd., Switzerland) at 

37°C in a 5% CO2 incubator for the following experiments. Cell suspension solution was added onto the 

micropatterns. Cell seeding density was 2.8×103 cells/cm2. After incubation for 24 hours, cell morphology 

was observed by a phase-contrast microscope. Five micropattern TCPS discs were used for nucleus staining 

with Hoechst 33258 (1:1000 in PBS) to visualize single or multiple cells on the micropatterns. Fluorescent 

images were obtained by an Olympus fluorescence microscope. The micropatterned circles occupied by 

single cell or multiple cells were counted from the fluorescence micrographs of the five micropattern TCPS 

discs to calculate the percentage of micropatterned circles occupied by cells and the percentage of single cell 

occupation. 

4.3.3 Immunofluorescent staining of vinculin 

After 24 hours culture on micropatterns, hMSCs were washed with PBS for 3 times and fixed with 4% 

paraformaldehyde solution for 10 minutes. The fixed cells were treated with 1% TritonTM X-100 for 10 

minutes and 0.02% Tween-20 for 30 minutes. After washing, the cells were blocked with 2% BSA for 30 

minutes. After PBS washing, the cells were used for staining of vinculin by incubation with mouse 

anti-vinculin antibody (1:100 in BSA, catalog number: MAB3574, Merck KGaA, Germany) at 4°C 

overnight. After being rinsed with 0.02% Tween-20 and PBS solution for 3 times, the cells were incubated 

with the second antibody, Alexa Fluor 488 labeled donkey anti-mouse IgG antibody (1:1000 in PBS) at 37°C 

in the dark for 1 hour. Nucleus was stained with Hoechst 33258 (1:1000 in PBS) at room temperature for 10 

minutes. A confocal laser scanning fluorescence microscope (Zeiss, Germany) was used to capture the 

fluorescent images of vinculin. The total area and average size of focal adhesion were analyzed from the 

stained vinculin images through step-by-step quantitative analysis using an ImageJ software, as previously 

reported [39]. 25 cells from each micropattern and five independent micropatterns were used for the analysis 

to calculate means and standard deviations. 

4.3.4 Gene transfection and live/dead staining 

After hMSCs were cultured on the micropatterns for 24 hours, the cells were transfected with GFP gene 

as mentioned in 2.3.5. To evaluate gene transfection efficiency, fluorescent images of the cells were captured 

through a fluorescent microscope. The images were analyzed by ImageJ software. The percentage of positive 

GFP cells in total number of examined cells was defined as gene transfection efficiency. Five independent 

experiments (≥200 cells) at each condition were executed to calculate mean and standard deviation.  

Cell viability was checked by live/dead staining before and after gene transfection. The micropatterned 

cells before and after transfection were incubated with a live/dead double staining kit containing calcein-AM 

and propidium iodide (PI) (catalog number: 341-07381, Dojindo, Japan) for 15 minutes and followed by 

PBS washing. The fluorescent images were captured by a fluorescence microscope. 

To investigate the influence of cytoskeleton disturbance on gene transfection, the micropatterned 

hMSCs were treated with actin and myosin inhibitors before gene transfection. After incubation of the 

micropatterned hMSCs for 6 hours, the cells were respectively cultured with 0.2 μg/mL cytochalasin D (Cyto 
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D, catalog number: C8273, Sigma-Aldrich Co. LLC., USA) or 50 µM blebbistatin (Bleb, catalog number: 

SLBM6960V, Sigma-Aldrich Co. LLC., USA) in DMEM medium for 18 hours. And then, gene transfection 

experiment was executed in the same way as above described. 

Cell viability was assessed by live/dead staining by using a Cell stain Double Staining Kit (Dojindo 

Laboratories, Japan) immediately after preparation of the samples and after 21 days of culture. All hydrogel 

discs were washed with PBS twice and incubated in serum-free medium containing calcein-AM (2 µM) and 

propidium iodide (4 µM) at 37ºC for 15 min. The stained samples were cut in a vertical direction and 

observed with a confocal laser microscope (Zeiss LSM 510 Meta, Germany). 

4.3.5 Cellular uptake of microspheres 

Cellular uptake experiment was carried out, as mentioned in 2.3.6. Firstly, 1 µL LipofectamineTM 2000 

solution and 0.1 µL Fluoresbrite carboxylate microspheres were diluted in 100 µL Opti-MEM medium, 

respectively. After incubation for 5 minutes, microspheres solution was poured into LipofectamineTM 2000 

solution to form cationic liposome/FITC-labeled microsphere complexes. The complexes were further 

incubated for 30 minutes and used for the following experiments. 25 cells from each sample and five 

independent samples were used for measurement to calculate mean and standard deviation.  

4.3.6 DNA synthesis activity by BrdU staining 

BrdU staining was used to indicate DNA synthesis activity, as mentioned in 2.3.7. The cells were 

incubated with monoclonal mouse anti-BrdU primary antibody at room temperature for 1.5 hours and 

followed by incubation with Alexa Fluor-488 donkey anti-mouse IgG antibody (1:1000 in PBS) in the dark 

for 1 hour. Nucleus was stained by Hoechst 33258 for 10 minutes at room temperature. The stained cells 

were observed with a fluorescence microscope and BrdU positive cells were counted. The percentage of 

BrdU positive cells to the total cells was calculated. More than 200 cells from each sample and five 

independent samples were used for the experiments to calculate mean and standard deviation.  

4.3.7 Fluorescent staining of actin filaments and immunofluorescent staining of actinin and 

myosin 

After 24 hours culture on micropatterns, hMSCs were washed and fixed in the same way as that 

described in immunofluorescent staining of vinculin. After PBS washing, the cells were used for staining of 

actinin and myosin by incubation with their respective antibodies at 4°C overnight. Mouse anti-actinin 

antibody (1:100 in BSA, catalog number: ab9465, Abcam, USA) and rabbit anti-myosin IIA antibody (1:100 

in BSA, catalog number: M8064, Sigma-Aldrich Co. LLC., USA) were used as the respective first antibodies. 

After being rinsed with 0.02% Tween-20 and PBS solution for 3 times, the cells were incubated with the 

second antibody, Alexa Fluor 488 labeled donkey anti-mouse IgG antibody (1:1000 in PBS) for actinin and 

Alexa Fluor-488 labeled donkey anti-rabbit IgG antibody (1:1000 in PBS) for myosin, at 37°C in the dark for 

1 hour. In addition, nucleus and actin filaments were stained with Hoechst 33258 (1:1000 in PBS) at room 

temperature for 10 minutes and Alexa Fluor-594 phalloidin (1:40 in PBS) in the dark for 20 minutes. The 

fluorescent images were obtained by an Olympus fluorescence microscope.  
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4.3.8 Measurement of cell stiffness 

AFM was used to measure cell stiffness, as mentioned in 3.3.3. 10 cells were selected for each 

micropattern and 20 force-distance curves for each cell were analyzed. The average Young’s modulus of 10 

cells was calculated as mean and standard deviation. The micropatterned cells after treatment with 

cytochalasin D or blebbistatin were also used for the same measurements to investigate the influence of 

cytoskeleton on cell stiffness. 

4.3.9 Statistical analysis 

The data were presented as mean ± standard deviation (SD) in Microsoft Excel. Significant difference 

of the results was performed by one-way ANOVAs with a Tukey’s post-test for multiple variables and the 

confidence level was defined as 0.05 for all statistical results by using a KyPlot 5.0 software. The significant 

difference was considered when p < 0.05. 

4.4 Results  

4.4.1 Characteristics of micropatterns 

The micropatterns were prepared by photo-grafting the azidophenyl-derived photo-reactive PVA 

(AzPhPVA) onto TCPS surfaces through a photomask. The dark regions in the photomask were not 

transparent for UV light (Figure 4.1a) and the TCPS surfaces under the dark regions remained un-modified. 

These regions were bare TCPS surfaces allowing cell adhesion (Figure 4.1b). The transparent regions in the 

photomask allowed photo-grafting of AzPhPVA under UV irradiation, which regions did not support cell 

adhesion. The photomask micropatterns had large and black circles with a diameter of 40, 60 and 80 µm, or 

the same large circles composed of 2 µm-diameter dark microdots. The area of large circles in the same row 

was the same, while the total surface area of the dark microdots in the same column was the same. The 

prepared micropatterns showed the same micropatterning structure as that of the designed photomask (Figure 

4.1b). Cells cultured on the micropatterns were allowed to adhere only on TCPS surface regions, not on PVA 

surface regions. Therefore, the micropatterns in the same row could allow cells to have the same spreading 

area, but different adhesion area. In contrast, the micropatterns in the same column could allow cells to have 

the same adhesion area, but different spreading area. By using the micropatterns, cell spreading and adhesion 

areas could be independently controlled. S1256, S2826, and S5024 in Figure 4.1 indicated that cells on the 

micropatterns could spread to have an area of 1256, 2826 and 5024 µm2, while A1256, A2826, and A5024 

indicated cells could have an adhesion area of 1256, 2826 and 5024 µm2.  
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Figure 4.1 Characterization of micropatterns. (a) Phase-contrast micrographs of photomask. Scale bar: 50 

µm. (b) Phase-contrast micrographs of the micropatterns. Scale bar: 50 µm. (c) AFM scanning height image 

(top) and section view (down) of a representative micropattern with an adhesion area of 2826 µm2 and a 

spreading area of 5024 µm2. (d) AFM 3D view of the micropattern shown in (c). 

Table 4.1 Measured parameters of the micropatterns. Data represent the mean ± SD (n = 3). 

Pattern types 
S1256 

A1256 

S2826 

A1256 

S2826 

A2826 

S5024 

A1256 

S5024 

A2826 

S5024 

A5024 

Spreading area 

(µm2) 
1268.6±25.4 2863.8±47.6 2835.4±66.5 5112.3±50.8 5061.8±63.2 5074.3±191.2 

Adhesion area 

(µm2) 
1268.6±25.4 1384.7±276.4 2835.4±66.5 1281.2±135.1 2969.1±296.7 5074.3±191.2 

Size of microdots 

(µm) 

 

2.1±0.3 

 

2.0±0.2 2.1±0.1 

 

Distance between 

microdots (µm) 

 

1.6±0.1 

 

2.4±0.7 1.0±0.3 

 

PVA thickness (nm) 40.4±2.0 40.2±1.0 41.1±0.9 40.1±1.3 40.0±1.0 40.5±1.4 
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Each type of micropatterns was further characterized by AFM (Figure 4.1c, d). The AFM scanning 

images clearly showed the formation of microdots and micropattern structures. The microdot size, large 

circle size, distance between the microdots and PVA thickness were measured from the images (Table 4.1). 

Microdot size and large circle size were used to calculate the adhesion area and spreading area of each 

micropattern (Table 4.1). The spreading area, adhesion area, diameter of microdots and distance between 

microdots were almost the same as those of designed photomask. The thickness of photo-grafted PVA layers 

in each micropattern was also measured and shown in Table 4.1. The thickness of PVA graft layers was ~40 

nm. 

4.4.2 Cell morphology on micropatterns 

To enhance cell attachment on micropatterns, fibronectin was coated on the micropatterns. 

Immunological staining showed that fibronectin was absorbed on the TCPS regions of the micropatterns 

(Figure 4.2). hMSCs were seeded and cultured on the micropatterns. After 24 hours culture, the cells adhered 

on the micropatterns and showed the same morphology as that of the large circles (Figure 4.3a). The results 

indicated that the area of large circles in the micropatterns could allow cells to fully spread to cover all the 

surface area and could restrain the cells in the large circles. The spreading area of the cells could be well 

controlled by the area of the large circles. Further, the percentage of micropattern circles occupied by cells 

and the percentage of single cell occupation were calculated by nuclei staining. More than 40% of the 

micropattern circles were occupied by hMSCs and the percentage of single cell occupation was over 60%. 

 

Figure 4.2 Representative fluorescence images of fibronectin-coated micropatterns observed by a 

fluorescent microscope. Scale bar: 50 µm. 

4.4.3 FAs assembly on micropatterns 

Cells can assemble focal adhesions (FAs) at the interface of cells and substrates [40]. Vinculin is 

associated with FAs and adhesion junctions. Vinculin was stained to investigate adhesion function of hMSCs 

on the micropatterns. Immunological staining results showed that FAs formation of hMSCs was confirmed 

for the cells cultured on all the micropatterns (Figure 4.3b). The cells having large adhesion area assembled 

fiber-like FAs, while those having small adhesion area had little influence on FAs organization even though 

the cells had large spreading area. The results indicated that FAs development was dominantly regulated by 
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cell adhesion area rather than spreading area. The total area and average size of FAs were measured by using 

a step-by-step quantitative analysis in an ImageJ software (Figure 4.3c, d). Both total area and average size 

of FAs increased significantly with increasing adhesion area, while spreading area did not have evident 

influence. The cells on A5024/S5024 micropatterns formed the most FAs (over 600 µm2), twice larger than 

that of the cells on micropatterns having the smallest adhesion area (A1256/S1256, A1256/S2826 and 

A1256/S5024). The average size of FAs in the cells on A5024/S5024 micropattern was about 5 µm2 while 

that on micropatterns having the smallest adhesion area (A1256/S1256, A1256/S2826 and A1256/S5024) 

was below 2 µm2. Therefore, FAs formation was closely correlated with cell adhesion area, rather than cell 

spreading area. 

 

Figure 4.3 (a) Phase-contrast micrographs of hMSCs cultured on the micropatterns for 24 hours. The low 

magnification images show cell adhesion and distribution (bright dots) on the micropatterns. Scale bar: 500 

µm. The inserts are the high magnification of representative images of micropatterned cells. Scale bar: 50 

µm. (b) Representative images of stained FAs (green fluorescence) in the micropatterned hMSCs. Nucleus 

was stained blue. Scale bar: 50 µm. (c) Total area and (d) average size of FAs. Data represent the mean ± SD 

(n = 25), N.S. represents no significant difference, *p < 0.05, **p < 0.01, ***p < 0.001. 
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4.4.4 Influence of cell adhesion and spreading areas on gene transfection 

 

Figure 4.4 Influence of cell spreading and adhesion areas on gene transfection of hMSC cultured on the 

micropatterns and non-micropatterned TCPS. (a) Representative images of green GFP positive cells. The 

green GFP positive cell at the lower left is the representative image of hMSCs on the TCPS surface without 

micropatterns. Scale bar: 50 µm. (b) Gene transfection efficiency. Data represent the mean ± SD (n = 5), N.S. 

represents no significant difference, *p < 0 .05, **p < 0.01. 

After hMSCs were cultured with cationic lipoplexes for 24 hours, the cells expressing GFP proteins 

were observed with a fluorescent microscope. The transfected cells expressed green fluorescence as shown in 

Figure 4.4a. The percentage of transfected cells was calculated by dividing the number of transfected cells 

with total cell number (Figure 4.4b). The percentage of transfected cells increased significantly with cell 

adhesion area, while remained at the same level for cells having different spreading areas but the same 

adhesion area. The cells with an adhesion area of 5024 µm2 had the highest gene transfection efficiency 

(over 10%), which was almost twice higher than that of cells with an adhesion area of 1256 µm2. In addition, 

hMSCs were seeded on the fibronectin-coated TCPS surfaces as control group. Gene transfection efficiency 

of the cells on fibronectin-coated TCPS surface was compared with that of cells on A1256/S1256, 

A2826/S2826 and A5024/S5024 micropatterns. Further, gene transfection was performed in hMSCs of 

another two batches (lot number: 18TL312488 and 18TL113327) to confirm that transfection efficiency was 

affected by cell adhesion area, rather than cell spreading area. The results indicated that cell adhesion area 

had a dominant effect on gene transfection, while cell spreading area had little effect. 

It has been reported that lipofectamine/pDNA complexes may be cytotoxic with increasing 

lipofectamine concentration [41]. In order to investigate the influence of lipoplexes on cell viability, the cells 

on the micropatterns before and after gene transfection were stained with calcein-AM and propidium iodide 

to visualize living cells and dead cells. 92.6~97.6% of the cells on the micropatterns were alive. Cell viability 

on all the micropatterns was very high. Living cell percentage before and after gene transfection was not 

significantly different. The results suggested that plasmid/lipofectamine lipoplexes did not show an obvious 

influence on cell viability. 

Furthermore, gene transfection was carried out after treatment with actin filaments or myosin inhibitor 

(Figure 4.5). Few cells after inhibitor treatment were detected positive for GFP fluorescence, suggesting few 

cells after inhibitor treatment were transfected with the GFP genes. The results indicated that cytoskeletal 
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structures played an important role in regulating gene transfection. 

 

Figure 4.5 Influence of actin (Cyto D) or myosin (Bleb) inhibitor treatment on gene transfection. 

Representative fluorescence images of hMSCs cultured on the micropatterns after treatment with (a) 

cytochalasin D or (b) blebbistatin. Top row is the representative images at a low magnification (scale bar: 

500 µm) and bottom row is those at a high magnification (scale bar: 50 µm). Transfected cells expressed 

GFP (green). Actin filaments and nucleus were stained red and blue, respectively. (c) Ratio of GFP positive 

cells to the total cells. 

4.4.5 Cellular uptake of FITC-labeled microspheres 

Cellular uptake of exogenous genes should be one of the aspects that affect gene transfection. Therefore, 

FITC-labeled microspheres were used to replace plasmids to investigate cellular uptake capacity. The 

FITC-labeled microspheres were incorporated into the lipoplexes for the transfection experiment. 

Fluorescence microscopy observation showed that the green FITC-labeled microspheres were observed in 

hMSCs on the micropatterns (Figure 4.6a). Quantification of total fluorescent yield of FITC in each cell 

showed that fluorescence yield significantly increased with increasing cell adhesion area, while did not 

change with cell spreading area (Figure 4.6b). The fluorescence yield of FITC on micropatterns having an 

adhesion area 5024 µm2 was almost twice higher than that on micropatterns having an adhesion area 1256 

µm2. The results indicated that cell adhesion area had a correlative relationship with the uptake of exogenous 

microspheres, while cell spreading area did not affect the uptake. Therefore, high uptake capacity of large 

cell adhesion area should be one of the reasons for its promotive influence on gene transfection. 



 

 

70 

 

 

 

 

Figure 4.6 Cellular uptake capacity of FITC-labeled microspheres in hMSCs cultured on the micropatterns. 

(a) Representative fluorescence images of hMSCs showing cellular uptake of green FITC microspheres 

(green fluorescence). Nucleus and actin filaments were stained blue and red, respectively. Scale bar: 50 µm. 

(b) Total fluorescence yield of FITC in the micropatterned hMSCs. Data represent the mean ± SD (n = 25), 

N.S. represents no significant difference, **p < 0.01, ***p < 0.001. 

4.4.6 DNA synthesis activity of hMSCs on micropatterns 

 

Figure 4.7 DNA synthesis activity of hMSCs cultured on the micropatterns. (a) Representative fluorescence 

images of nucleus (blue) and BrdU (green) staining. Scale bar: 200 µm. (b) Percentage of BrdU positively 

stained hMSCs. Data represent the mean ± SD (n = 5), N.S. represents no significant difference, *p < 0.05, 

**p < 0.01. 

DNA synthesis activity is another important aspect for transfection and expression of exogenous genes. 

DNA synthesis activity of hMSCs cultured on the micropatterns was investigated by BrdU staining (Figure 

4.7a). The single cell number with positive BrdU staining was counted and its percentage to the total cell 



Chapter 4 

 
71 

 

 

 

number was calculated (Figure 4.7b). The percentage of positively stained cells increased significantly with 

cell adhesion area. The positively stained cells with an adhesion area of 5024 µm2 were two folds higher than 

those with an adhesion area of 1256 µm2 even the cells presented the same spreading area of 5024 µm2. The 

percentage of positively stained cells with the same adhesion areas remained almost unchanged even cell 

spreading area increased. The results suggested that DNA synthesis activity of the micropatterned cells was 

dominantly regulated by cell adhesion area, while hardly affected by cell spreading area. High DNA 

synthesis activity should facilitate the expression of transfected GFP gene. 

4.4.7 Cytoskeletal structures of hMSCs on micropatterns 

 

Figure 4.8 Assembly of cytoskeletal structures of hMSCs cultured on the micropatterns. (a) Staining of actin 

filaments (red), actinin (green) and nucleus (blue). Scale bar: 50 µm. (b) Staining of actin filaments (red), 

myosin (green) and nucleus (blue). The white arrows show the fiber-like myosin structures in the 

micropatterned cells. Scale bar: 50 µm. 
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Cytoskeleton not only serves as cellular framework, but also plays an important role in regulating cell 

functions [29, 42-45]. The micropatterns might affect gene transfection through the regulation of 

cytoskeleton structures. Therefore, actin filaments and their binding proteins, actinin and myosin, were 

stained to investigate the change of cytoskeleton when hMSCs were cultured on the micropatterns (Figure 

4.8). Interestingly, hMSCs with a large adhesion area assembled actin filaments in both radius and concentric 

directions. It has been reported that actinin can bond with the end of actin fibers and gather the fibers 

together to weave actin filaments into intercalated disc of cell membrane [46, 47]. Actinin staining showed 

that fiber-like actinin structures were observed in cells with a large adhesion area. However, well-organized 

actin filaments were hardly observed and fiber-like actinins disappeared in cells with a small adhesion area 

even the cells had a large spreading area (Figure 4.8a).  

Myosin staining showed that fiber-like myosin structures were formed in cells with a large adhesion 

area of 2826 and 5024 µm2, marked by white arrows (Figure 4.8b). The cells arranged the fiber-like myosin 

structures in both radius and concentric directions similar to actin filaments and actinin distribution. The 

merged actin and myosin images disclosed the co-localization of fiber-like myosin structures and actin 

filaments in the cells with a large adhesion area, indicating that punctuated myosin was always bonded to 

actin filaments. However, small adhesion area did not show evident effect on formation of fiber-like myosin 

structures even the spreading area was large. The results together with vinculin staining results suggested 

that cell adhesion area affected cytoskeleton organization more strongly than did cell spreading area. 

4.4.8 Young’s modulus of hMSCs on micropatterns 

After hMSCs were cultured on the micropatterns for 24 hours, the mechanical assay was conducted to 

obtain Young’s modulus of the cells. The results showed that cell stiffness increased from 1.0 to 1.6 kPa with 

increasing cell adhesion area, while did not change with cell spreading area (Figure 4.9a). The high stiffness 

of cells with large adhesion area should be due to their well-developed actin and myosin structures as shown 

above. Young’s modulus of the micropatterned cells after treatment with cytochalasin D and blebbistatin was 

measured to verify the influence of actin and myosin formation on cellular mechanics. After treatment by 

actin filaments or myosin inhibitor, the actin filament and myosin staining images showed that fiber-like 

structures disappeared in all the micropatterned cells. The Young’s modulus of cells after treatment with the 

inhibitors decreased to 0.8-1.0 kPa (Figure 4.9b, c). All the treated cells showed lower Young’s modulus than 

did their respective cells before treatment. Interestingly, Young’s modulus of cells with a large adhesion area 

showed a bigger decrease (decreasing by 0.6 kPa) than did the cells with a small adhesion area. Disturbance 

of cytoskeleton decreased cell stiffness, demonstrating the strong relationship between cell stiffness and 

cytoskeleton structure. 

4.4.9 Mechanotransduction of hMSCs on micropatterns 

It has been reported that cells can transduce their cytoskeletal tension into nuclei to affect cell functions 

including differentiation and uptake through the mechanotransduction process [36]. Yes-associated protein 

(YAP) and transcriptional coactivator with PDZ-binding motif (TAZ) serve as the mechanical sensor and 

signal mediator in Hippo pathway [48]. Nuclear localized YAP/TAZ has been considered as a primary 

regulatory component managing gene expression of hMSCs in response to biophysical stimuli [49]. 

Therefore, staining of YAP/TAZ was conducted to show the mechanotransduction signals in the 

micropatterned hMSCs. Cell nucleus was co-stained with YAP/TAZ (Figure 4.9d). The cells on the A5024 
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and A2826 micropatterns showed obvious nuclear localization of YAP/TAZ, while the cells on the A1256 

micropatterns showed more distribution of YAP/TAZ in cytoplasm. Further quantitative analysis of nuclear 

localization of YAP/TAZ is shown in Figure 4.9e. The percentage of cells with obvious nuclear YAP/TAZ 

location increased from 20% to 60% and 73% when the cell adhesion area increased from 1256 µm2 (A1256) 

to 2826 (A2826) and 5024 (A5024) µm2. However, the percentage remained at the same level when cell 

spreading area increased from 1256 to 5024 µm2 if cell adhesion area did not change. The results suggested 

that cell adhesion area could affect cell functions through nuclear YAP/TAZ localization, while cell 

spreading area did not affect nuclear YAP/TAZ localization. 

 

Figure 4.9 Young’s modulus of hMSCs cultured on the micropatterns before (a) and after treatment with 

actin (b, Cyto D) or myosin (c, Bleb) inhibitor. Data represent the mean ± SD (n = 10), N.S. represents no 

significant difference, *p < 0.05, **p < 0.01, ***p < 0.001. (d) Representative fluorescence staining images 

of YAP/TAZ (green) and nucleus (blue). The dashed white lines show the contours of cells. Scale bar: 50 µm. 

(e) Percentage of micropatterned hMSCs with local accumulation of nuclear YAP/TAZ. Data represent the 

mean ± SD (n = 5), N.S. represents no significant difference, *p < 0.05, ***p < 0.001. 

4.5 Discussion 

Microfabrication techniques open an accessible door to control single cell morphology [28-36]. Many 

researches have shown that cell morphology can affect cell functions such as cell adhesion, spreading, 

proliferation, apoptosis and differentiation [50-52]. However, the influence of cell morphology on gene 

transfection remains exclusive. In particular, it is not clear how cell adhesion and spreading areas affect 
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exogenous gene transfection. Therefore, micropatterns were designed to separate cell adhesion and spreading 

areas (Figure 4.1) and their influence on the transfection of exogenous genes was compared. 

GFP encoded exogenous plasmid was applied to investigate the effect of cell adhesion and spreading 

areas on gene transfection. The transfected hMSCs could express GFP and therefore be observed by a 

fluorescence microscope (Figure 4.4a). The difference in gene transfection efficiency was confirmed when 

cell adhesion area changed. The efficiency increased significantly with increasing of cell adhesion area, 

while it was not affected by cell spreading area (Figure 4.4b). The results could be explained by the high 

uptake capacity and DNA synthesis activity of hMSCs having a large adhesion area. Cellular uptake capacity 

of exogenous microparticles increased with cell adhesion area, while cell spreading area did not affect 

cellular uptake capacity (Figure 4.6). DNA synthesis activity also increased with cell adhesion area, while 

was not affected by cell spreading area (Figure 4.7). The gene transfection efficiency had a good correlation 

with cellular uptake capacity and DNA synthesis activity.  

These results should be due to the different cytoskeleton organization and mechanotransduction of 

hMSCs when their spreading area and adhesion area were regulated by different micropatterns. The 

micropatterned hMSCs wove their actin cytoskeleton and the bonding protein actinin in radius or concentric 

directions. The fiber-like actinin and actin were well organized in the cells with large adhesion area but less 

organized in the cells with small adhesion area, which was independent on cell spreading area (Figure 4.8a). 

Actinin can enable to organize the thick actin bundles onto the intercalated disc in cell membrane to regulate 

cellular functions [29]. Myosin is an ATP-dependent motor protein in eukaryotes [53]. One side of myosin is 

connected to contractive vertical stress fibers and transverse arcs as the mechanical anchor to take charge of 

actin motility and the other side can combine with exogenous cargos to mediate cell uptake [45, 54]. Thus, 

myosin plays a fatal role in regulating cytoskeletal contractility and cellular internalization. The fiber-like 

myosin structures were formed in the large adhesion area cells but rarely found in the small adhesion area 

cells, while myosin structures had no significant difference when cell spreading area changed (Figure 4.8b).  

The fiber-like myosin structures are capable to induce cytoskeletal tension [55]. Young’s modulus of the 

micropatterned hMSCs increased significantly with increasing of cell adhesion area, while was not affected 

by cell spreading area (Figure 4.9a). After treatment with actin filament or myosin inhibitor, Young’s 

modulus decreased and showed no significant difference among all the micropatterned cells (Figure 4.9b, c). 

Few of the treated cells could be transfected with exogenous genes. The results confirmed that 

well-organized actin filaments and fiber-like myosin structures were required for cellular mechanics and 

regulation of gene transfection.  

FAs structure is also efficient in the regulation of cellular uptake capacity [53, 56]. FAs are an intimate 

bonding between actin filaments and integrins on plasma membrane and act as the anchors between cells and 

ECMs [35, 57]. They are also regarded as the mechanosensor for extracellular stimuli to regulate the 

expression of FA-related genes and RhoA GTPase activity [58]. The morphologic diversity induced by 

different spreading and adhesion area in this study might intertwine FAs, cytoskeleton and related proteins 

together to affect cellular uptake. Vinculin was stained to show FAs formation. Fiber-like mature and large 

FAs (5 µm2) were formed in cells with large adhesion area, while small FAs complexes (< 2 µm2) were 

formed in the cells with small adhesion area even if the spreading area was large (Figure 4.3).  

Organization of cytoskeleton can generate mechanotransduction signals to affect cell activity [48, 59]. 

The mechanotransduction signal, YAP/TAZ, showed different activation in the micropatterned hMSCs 

(Figure 4.9d). YAP/TAZ was mainly localized in nuclear region of the cells with large adhesion area, while 

was almost diffused in cytoplasm in the cells with small adhesion area even the cells had large spreading 

area (Figure 4.9e). The results should be due to the different intracellular tension in the micropatterned cells. 

Some studies have shown that change of YAP/TAZ transcriptional activity can be induced by diversified cell 
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mechanics and therefore modulate cell functions [35, 48]. High intracellular tension facilitated the nuclear 

accumulation of YAP/TAZ in the cells with large adhesion area, while low tension induced YAP/TAZ in the 

whole cytoplasm in the cells with small adhesion area, which was independent on cell spreading area. Based 

on the results, a possible mechanism of influence of cell adhesion and spreading areas on gene transfection 

was proposed as shown in Figure 4.10. The cells with small adhesion area predominantly formed cortex actin 

at the periphery of cells, independent of cell spreading area. This could lead to weak cytoskeletal tension, 

YAP/TAZ dispersion in the cytoplasm and low DNA synthesis activity, therefore resulting in low transfection 

efficiency. On the other hand, cells with large adhesion area could develop well-organized cytoskeleton 

structures (actin, actinin and myosin). Strong cytoskeletal tension could induce YAP/TAZ nuclear 

localization and high cellular activity, thus resulting in high transfection efficiency. The promotive effect of 

cell adhesion area on gene transfection should provide some important information for therapeutic potential 

of non-viral gene therapies. Large adhesion area should be considered to achieve high transfection efficiency 

for such applications.  

 

Figure 4.10 Illustrative mechanism of influence of cytoskeleton structures on gene transfection of 

micropatterned hMSCs. The cells with small adhesion area predominantly formed cortex actin at the 

periphery of cells, independent of cell spreading area. This could lead to weak cytoskeletal tension, 

YAP/TAZ dispersion in cytoplasm and low DNA synthesis activity, therefore resulting in low transfection 

efficiency. On the other hand, cells with large adhesion area could develop well-organized cytoskeleton 

structures (actin, actinin and myosin). Strong cytoskeletal tension could induce YAP/TAZ nuclear 

localization and high cellular activity, thus resulting in high transfection efficiency. 
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4.6 Conclusions 

PVA micropatterns on TCPS surfaces were prepared and used for the culture of hMSCs to 

independently separate adhesion and spreading areas of hMSCs. Influence of cell adhesion and spreading 

areas on transfection of exogenous genes was compared on the micropatterns. Cell adhesion area showed 

dominant influence on gene transfection, while cell spreading area did not affect gene transfection. The high 

transfection efficiency of the cells having large adhesion area should be due to their high uptake capacity and 

DNA synthesis activity through FAs formation, cytoskeletal mechanics and YAP/TAZ nuclear localization. 

The results will provide some useful information for understanding of transfection mechanism and 

development of new transfection techniques.  
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Chapter 5 

Chirality of focal adhesions and cytoskeletons controlled by 

micropatterns and their influences on gene transfection of 

mesenchymal stem cells 

 

 

 

5.1 Abstract  

Cell chirality has been demonstrated to be important for controlling cell functions. However, it is not 

clear how the chirality of the extracellular microenvironment regulates cell adhesion and cytoskeletal 

structures and therefore affects gene transfection. In this study, the chirality of focal adhesions and the 

cytoskeleton of single hMSCs was controlled by specially designed micropatterns, and its influence on gene 

transfection was investigated. Micropatterns with different cell adhesion areas and swirling stripe lines were 

prepared by micropatterning fibronectin on polystyrene surfaces. The chiral micropatterns induced the 

formation of chiral focal adhesions and chiral cytoskeletal structures. Gene transfection efficiency was 

enhanced with increasing adhesion area, while hMSCs on left-handed and right-handed swirling 

micropatterns showed the same level of gene transfection. When the swirling angle was changed from 0°, 

30°, and 60° to 90°, the gene transfection efficiency at a swirling angle of 60° was the lowest. The influence 

of cell chirality on gene transfection was strongly associated with cellular uptake capacity, DNA synthesis 

and cytoskeletal mechanics. The results demonstrated that cytoskeletal swirling had a significant influence 

on gene transfection. 

5.2 Introduction 

Chirality is a general phenomenon in nature. Cell chirality is important for the left-right asymmetric 

development of organisms, and breaking chirality may result in mortality or diseases [1-6]. Molecular 

chirality and structures with nano and microchirality have been designed to regulate cell chirality and 

functions [7-11]. A variety of cells have been shown to sense enantiomorphous structures with different 

responses [12, 13]. Chiral preference of cell adhesion has been reported for the enantiomers of calcium 

tetrahydrate crystals [14]. Rat embryonic cerebral cells showed better adhesion on poly-L-lysine-coated 

surfaces than on poly-D-lysine-coated surfaces [15]. Human neutrophils preferred to adhere on an 

L-(N-isobutyryl cysteine) surface rather than on a D-(N-isobutyryl cysteine) surface [16]. In addition to cell 
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adhesion, the differentiation of stem cells can also be affected by chiral surfaces. Rat bone marrow-derived 

mesenchymal stem cells under confluent conditions showed preferential osteogenic differentiation on a 

D-cysteine monolayer and adipogenic differentiation on an L-cysteine monolayer [17]. In addition to 

chirality of 2D surface structures, chirality in 3D extracellular matrices has been recently reported to affect 

cell functions [18]. Chiral 3D nanofiber scaffolds prepared from enantiomers of left-handed 

4-benzenedicarboxamide phenylalanine (L-ph) and right-handed D-ph derivatives showed different effects 

on stem cell differentiation. The left-handed nanofiber scaffold facilitated osteogenic differentiation and in 

vivo osteogenesis, while the right-handed nanofiber scaffold facilitated adipogenic differentiation and in vivo 

adipogenesis [18]. 

Cells interact with surfaces and interfaces through adsorbed proteins. Chiral surface structures can 

affect protein adsorption, which has been considered one of the prominent causes of the effect of chirality on 

cell functions [19-26]. Preferable adsorption of proteins on an L-cysteine monolayer was shown to result in 

enhanced cell spreading [27]. L929 fibroblasts in serum-free medium showed no preference for chiral 

surfaces of self-assembled L-cysteine or D-cysteine. However, L929 fibroblasts in serum medium preferred 

to adhere to the self-assembled L-cysteine surface due to the enhanced protein adsorption on the L-cysteine 

surface [27]. It has been reported that left-handed nanofibers can promote the adsorption of ligands such as 

fibronectin, therefore facilitating integrin α5 binding and enhancing focal adhesion formation to regulate 

downstream mechanoresponses for osteogenesis [18]. Human serum albumin showed preferable adsorption 

on self-assembled nanofibers of gelators bearing amphiphilic L-glutamide and D-pantolactone than on those 

bearing amphiphilic L-glutamide and L-pantolactone [28]. 

Although cells can sense chiral structures and demonstrate differential behaviors on chiral surfaces or 

scaffolds through adsorbed proteins, it is not clear how the adsorbed proteins on chiral surface structures 

affect the cytoskeleton and therefore regulate cell functions. Directly controlled chirality of adsorbed 

proteins on micropatterned surfaces can be used to investigate the effect of chirality on cytoskeletal 

organization and cell functions. In addition to cell adhesion and differentiation, transfection of exogenous 

genes is an important process for gene therapy, protein production and stem cell establishment. The influence 

of cell chirality on gene transfection has not been investigated. Therefore, in this study, we prepared chiral 

fibronectin micropatterns to determine the cell interactions with chiral protein micropatterns and their 

influence on gene transfection efficiency. The chiral micropatterns of fibronectin induced the formation of 

chiral focal adhesions and the chiral organization of actin filaments. The influence of cytoskeletal chirality 

on mesenchymal stem cell gene transfection was disclosed. 

5.3 Materials and methods 

5.3.1 Preparation and characterization of micropatterns  

Micropatterns with alternate stripes of PVA and polystyrene were prepared by micropatterning PVA 

stripes on TCPS discs through photolithography (Figure 5.1). A photoreactive derivative of PVA was 

synthesized by introducing the azidophenyl group of 4-azidobenzoic acid to PVA as mentioned in 2.3.2. An 

aqueous solution of AzPhPVA was coated onto the central area of TCPS discs that were cut from TCPS 

flasks. After air-drying in the dark for 12 h, a PVA thin layer was formed on the TCPS discs. The 

AzPhPVA-coated polystyrene discs were covered with a predesigned photomask with alternate stripes of 

UV-transparent and nontransparent regions. The width of the nontransparent stripes was 2 μm. The swirling 

angle of the stripes was 0°, 30°, 60° and 90°, and the swirling direction was left- or right-handed. After 
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exposure to UV light, the discs were ultrasonically rinsed in Milli-Q water to absolutely remove uncreated 

AzPhPVA. After washing, the micropatterns were obtained. 

Images of the micropatterns were captured by a phase-contrast microscope. Atomic force microscopy 

with a commercial cantilever was used to characterize the micropatterns. The parameters of micropatterns 

were calculated by analyzing the cross section of each type of micropattern. Every three micropatterns were 

analyzed and used to calculate the mean and standard deviation (SD). 

Fibronectin was allowed to adsorb on the micropatterns. The absorbed fibronectin was visualized by 

immunological staining. The fibronectin-absorbed micropatterns were incubated with mouse anti-fibronectin 

antibody for 1.5 h. The micropatterns were incubated in Alexa Fluor-488-labeled donkey anti-mouse IgG 

antibody for 1 h. The stained micropatterns were observed by a fluorescence microscope. 

5.3.2 Cell culture 

Fibronectin micropatterns were used for culture of hMSCs as mentioned in 2.3.3. hMSCs at passage 4 

were dropped onto the micropatterns. After incubation for 6 h, the glass rings were removed, and the cells 

were further cultured at 37°C in a 5% CO2 incubator for 18 h. Cell morphology was observed and captured 

by a phase-contrast microscope with a DP-70 CCD camera. 

5.3.3 Immunological staining of vinculin and cytoskeleton 

After incubation at 37°C in a 5% CO2 incubator for 24 h, the micropatterned cells were fixed with 4% 

paraformaldehyde for 10 min and permeabilized with Triton X-100 for 10 min. For vinculin staining, the 

cells were incubated with mouse anti-vinculin antibody and Alexa Fluor-488-labeled donkey anti-mouse IgG 

antibody, as mentioned in 4.3.3. The stained cells were captured by a confocal laser scanning microscope 

(Zeiss LSM 510, Germany). The fluorescent images were converted to 16 bit images, and peripheral vinculin 

length was analyzed. The peripheral vinculin orientation angle was measured by using ImageJ software. For 

cytoskeleton staining, the fixed cells were blocked with 2% BSA for 30 min. Actin filaments were stained 

with Alexa Fluor-488 phalloidin (1:40 in PBS) in the dark for 20 min, followed by 3 PBS washes. The 

samples were dried in the dark and mounted with Vectashield®. The stained cytoskeleton was observed by a 

fluorescence microscope with a DP-70 CCD camera. The cell spreading area was analyzed based on actin 

cytoskeleton staining. Five independent experiments (five cells from each independent experiment) were 

performed to calculate the mean and SD. 

5.3.4 Measurement of cellular stiffness 

AFM with a point-contact nanoindentation system was used to measure the cellular stiffness of the 

micropatterned hMSCs, as mentioned in 3.3.3. The living cells were directly measured by nanoindentation to 

analyze cellular stiffness. The highest point of cells was observed by a phase-contrast microscope and 

connected with the silica sphere of the cantilever with a diameter of 600 nm. All samples were measured 

within 2 h to maintain cellular viability. After measurement, Young’s modulus was analyzed from 

force-distance curves. Ten cells were measured for each type of micropattern, and 20 force-distance curves 

for each cell were analyzed. The average Young’s modulus of 10 cells was calculated as the mean and SD. 

To investigate the influence of actin disturbance on actin filaments and cell mechanics, we incubated 

micropatterned hMSCs with an actin inhibitor. After the cells were cultured on the micropatterns for 6 h, the 
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micropatterned hMSCs were treated with 0.2 μg mL-1 cytochalasin D (Cyto D) and further cultured in 

DMEM growth medium for 18 h. Actin filament staining and measurement of the cellular stiffness of the 

cytochalasin D-treated cells were conducted as described above. 

5.3.5 Gene transfection 

Gene transfection experiments were performed by using LipofectamineTM 2000 transfection reagent as a 

plasmid transmembrane vector, as mentioned in 2.3.5. The fluorescence intensity of GFP was analyzed using 

ImageJ software. The percentage of GFP-positive cells to the total number of cells was regarded as the 

transfection efficiency. Five independent experiments (cell number ≥ 200) were carried out to calculate the 

mean and SD. The micropatterned cells after treatment with cytochalasin D were also used for the gene 

transfection experiment by the same procedures. 

5.3.6 Cellular uptake of FITC-labeled microspheres 

Cellular uptake was investigated by using Fluoresbrite carboxylate microspheres with a diameter of 500 

nm. The cellular uptake experiment was performed, as mentioned in 2.3.6. The fluorescence intensity per 

unit area was calculated and further normalized to that of the cells on A3. Five independent experiments (25 

cells) were performed to evaluate the normalized fluorescence intensity per unit area and averaged to 

calculate the mean and SD. The micropatterned cells after treatment with cytochalasin D were also used for 

cellular uptake of FITC-labeled microspheres by the same procedures. 

5.3.7 DNA synthesis evaluation by BrdU staining  

DNA synthesis was analyzed by BrdU staining, as mentioned in 2.3.7. After BrdU and nuclei staining, 

the stained cells were observed by a fluorescence microscope. The fluorescent images were used to analyze 

the percentage of BrdU-positive cells to the total cells. Five independent experiments (cell number ≥ 200 

cells) were carried out to calculate the mean and SD. The micropatterned cells after treatment with 

cytochalasin D were also used for BrdU staining by the same procedures. 

5.3.8 Statistical analysis 

The data were analyzed in Microsoft Excel and are presented as the mean ± SD. Significant differences 

in the quantitative or fluorescent results were determined by one-way ANOVAs with Tukey’s post-test for 

multiple variables, and the confidence level was defined as 0.05 for all statistical results by using KyPlot 5.0 

software. A significant difference was considered when p < 0.05. 
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5.4 Results 

5.4.1 Preparation and characterization of micropatterns and cell morphology 

 

Figure 5.1 Flowchart for preparation of micropatterns with vertical, right-handed and left-handed swirling 

stripes of fibronectin on TCPS substrate and gene transfection of cationic liposome/plasmid complexes into 

hMSCs. 

The preparation scheme of micropatterns and application of the micropatterns for cell culture and gene 

transfection are shown in Figure 5.1. Micropatterns with alternate stripes of PVA and polystyrene were 

prepared by micropatterning PVA on TCPS discs. The stripes of PVA and polystyrene were straight, 

left-handed swirling or right-handed swirling. Ten types of photomask patterns were used for 

micropatterning (Figure 5.2a). The photomask patterns of A1, A2 and A3 had alternate UV-transparent and 

nontransparent dark stripes that were straight. The width of nontransparent dark stripes was 2 μm. The 

number of nontransparent dark stripes in A1, A2 and A3 was 30, 36 and 45, respectively. A4 was a dark 

circle pattern with a diameter of 60 μm. The photomask patterns of R1, R2 and R3 had alternate 

UV-transparent and nontransparent dark swirling stripes with right-handed swirling angles of 30°, 60° and 

90°, respectively. The counter photomask patterns (L1, L2 and L3) had the same parameters but were 

left-handed. The total area of nontransparent dark regions increased from A1, A2, A3 to A4. The total area of 

nontransparent dark regions in A3, R1-R3 and L1-L3 was the same. The nontransparent dark regions in the 

photomask reflected polystyrene regions allowing adsorption of fibronectin, which supported cell adhesion. 

Based on the design, the A1, A2, A3 and A4 micropatterns had an increase in the cell adhesion area. A3, 

R1-R3 and L1-L3 had the same cell adhesion area but different swirling angles and directions. R1-R3 were 

the enantiomorphous micropatterns of L1-L3. The size (outermost circle) of all the A1-A4, R1-R3 and L1-L3 

photomask patterns was 60 μm. Therefore, cell spreading could be controlled by the micropattern size, 
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suggesting that cell size could be controlled at the same level of 60 μm diameter. These micropatterns could 

be used to control cells with the same chirality but different adhesion areas (A1-A4), the same adhesion area 

but different swirling angles (A3 and R1-R3; A3 and L1-L3) or the same adhesion area and swirling angle 

but different swirling directions (R1 and L1, R2 and L2, R3 and L3). 

 

Figure 5.2 Characterization of photomasks and micropatterns. (a) Phase-contrast images of photomasks with 

different numbers of vertical, right-handed and left-hand swirling stripes. (b) Phase-contrast images of 

as-prepared micropatterns. Scale bar: 50 μm. (c) Height images (top) and section view (bottom) and (d) 3D 

images of the micropattern with a right-handed swirling angle of 60°. 
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Figure 5.3 (a) Immunofluorescence staining images of fibronectin micropatterns. (b) Phase-contrast 

micrographs of micropatterned hMSCs. Scale bar: 50 μm. 

The photoreactive AzPhPVA molecules were grafted onto the TCPS through UV irradiation. The 

unreacted AzPhPVA molecules under the nontransparent dark photomask stripes were removed after washing. 

Microscopy observations showed the formation of micropatterns on polystyrene disc surfaces (Figure 5.2b). 

The white stripes were polystyrene micropatterns surrounded by a grafted PVA layer. Each type of 

micropattern was further characterized by AFM. The height view and 3D view of AFM scanning images 

clearly showed the structures of micropatterns (Figure 5.2c, d). The dark stripes in the AFM height and 3D 

images were polystyrene stripes, while the gray regions were PVA-grafted layers. The diameter of the 

outermost circles, width of polystyrene stripes and height (thickness) of the PVA-grafted layer were analyzed 

from the AFM images (Table 5.1). The diameter of the outermost circles and width of the polystyrene stripes 

were very close to those of the designed patterns of the photomask. The height of the PVA-grafted layer was 

between 38.5 and 41.1 nm. These results indicated that micropatterns were successfully prepared and had 

almost the same parameters as those of the photomask. 
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Table 5.1 Diameters, gap width of PVA stripes and height of PVA layer of the micropatterns. Data represent 

the mean ± SD, n = 3. 

Pattern types  

Number of cell 

adhesion 

stripes  

Diameter of large circle 

(μm)  

Gap width of PVA stripes 

(μm)  
Height of PVA 

layer (nm)  
Designed  Measured  Designed  Measured  

A
d

h
es

io
n

 a
re

a 
 

A1  30  60  59.3±0.3  2  2.4±0.3  40.1±1.6  

A2  36  60  60.2±0.8  2  2.1±0.2  38.5±1.5  

A3  45  60  60.4±0.9  2  2.2±0.1  38.6±0.6  

A4  full  60  61.7±1.8  
 

 

41.1±2.1  

R
ig

h
t 

ro
ta

ti
n

g
 

 

R1 (30o)  45  60  61.2±0.5  2  2.1±0.2  39.7±1.3  

R2 (60o)  36  60  60.9±0.5  2  2.0±0.1  40.1±1.3  

R3 (90o)  30  60  61.4±0.4  2  2.2±0.4  38.9±0.5  

L
ef

t 
ro

ta
ti

n
g

 
 

L1 (30o)  45  60  59.5±0.7  2  2.1±0.2 40.9±0.9 

L2 (60o)  36  60  60.2±1.4  2  2.0±0.1  40.7±0.8 

L3 (90o)  30  60  60.7±1.0  2  2.2±0.3  38.9±1.1 

 

Fibronectin was adsorbed on the micropatterned surfaces. Immunological staining showed that the 

adsorbed fibronectin showed exactly the same micropattern structures as the underlying micropatterns 

(Figure 5.3a). Fibronectin was absorbed on the polystyrene stripes, other than the PVA regions. It has been 

reported that polystyrene surfaces can support protein adsorption, while PVA can protect protein adsorption 

[33, 34]. The hMSCs were seeded on the fibronectin micropatterns. After incubation for 24 h, the cells 

attached to the micropatterns and spread along the micropatterns (Figure 5.3b). The cells occupied the 

micropatterns and had the same size as that of the micropatterns, suggesting that the morphology of hMSCs 

could be controlled by the micropatterns. 

5.4.2 Focal adhesion, cytoskeletal structure and cell stiffness on micropatterns  

Cells adhere to matrices through interactions between integrin and their ligands in the matrices by 

forming focal adhesions (FAs) [35, 36]. Upon adhesion, the cytoskeleton is reorganized to transfer signals 

from the matrix to the nucleus and therefore trigger a variety of cellular activities [37-40]. Vinculin is a 

dominant component of focal adhesion [41]. To investigate the formation of FAs and cytoskeletal structure, 

we immunologically stained vinculin and actin filaments in hMSCs cultured on micropatterns for 24 h. The 

formation of FAs was confirmed in all micropatterned cells (Figure 5.4a). In particular, fiber-like vinculin 

assembly structures were obviously observed along the adhesive stripes at the periphery of micropatterns. 

Furthermore, the peripheral vinculin length of micropatterned cells was measured (Figure 5.4b). The 

peripheral vinculin length significantly increased with increasing adhesive area from A1 to A4, while the 

cells showed the shortest peripheral vinculin length on R2 or L2 micropatterns. The left-handed and 

right-handed micropatterns did not significantly affect vinculin length. 

The FAs showed straightforward, right-handed and left-handed orientations on the A1-A3, R1-R3 and 

L1-L3 micropatterns, respectively. The peripheral vinculin orientation angle was analyzed from the stained 

images (Figure 5.4c). The vinculin orientation angle was 0.7° ± 6.1°, -1.3° ± 6.5°, -1.7° ± 8.0° and 0.4° ± 6.5° 

on the straightforward adhesion stripes (A1-A3) and A4, respectively. It was 32.1° ± 8.0° and 61.0° ± 6.7° on 
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R1 and R2 and -32.7° ± 6.9° and -58.4° ± 10.6° on L1 and L2, respectively. However, the angle changed to 

1.7° ± 8.9° and 0.0° ± 7.2° on R3 and L3, respectively. The results indicated that vinculin orientation 

followed the swirling lines on all the micropatterns except R3 and L3. On the R3 and L3 micropatterns, the 

peripheral points of the swirling lines were interconnected to form a circle, and vinculin was vertically 

oriented. The results indicated that FA chirality could be controlled by the absorbed fibronectin chirality on 

the micropatterns. 

 

Figure 5.4 Formation of focal adhesions in micropatterned hMSCs. (a) Representative vinculin staining 

images (green). Scale bar: 50 μm. (b) Peripheral vinculin length. (c) Peripheral vinculin orientation angles. 

Inserts show that right-handed vinculin is regarded as a positive angle, while left-handed vinculin is regarded 

as a negative angle. Data represent the mean ± SD (n = 10), N.S. represents no significant difference, *p < 

0.05, **p < 0.01, ***p < 0.001. 

Actin filaments, one of the major cytoskeletal components, have critical roles in mechanosensing and 

mechanotransduction processes [42, 43]. The actin filament structure of the micropatterned cells was 

investigated by immunological staining and observed by a fluorescence microscope (Figure 5.5a). The 

hMSCs cultured on the micropatterns developed cytoskeletal structures in both radial and concentric 

directions. The radial actin filaments were assembled in a straightforward, right-handed and left-handed 
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pattern along the underlying stripe swirling direction. Accompanying the increase in adhesion area from A1 

to A4, the assembly of actin filaments became more evident, both radially and concentrically. When the 

swirling angle was 0°, 30° and 90° (A3, R1, R3, L1 and L3), the cells showed intensive assembly of actin 

filaments. The cells on micropatterns with a swirling angle of 60° (R2 and L2) showed the weakest level of 

actin filament assembly. The hMSCs on the enantiomorphous micropatterns (either right-handed or 

left-handed) showed similar levels of actin filament assembly. Compared to those on the micropattern 

without stripes (A4), the cells on the micropatterns with stripes showed stronger assembly of actin filaments 

along the swirling stripes at the micropattern periphery. After treatment with an actin inhibitor (cytochalasin 

D), the assembled actin filaments disappeared in all micropatterned cells (Figure 5.5c). 

 
Figure 5.5 Influence of chiral micropatterns and swirling angles on cytoskeletal organization. (a) 

Representative fluorescence images of actin filament (green) staining of hMSCs cultured on micropatterns 

before (a) and after (c) the disturbance of actin inhibitor (cytochalasin D). Scale bar: 50 μm. (b) Young’s 

modulus of hMSCs cultured on micropatterns before (b) and after (d) the disturbance of actin inhibitor 

(cytochalasin D). Data represent the mean ± SD (n = 10), N.S. represents no significant difference, *p < 0.05, 

**p < 0.01, ***p < 0.001. 

Cytoskeletal structures are related to cell stiffness [44-46]. Cells with a highly organized cytoskeleton 

have high stiffness [30]. Therefore, the Young’s modulus of micropatterned hMSCs was measured by AFM 

nanoindentation (Figure 5.5b). The Young’s modulus of the micropatterned hMSCs increased with increasing 

cell adhesion area. The Young’s modulus of A3 and A4 cells was almost the same, which indicated that the 

A3 micropattern had a sufficient cell adhesion area for assembly of actin filaments to reach the same level as 

the A4 micropattern. When the chiral micropatterns were compared, the cells showed the lowest Young’s 
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modulus on R2 and L2 micropatterns that had a swirling angle of 60°. The Young’s modulus was most 

similar for the cells on the A3, R1, R3, L1 and L3 micropatterns. The stripe swirling direction did not affect 

the cellular Young’s modulus. After disturbance of the actin cytoskeleton with an actin inhibitor, the cellular 

Young’s modulus of all the micropatterned cells decreased to the same level (Figure 5.5d). The results 

indicated a close correlation between the actin cytoskeleton and cell stiffness. 

5.4.3 Influence of chirality and swirling angle on gene transfection 

 

Figure 5.6 Representative phase-contrast (top) and fluorescence (bottom) images of hMSCs cultured on the 

micropatterns. Scale bar: 200 μm. 
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Figure 5.7 Influence of chiral micropatterns and swirling angle on gene transfection. (a) Percentage of 

GFP-positive cells in all examined cells to show the gene transfection efficiency of micropatterned hMSCs. 

(b) Percentage of GFP-positive cells after treatment with actin inhibitor. Data represent the mean ± SD (n = 

5), N.S. represents no significant difference, *p < 0.05, **p < 0.01. 

hMSCs cultured on micropatterns were transfected with the pAcGFP1-N1 plasmid. The successfully 

transfected cells expressed green fluorescence proteins and were observed by a fluorescence microscope 

(Figure 5.6). Transfection efficiency was evaluated by calculating the percentage of GFP-positive cells in the 

total cell number (Figure 5.7a). The percentage of GFP-positive cells increased with increasing adhesion area 

(from A1 to A4). When the cell adhesion area was controlled at the same level (A3, R1-R3 and L1-L3), the 

gene transfection efficiency decreased at first and then increased as the swirling angle of the stripes changed 

from 0° to 90°. The hMSCs on the micropatterns with a swirling angle of 60° had the lowest transfection 

efficiency. The hMSCs on the micropatterns with swirling angles of 0°, 30°, and 90° had the same level of 

transfection efficiency. When the hMSCs on micropatterns with right-handed or left-handed swirling stripes 

were compared, the gene transfection efficiency was almost the same. These results indicated that the cell 

adhesion area and swirling angle could affect gene transfection efficiency. A large cell adhesion area was 

beneficial for gene transfection. A swirling angle of 60° had a little inhibitory effect on gene transfection. 

However, the swirling direction (right-handed or left-handed) had no effect on gene transfection. The gene 

transfection efficiency of micropatterned cells treated with actin inhibitor was significantly decreased (Figure 

5.7b). 

5.4.4 Influence of chirality and the swirling angle on the cellular uptake capacity of 

FITC-labeled microspheres  

Gene transfection efficiency depends on the cellular uptake of exogenous genes and DNA synthesis [47]. 

To examine the influence of chiral micropatterns on cellular uptake capacity, we used FITC-labeled 

microspheres for the same experiment as that of gene transfection. Green fluorescence-labeled microspheres 

in hMSCs were confirmed by a fluorescence microscope (Figure 5.8a). Nuclei and actin filaments were 

counterstained blue and red for observation. Quantitative fluorescence analysis revealed that the normalized 

fluorescence intensity per unit area increased significantly with increasing cell adhesion area, while the 

fluorescence intensity showed a first-decreasing and then-increasing tendency when the stripe swirling angle 
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changed from 0° to 90° (Figure 5.8b). The fluorescence intensity of hMSCs on the A3, R1, R3, L1 and L3 

micropatterns was not significantly different, while that on the R2 and L2 micropatterns was the lowest. 

However, the fluorescence intensity was not significantly different between the micropatterns with 

right-handed or left-handed swirling stripes. The fluorescence intensity of the micropatterned cells treated 

with actin inhibitor decreased to the same level (Figure 5.8c). Cellular uptake of microspheres showed a 

similar trend as that of gene transfection efficiency, suggesting that cellular uptake of exogenous genes 

should be one of the dominant factors affecting gene transfection. 

 

Figure 5.8 Influence of chiral micropatterns and swirling angles on cell uptake capacity. (a) Representative 

fluorescence images of micropatterned hMSCs showing cellular uptake of cationic FITC-labeled 

microspheres (green). Nuclei and actin filaments were stained blue and red, respectively. Scale bar: 50 μm. 

Normalized fluorescence intensity per unit area of FITC-labeled microspheres in hMSCs cultured on 

micropatterns before (b) and after (c) treatment with actin inhibitor. The fluorescence intensity per unit area 

was normalized to that of the cells on A3. Data represent the mean ± SD (n = 25), N.S. represents no 

significant difference, *p < 0.05, **p < 0.01, ***p < 0.001. 
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5.4.5 Influence of chirality and the swirling angle on the DNA synthesis of hMSCs  

 

Figure 5.9 (a) Representative fluorescence images of nuclei (blue) and BrdU (green, white arrow indicated) 

staining of the micropatterned hMSCs. Scale bar: 200 μm. Percentage of BrdU-positive cells in all assessed 

cells to show the influence of chiral micropatterns and swirling angles on DNA synthesis before (b) and after 

(c) the cells were treated with actin inhibitor. Data represent the mean ± SD (n = 5), N.S. represents no 

significant difference, *p < 0.05, **p < 0.01. 

The DNA synthesis of hMSCs cultured on micropatterns should be another important factor regulating 

the transfection and expression capacity of exogenous genes. BrdU staining was used to evaluate DNA 

synthesis activity. The staining images of BrdU-positive cells were observed by a fluorescence microscope 

(Figure 5.9a). The number of BrdU-positive hMSCs was counted, and the percentage relative to the total cell 
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number was calculated (Figure 5.9b). The percentage of BrdU-positive cells increased significantly with 

increasing cell adhesion area (from A1 to A4). The cells cultured on the micropattern with a stripe swirling 

angle of 60° had the lowest percentage of BrdU-positive cells. There was no significant difference among the 

A3, R1, R3, L1 and L3 micropatterns. When the cell adhesion area and stripe swirling angle were the same, 

the cells on the right-handed or left-handed swirling stripe micropatterns showed the same level of DNA 

synthesis. After treatment with an actin inhibitor, the DNA synthesis of all the micropatterned cells decreased 

to the same level (Figure 5.9c). The DNA synthesis activity of the micropatterned hMSCs showed the same 

trend as that of gene transfection efficiency, suggesting a correlation between DNA synthesis and gene 

transfection efficiency. 

5.5 Discussion 

Cell chirality was controlled by chiral micropatterns of fibronectin, and its effect on gene 

transfection was investigated. The swirling angle, direction and total area of fibronectin stripes were 

controlled by the micropatterns (Figure 5.3a). When the area of total straight stripes increased, the 

gene transfection efficiency increased. The swirling angle of fibronectin micropattern stripes could 

affect gene transfection efficiency. The gene transfection efficiency at a swirling angle of 60° was 

lower than that of 0°, 30° and 90° (Figure 5.7). The uptake capacity of the FITC-labeled 

microspheres (Figure 5.8) and the DNA synthesis (Figure 5.9) of the hMSCs cultured on the 

micropatterns showed the same trend as that of gene transfection efficiency. The results suggested 

that cellular uptake of exogenous genes and DNA synthesis should account for the gene transfection 

efficiency. Higher cellular uptake and higher DNA activity could result in high gene transfection 

efficiency. 

It has been reported that cells form FAs and organize their cytoskeletal structures upon 

interactions with the proteins adsorbed on cell culture substrate surfaces, which can induce a variety 

of cell responses [35-40, 48]. The formation of FAs of hMSCs on the chiral micropatterns was 

confirmed by vinculin staining (Figure 5.4). Intensive staining of vinculin was observed at the 

central regions of micropatterns, which was due to the fusion of swirling stripes at the centers of 

each micropattern. Fiber-like FAs were formed along the adhesive stripes at the periphery of 

micropattern circles. The staining images of vinculin were similar to those of fibronectin, suggesting 

that FA formation was regulated by coated fibronectin. FA formation showed the same chirality as 

that of the fibronectin micropatterns. FAs were elongated when the adhesion area increased from A1 

to A4. FAs on R1, L1, R3 and L3 were still long, while the length of FAs on R2 and L2 decreased. 

Chirality did not affect the length of the FAs. The origin of the FAs followed the swirling direction 

of the micropatterns except R3 and L3, in which vertically oriented FAs were formed. 

Furthermore, cytoskeletal organization was confirmed by staining actin filaments (Figure 5.5a). 

Actin filaments were assembled radially and concentrically on the micropatterns. The radial actin 

filaments connected nuclear regions with the cell peripheral regions. When the curvature angle was 0° 

or 30°, the assembled actin filaments were very clearly observed along the swirling stripes. However, 

when the swirling angle increased to 60°, the assembled actin filaments became vague at the 

peripheral regions. When the swirling angle further increased to 90°, the assembled actin filaments at 

the peripheral regions were almost connected and formed a large circle assembly, which could 

strengthen the assembly. Variation in actin filaments on different micropatterns can be explained by 

the maturation of FAs in micropatterned hMSCs. Actin filaments are connected to FAs and assemble 

in the radial and concentric directions when cells are cultured in circular micropatterns [49, 50]. The 
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mature FAs on straightforward micropatterns (A1-A4) became larger when the adhesion area 

increased from A1 to A4. The length of the mature FAs was high when the swirling angle was 30° 

and 90°. However, the length of mature FAs decreased when the swirling angle was 60°. The 

decreased length of FAs could explain the vague assembly of actin filaments at the peripheral 

regions when the swirling angle was 60°. 

Young’s modulus reflected the assembled structures of actin filaments. A stronger assembly of 

cytoskeletal structures showed a higher Young’s modulus (Figure 5.5b). The hMSCs on 

micropatterns with a swirling angle of 60° had lower assembly of the cytoskeleton and a lower 

Young’s modulus than other micropatterns. However, the cells on the micropatterns had the same 

cell adhesion areas and swirling angles, while different rotation directions resulted in the same FA 

formation, cytoskeletal structure and Young’s modulus. Disturbance of actin filament assembly and 

a decrease in the Young’s modulus of the micropatterned cells treated with actin inhibitor suggested 

a strong correlation between cytoskeletal structures and cell stiffness. 

In the process of cellular uptake, the cell membrane serves as a natural boundary to hinder the 

endocytosis and exocytosis of exotic particles [51]. The cell membrane will allow uptake of cationic 

liposome/microparticle complexes [52]. In this study, FITC-labeled microspheres were used to 

replace exogenous DNA and to determine the cellular uptake capacity of micropattern-induced chiral 

cells. The results strongly agreed with those of gene transfection. Several studies have revealed the 

close relationship between cytoskeletal structures and cellular uptake capacity [53-55]. It is 

hypothesized that the nonspecific but high-efficiency internalization of microspheres may be 

partially affected by clathrin-mediated vesicles due to the unique cytoskeletal distribution [56, 57]. 

The formation of the cytoskeleton is tightly related to the internalization of exogenous particles. The 

cells on micropatterns with good organization of actin filaments showed high uptake of exogenous 

microparticles, therefore increasing the uptake of exogenous genes for transfection. 

DNA synthesis is another important factor for efficient gene transfection [58, 59]. Extracellular 

signals through FAs, the cytoskeleton and related pathways are transduced to the cell nucleus for 

DNA synthesis [60]. Some studies have reported that cells can translate their cytoskeletal mechanics 

into nuclei to control the expression of genes through actin-induced mechanotransduction pathways 

[61-65]. The well-organized structures of actin filaments of hMSCs on the large adhesion area 

micropatterns and micropatterns with swirling angles of 30° and 90° could transduce strong signals 

to induce high DNA synthesis activity and therefore the expression of transfected exogenous genes. 

Disturbance of actin filament assembly decreased the cellular uptake capacity and DNA synthesis, 

therefore decreasing gene transfection efficiency (Figure 5.10). 

Through the use of the chiral micropatterns of fibronectin, chiral FAs were formed, and the 

cells organized chiral cytoskeletons. The right-handed or left-handed chirality of hMSCs did not 

show a significant influence on the transfection of exogeneous genes. However, the swirling angle of 

the fibronectin stripes had some effect on gene transfection. Furthermore, the total fibronectin area 

had a major effect on gene transfection efficiency. The influence of adhesion area (total fibronectin 

area), chirality and swirling angle on gene transfection should be correlated with the formation and 

maturation of FAs, interactions between FAs and actin filaments and activation of 

mechanotransduction signals. The cytoskeletal structure affects cellular uptake, and activation of 

mechanotransduction signals could increase DNA synthesis. The synergistic effects of cellular 

uptake and DNA synthesis should result in high efficiency gene transfection. 
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Figure 5.10 Potential mechanism of straightforward, right-handed and left-handed swirling stripes to 

affect gene transfection in micropatterned cells. hMSCs on fibronectin-coated vertical stripes 

(A1-A3) and right/left rotating stripes (R1 and R2, L1 and L2) formed immature FAs and weak actin 

cortex to induce radially bias force on vertical stripes and right/left bias force on right/left rotating 

stripes. These bias forces induced weak cell stiffness, low cell uptake capacity and low DNA 

synthesis activity, therefore resulting in low gene transfection efficiency. On the other hand, the cells 

on A4 micropatterns and R3/L3 micropatterns with swirling angle of 90° formed mature FAs and 

well-organized actin filaments to induce balance force. Therefore, the balance force stimulated 

strong cell stiffness, high cell uptake capacity and high DNA synthesis activity to generate high gene 

transfection efficiency. 
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5.6 Conclusions  

Chiral micropatterns of fibronectin with straight stripes but different cell adhesion areas or the 

same adhesion areas but different swirling angles were prepared and used to control the chirality of 

hMSCs. The influence of cell chirality on exogenous gene transfection was investigated on the 

micropatterns. The transfection efficiency was enhanced with increasing cell adhesion area. The 

gene transfection efficiency of hMSCs on micropatterns with swirling angles of 0°, 30° and 90° was 

at the same level, which was significantly higher than that on micropatterns with swirling angles of 

60°. The swirling direction did not affect the gene transfection efficiency. The different transfection 

efficiencies were associated with FA formation, cytoskeletal mechanics, cellular uptake of 

exogenous genes and DNA synthesis. The results may help elucidate the relationship of cell chirality 

and cell functions and provide useful information for gene therapy. 
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Chapter 6 

Conclusions  

 

 

 

 

 

This dissertation describes the influence of cell morphology on gene transfection of hMSCs by using 

micropatterned surfaces. The micropatterns were prepared by micropatterning the photoreactive PVA on 

TCPS plates through photolithography. hMSCs were cultured on the micropatterns to precisely control their 

various cell morphologies, including cell density, cell-cell interaction, cell size, cell shape, cell elongation, 

cell adhesion area, spreading area and cytoskeleton chirality. Their influences on transfection of exogenous 

genes were investigated. Furthermore, the correlations between gene transfection and cellular uptake, DNA 

synthesis, focal adhesion formation, cytoskeletal mechanics and mechanotranduction signal activation was 

elucidated.  

In chapter 1, a general introduction is stated to introduce cellular uptake pathways of gene transfection 

and gene expression in cells. Current factors including different cell lines, various gene carrier materials and 

cellular microenvironment are presented to disclose the influence of these factors on gene transfection. In 

addition, applications of micropatterning techniques in gene transfection are also summarized. Finally, the 

motivation, objectives and outline are made clear. 

In chapter 2, the micropatterned surfaces with different square densities were prepared on TCPS discs 

through photolithography. Cell density was controlled by the micropatterns to study the influence of cell 

density on gene transfection of hMSCs. Transfection efficiency showed a first-increasing and 

then-decreasing tendency with increasing cell density. The different influence of cell density on transfection 

efficiency was correlated with its influence on cellular uptake capacity and DNA synthesis. Insufficient 

cell-cell interaction at a low cell density and too strong cell-cell interaction at a high cell density was not 

preferable for gene transfection. A moderate cell density had appropriate cell-cell interaction to facilitate 

gene transfection. 

In chapter 3, the influences of cell size, shape and elongation on gene transfection were elucidated. 

Transfection efficiency was enhanced in well-spread and elongated cells. Cell size had a dominant influence 

on gene transfection, independent of cell shape. Elongation could increase the transfection efficiency in large 

cells but not small cells. High transfection efficiency was strongly correlated with high cellular uptake and 

DNA synthesis through the regulation of cytoskeletal structures and cell mechanics. 

In chapter 4, the influence of cell adhesion and spreading areas on gene transfection was investigated. 

Cell adhesion area showed dominant influence on gene transfection, while cell spreading area did not affect 
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gene transfection. Uptake of microparticles and BrdU staining showed that both cellular uptake capacity and 

DNA synthesis increased with cell adhesion area, but were not affected by cell spreading area. The high 

transfection efficiency of cells with large adhesion area should be due to their high uptake capacity and DNA 

synthesis activity through FAs formation, cytoskeletal mechanics and YAP/TAZ nuclear localization.  

In chapter 5, the chirality of focal adhesions and cytoskeleton on gene transfection was investigated. 

The chiral micropatterns induced the formation of chiral focal adhesions and chiral cytoskeletal structures. 

Gene transfection efficiency was enhanced with increasing adhesion area, while hMSCs on left-handed and 

right-handed swirling micropatterns showed the same level of gene transfection. When the swirling angle 

was changed from 0°, 30°, and 60° to 90°, the gene transfection efficiency at a swirling angle of 60° was the 

lowest. The influence of cell chirality on gene transfection was associated with cellular uptake capacity, 

DNA synthesis and cytoskeletal mechanics. 

In conclusion, the various micropatterns were prepared to disclose the relationship between cell 

morphology and exogenous gene transfection. Cell morphology, including cell density, cell-cell interaction, 

cell size, cell shape, cell elongation, cell adhesion and spreading area and cytoskeleton chirality was well 

controlled. Gene transfection efficiency was enhanced in moderate cell density and in single cells with large 

adhesion area and elongation, while not affected by cell shape, spreading area and chirality. The different 

influence was due to the regulation of cellular uptake, DNA synthesis, focal adhesion (FA) formation, 

cytoskeletal mechanics (actin, actinin and myosin) and mechanotranduction signal activation (YAP/TAZ). 

These results suggest the importance of cell density and morphology in exogenous gene transfection and 

should provide useful information for manipulation of cell functions in gene therapy, protein modification 

and cell reprogramming.  
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